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® CPV introduction/motivation

® hadronic heavy meson decay and FSI

e FSI| as source of CPV in B decays

e understanding CPV in D decays

e final remarks
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Many open questions in Particle physics

e Standard Model for all its success can not explain everything

Quark mixing matrix —> No Dark matter candidate

—> Matter anti-matter asymmetry
In the Universe

(need new CP violation source)

e development of powerful tools

—> theory and experiment
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CP asymmetry measurements

1964
1956 particles:

Parity violation CPV in K meson
T.D. Lee, C.N. Yang, decays

C.S. Wu et al. J.W. Cronin, V.L Fitch
et al.

2001
particles:
cPV in B meson

decays
Babar and Belle

1963 1973 2019
Cabibbo Mixing CKM matrix particle: CPV in

N. Cabibbo M. Kobayashi, D" meson decays
T Maskawa LHCb
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Unitary CKM matrix
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e loads of CPV expected/found in B decays and not much in Kaon or D

® test Standard model limits
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CPV in neutral particles °
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B f« B By =p|B®) —q|B") P

\> very tiny effect
Asr,(B%) = (0.74+2.7) x 1073
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CPV in neutral particles °
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direct CP violation 7

e 2 amplitudes: SAME final state, # strong (0; ) and weak (¢, ) phases

(FITM) = Ay eCrton) 4 Ag f2F92) » weak phase - CKM

(FIT| M) = Ay 1791 1 A, il02792) estrong phase > QCD
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direct CP violation 7

e 2 amplitudes: SAME final state, # strong (0; ) and weak (¢, ) phases

(FITM) = Ay eCrton) 4 Ag f2F92) » weak phase - CKM

(FIT| M) = Ay 1791 1 A, il02792) estrong phase > QCD

o | I(M— f)=T(M— f)=[{f|TIM)* = |(f|T|M)]* = —4A; A sin(6 — d2) sin(¢1 — )
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direct CP violation 7

e 2 amplitudes: SAME final state, # strong (0; ) and weak (¢, ) phases
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direct CP violation 7

e 2 amplitudes: SAME final state, # strong (0; ) and weak (¢, ) phases

(FIT|M) = Aye'Fo0) 4 Ay etl02+2) e weak phase - CKM

(FIT| M) = Ay 1791 1 A, il02792) estrong phase > QCD

o | I(M— f)=T(M— f)=[{f|TIM)* = |(f|T|M)]* = —4A; A sin(6 — d2) sin(¢1 — )

2

bt

e not enough for CPV

[?()

® hadronic interactions are natural sources of strong phase!
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CPV on heavy meson decays 5

- + +7 -1+
® CPVin B* - n*h™h Acp(BY — K*777) = +0.011 4 0.002,
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CPV on heavy meson decays ?

LHCH
N L)

LHCDb
® AAGP = A (D° - K¥K™) = A (D° = n*z™) = —(1.54 £ 0.29) x 1073
Phys. Rev. Lett.122, 211803 (2019)
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CPV on heavy meson decays ?

LHCD
B

® AAGE = A, (D - K*K™) — A (D" - z*n7) = —(1.54 £ 0.29) x 103

Phys. Rev. Lett.122, 211803 (2019)
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CPV on heavy meson decays ?

LHCH

R

® AAGE = A, (D - K*K™) — A (D" - z*n7) = —(1.54 £ 0.29) x 103
Phys. Rev. Lett.122, 211803 (2019)

& B I L |
. . ' - —— LHCb combination, 8.7 fb’!
-» direct CP asymmetry observation ¥ 00| 77 oo o LHCh
0.004 ~—  + Nodirect CPV T ~' |
* ALI(KK) = (0.77+0.57) x 107> ook E
of e e
> AP () =(232+£061)x 107> b T e
I - ST ’ <t>f
- - e T Aep(f) R af + - AY
arXiv:2209.03179 —0.004 = igurs hold 68%, 95% CL ! TD ]
A T ST IS SR N S [T R
—0.004  —0.002 0 0.002 0.004
g+

® QCD — LCSR predictions Aqp ~ 10~ (1 order magnitude bellow)

Khodjamirian, Petroy,

> new physics? nonperturbative effects?! Phys. Lett. B 774,235 (2017)
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CPV on heavy meson decays ?

LHCH

R

® AAGE = A, (D - K*K™) — A (D" - z*n7) = —(1.54 £ 0.29) x 103
Phys. Rev. Lett.122, 211803 (2019)

& T L |
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of e e
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—0.004  —0.002 0 0.002  0.004
g+

® QCD — LCSR predictions Aqp ~ 10~ (1 order magnitude bellow)

Khodjamirian, Petroy,

> new physics? nonperturbative effects?! Phys. Lett. B 774,235 (2017)

->» what about CPV on D — hhh?
—> searches in many process at LHCb, BESIII, Belell
> is expected soon with LHCb run Il
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context

e Multi-body hadronic decays of B and D mesons

L-; are sensitive to strong phases

e signature of resonances on data

® spectroscopy = exotics, tetra-quarks,
pentaquark,...

e study CP violation

® new high data sample from LHCDb
—> more to come from LHCDb, Bellell, BESIII

—> better models are needed (challenge)
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heavy meson decay Dynamics
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heavy meson decay Dynamics
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heavy meson decay Dynamics

eex: Dt - K KK~ or
K .'"I;“" K 6;
Q —> E/W — e,
c q hadronize K K observed T . .
primary vertex . Final State Interactions Dalitz plot
- weak - 5 - strong - -
% ’ R
ff/ : ‘ ( ﬁ . 825
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e e s
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® J0o extract information from data AT L 1 ;
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dynamics
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standard experimental approach

® [sobar model widely used by experimentalists:

¢ (2+1) approximation—=> ignore the interaction with 3rd particle (bachelor)

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

CPV in heavy meson decays IFAE Barcelona 20/12 Patricia Magalhaes



standard experimental approach

® [sobar model widely used by experimentalists:

¢ (2+1) approximation—=> ignore the interaction with 3rd particle (bachelor)

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

! Warning: when A, are single resonances @E} =3 | i-l-_‘;--< ’

1
m%{ — S12 — ’imRF(Slz))

\> defined as Breit-Wigner Bw(s,,)
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FSI is a key ingredient

® (2+1) approach

Form factor —@®@ = — + — @
meson-meson @ = ® + @ . ® + @ O K +--
® kernel should includes all the mm dynamics
®© = e+ Z “o—e’
."' \, z” \‘\s R ,,,¢’ R ~
e unitarize amplitude ( ie by Bethe-Salpeter eq.) Oller and Oset PRD 60 (1999)
® = o + 000l + O00aeDl +-

\> should includes all channels with the same (J,!)
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FSI is a key ingredient

® (2+1) approach

Form factor —@ = — + — @
meson-meson @® = ® + ©® ® + W @WK +-
® kernel should includes all the mm dynamics
© = e+ Y e
/” \\\s R ,,,¢’ R ~

e unitarize amplitude ( ie by Bethe-Salpeter eq.) Oller and Oset PRD 60 (1999)

\‘ "" AN g S g S Pid
S o ~~\ ,¢’ \\\ PR AN ,1’ \*\ PR AN PN ," ,C(JI)
@ = 0+ 0ol + 000D+ [ oo
L, .. L N e Sea=- N e Sa=" Seaa- e 1 Q IC(JI)
R4 \. 4 ~ . ~ -, ~ _|_ ab

ab—cd

\> should includes all channels with the same (J,!)
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FSI is a key ingredient

e examples of different rmt S-wave amplitudes

isobar BW unitary, analytic, coupled-channels...
: - f0(980)
121F - f0(600) Mo=0.6 [0=0.5 ol
101F = both 1
5 °1F
= 61f :
Z 0.6 |
A !
Z 0.4_—
21F I
i I —— Ts (Pelaez parametrization)
,I'_ 0.2_-
S R R R ; Pelaez,Yndurain PRD71(2005) 074016
' ' - s.(GeV)z ' . 0" 'o.:xo' ' '0.230' ' 'o.;so' ' I1'I0r(:1l_nlnl(é;:\/l)l '1.:10' ' '1.230' ' '1.230' '
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FSI is a key ingredient

Mmoauili

e examples of different rmt S-wave amplitudes

iIsobar BW unitary, analytic, coupled-channels...
: - f0(980)
121F - f0(600) Mo=0.6 [0=0.5 .
101F = both 1
81F [
i 0.8_-
61F [
Z 0.6 |
41 I
Z 0.4_—
21 I
| I —— Ts (Pelaez parametrization)
,I'_ 0.2_-
e T ; Pelaez,Yndurain PRD71(2005) 074016
06 0-7 08 0-9 1 11 12 0" 'olto' ' 'ozso' ' 'o;ao' ' '1|oo' ' '1|20' ' '1:10' ' '1;30' ' '1;30' '
s ( GeV)2 . . . .m_rm (Ge\/) . . .

- sum of BW violates two-body unitarity (close Rs in the same channel - scalars)
- resonance's mass and width are processes dependent
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FSI as source of CP asymmetry in B decays
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rescattering as a CPV mechanism

® CPT must be preserved
Lifetime t=1/T_ _=1/T__ ~> Z AFC’P —0

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

CPV in one channel should be compensated by
another, same quantum #, with opposite sign

total= r1+ r2 * r3+ r4+ r5+ r6+'"

® | HCDb run 1 projections
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r{l.\ o 3F T PN B S S B B B B T ]
2 RS L 1
% E 2.5F KKK —
O O r AB" .
vy vy L ]
; < 2 _ .
g e C :.V/'B ]
=1 3 150 =
:u:) 0 - .
> = 1f e
L 3 L ! | ! ! | | ! ) | L
0 1 1.2 14 16 1.8
m(K'K) [GeV/c?]
low
r’l; 0/4:
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> L - > 400F
Qo i " O -
S 't = 300F
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k= S 200F
305 pe
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rescattering as a CPV mechanism

® CPT must be preserved
Lifetime t=1/T_ _=1/T__ ~> Z AFC’P —0

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

CPV in one channel should be compensated by
another, same quantum #, with opposite sign

total= r1+ r2 * r3+ r4+ r5+ r6+'"

® | HCDb run 1 projections
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rescattering as a CPV mechanism

® CPT must be preserved
Lifetime t=1/I,_  =1/T__ - Z ATlcp =0

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

CPV in one channel should be compensated by
another, same quantum #, with opposite sign

total= r1+ r2 * r3+ r4+ r5+ r6+'"

® | HCDb run 1 projections

R < 3 ‘ ] .
: 2. KKK .. e rescattering (1m — KK )
8 & of -
< s | B \S> CPV at[1-1.6] GeV
E E 15 o ] Frederico, Bediaga, Lourengo
I il N PRD89(2014)094013
ot T 12 14 16 18
S ® implemented in LHCDb
RIS AR © . .
L BY | Zw amplitude analysis:
o i N
S | = 300} _
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Sl N || 2l
T > BT — 7T KK PRL 123 (2019) 231802
mmn) [GeV/c?] m(K'K") [GeV/c?]
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+

CPV:amplitude analysis B* — 7 7t 7

. % recent Amplitude analysis BT sy 7~ T xT  PRDIOI (2020) 012006; PRL 124 (2020) 031801

Miow [GeV/c2 ]

CPV in heavy meson decays

mhigh [GeV/c2]
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FSI as source of CP asymmetry in D decays

e how to explain the CPV in charm?

AACE "= A, (D° — K*K™) = A, (D° — n*27) = —(1.54 £ 0.29) x 1073
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FSI as source of CP asymmetry in D decays

e how to explain the CPV in charm?

AAGP "= A, (D° — K*K™) = A, (D° — n*n™) = —(1.54 £ 0.29) x 10

VeV = A1 — M\ e') VsV A1 = A\?)

* weak phase in KK is 20 times smaller |, wiiinon Annu. Rev. Nucl. Parc. Sci. 71,59 (2021)
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FSI as source of CP asymmetry in D decays

e how to explain the CPV in charm?

AAGP "= A, (D° — K*K™) = A, (D° — n*n™) = —(1.54 £ 0.29) x 10

VeV = A1 — M\ e') VsV A1 = A\?)

* weak phase in KK is 20 times smaller |, wiiinon Annu. Rev. Nucl. Parc. Sci. 71,59 (2021)

—>» What about strong phases if not from penguin? hadronic FSI

Grossman, Schacht JHEPO7 20 (2019); Schacht, Soni PLB825 136855 (2022).
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Theoretical approaches to CPV on charm
QCD short-distance

® QCDF — how to calculate penguin contributions? call BSM effects

Chala, Lenz, Rusov, Scholtz,
JHEP 07,161 (2019).

® | CSR = QCD, model independent but predictions are 1 order Khodjamirian, Petroy,
magnitude bellow Phys. Lett. B 774,235 (2017)

long distance effect:

® topological and group symmetry approach

® with SU(3) breaking through FSI H.-Y. Cheng and C.-W. Chiang, PRD 100, 093002 (2019).

(f|t ag reeS) F. Buccella, A. Paul and P. Santorelli, PRD 99, 1 13001 (2019)
Franco, Mishima, Silvestrini JHEPO5, 140 (2012)

® Wwith resonances (fit agrees) Schacht and A. Soni, Phys. Lett. B 825, 136855 (2022).
Y. Grossman and S. Schacht, JHEP 07,20 (2019)

® S| with CPT (prediction agrees) bediaga, Frederico, PCM
arxiv 2203.04056v2
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https://arxiv.org/abs/2203.04056

FSI| as the source of CPV 22

e D and D can decay to 7z and KK arxiv 2203.04056v2

VesVis Bediaga, Frederico, PCM
DY ot KTK~

VeaVud OnnsKK > known from 80’s
experiment
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https://arxiv.org/abs/2203.04056v2

FSI as the source of CPV 22

e D and D can decay to 7z and KK arxiv 2203.04056v2

VesVis Bediaga, Frederico, PCM
D’ gtgz- KTK-

VeaVua OnnsKK > known from 80’s
experiment

® build amplitudes decays implying three constraints:

e CPT invariance relates channels with same quantum numbers
— Y Al'cp=0

® Watson theorem relates the strong phase from the rescattering
process to the decay amplitudes

® the unitarity of the strong S-matrix.
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https://arxiv.org/abs/2203.04056v2

FSI and CPT in D decays

® FSIinD" — 7fr~and D° — K"K~ can include multiple mesons

Sonronm Senam SoMAM

e general S-matrix can mix many FSI states g — | 2sm2m Ssnam Sanranr -
S4M,2M S4M,3M S4M,4M

e assume only 2 couple-channels to FSI, ie the dominant ones 77, KK

_ 210 1 _ 216
— S _ Smr,mr Smr,KK S7T7T,7T7r — ne ¢ SKK KK | nes KK
2M2M — SKK,WW SKK,KK Srr kK = SkKxr = W/ 1—n? et(Orr+0KK)
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FSI and CPT in D decays

® FSIinD" — 7fr~and D° — K"K~ can include multiple mesons

Sonronm Senam SoMAM

e general S-matrix can mix many FSI states g — | 2sm2m Ssnam Sanranr -
S4M,2M S4M,3M S4M,4M

e assume only 2 couple-channels to FSI, ie the dominant ones 77, KK

210 K K¢

_ 21051 _
— S _ Smr,mr Smr,KK S7T7T,7T7r — ne ¢ SKK KK | ne
MM SKK,?”T SKK,KK S7T7T,KK = SKK,mr = 1/1 —n? t(Orr+0KK)

® two pions cannot go to three pions due to G-parity

e ignore four pion coupling to the 2M channel based on 1/Nc counting

e ignore 11 channel once their coupling to the z7r channel are suppressed
with respect to KK .

CPV in heavy meson decays IFAE Barcelona 20/12 Patricia Magalhaes



FSI and CPT in D decays

® FSIinD" — 7fr~and D° — K"K~ can include multiple mesons

Sonronm Senam SoMAM

e general S-matrix can mix many FSI states g — | 2sm2m Ssnam Sanranr -
S4M,2M S4M,3M S4M,4M

e assume only 2 couple-channels to FSI, ie the dominant ones 77, KK

210 K K¢

_ 21051 _
— S _ Smr,mr Smr,KK S7T7T,7T7r — ne ¢ SKK KK | ne
MM SKK,?”T SKK,KK S7T7T,KK = SKK,mr = 1/1 —n? t(Orr+0KK)

® two pions cannot go to three pions due to G-parity

e ignore four pion coupling to the 2M channel based on 1/Nc counting

e ignore 11 channel once their coupling to the z7r channel are suppressed
with respect to KK .

® CPT constraint restricted to the two-channels: ) (|4po_s> — [Apo_¢|*) =0

f=(rm,KK)
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Decay amplitudes

® dressing the weak tree topology with FSI /\
—> penguin are suppressed

VchJd 57T7T—>KK
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Decay amplitudes

® dressing the weak tree topology with FS| P
—> penguin are suppressed

oD - KK

> ADO—>KK =1] eziéKK ‘/czvus AKK T 2 V 1 — 772 ei(&m—k(SKK) V:;lvud A

> Apo_, f same with CKM cc.
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Decay amplitudes

e dressing the weak tree topology with FSI o

- " ptn-  KTKT
—> penguin are suppressed D\/” ”\\/
VeaVii, Orr KK

oD - KK

> ADO—>KK =1] eziéKK ‘/czvus AKK T 2 V 1 — 772 ei(&m—k(SKK) V:;lvud A
> ADO—u‘ same with CKM cc.

e D 5 1

210 1 . (Ot
> ADO—HTT(' —=ne ’ ctzvud o \/ 1 — 772 ez( Hor ) V;;Vus AOK K

e dyx and a_,do not carry any strong phases (real)

CPV in heavy meson decays IFAE Barcelona 20/12 Patricia Magalhaes



Watson theorem

® 0

V1%

Oxx and o,

T

_ xx are the same independent of the initial process

-> we can use CERN-MU[‘"Ch data frOm 80’5 Longacre et al., Phys. Lett. B 177,223 (1986)
Hyams et al., Nucl. Phys. B 100, 205 (1975)

Ochs, J. Phys. G 40, 043001 (2013)
® T —> NN

\
] | - |
400. — N
— o Hyamsetal. 75 (-+-) 14 1. —
| & Hyamsetal. 75(-—-) = B ¢ Hyamsetal. 75 (—+-)
- ® Kaminski et al. - O 87 & Hyamsetal. 75 (---)
300.— ™ Gl\rla);%r/;t al.lb) — ‘2“1 @ Kaminski et al. s
B - e etal ] . = Grayeretal. b) 0 Il B
B © K->2rretal 0 I — A Martin et al. 770 (S) i "‘:
B 5 (S) I 06 v Polychronatos et al. g
200 B 0 | I~ o Protopopescu et al.
i ® O B O Cohen et al.
B i B 0.4— A Etkin et al.
| _ = v Wetzel et al.
100. #%él - 09l
- ;;iﬂ' ’ - + |
| ‘ ‘ ‘ ‘ | O \ ‘ \ \ ‘ \ 18 H
0. & S | | | | | 0.4 0.8 1.2 1.6
0.4 0.8 1.2 1.6
Vs [GeV]

Pelaez, Rodas, Elvira Eur.Phys.].C 79 (2019) 12, 1008

o201 —
amplitude fz<s>=["l — 1}

- elasticity drops dramatically near KK > strongly couple
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Watson theorem

> Sirrk(s) = 14/1 — 772ve"(5”+5KK) =14 %;IK lg0(s)] et (s) O(s — 4m3,)
Pelaez and Rodas, Eur. Phys. ). C 78,897 (2018)

400 1
- g
300 |- G, %g% ¢ %
: . 5 @
! Ooﬁbo > o
200 —ﬁg%@&gé
[ 5
100 - 9 Cohen et al., Phys. Rev. D 22,2595 (1980)
_ 0 = Onn + OKK Etkin et al., Phys. Rev. D 25, 1786 (1982)
05 T2 14 16 18 2
Vs [GeV]

e Pelaez parametrization @ Mlz):

lg0(M3)| =~ 0.125+0.025 => /1 — n? ~ 0229+ 0.046 => 7 ~ 0.973

¢8 — Opr + O ~ 343° £ &°
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Partial decay widths

e ATy =T (D° — f) —T(D° — f)

210 - (O +0
-ADO—MMT S ’ ctzvud Arpr T 1y 1 — 772 ez( Hoxx) chvus UK K

. . (5 16
ADO—>KK =1 eQzéKK V;;Vus OK K + 1y 1 — 772 eZ( +ox k) V;lvud A
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Partial decay widths

e ATy =T (D° — f) —T(D° — f)

2910w Y/ ¥ - (O +0 *
ADO—HTT(' S ’ chud Arpr T 1y 1 — 772 ez( Hoxx) VCSVus UK K

21 ./ (O +0 *
ADO—>KK =1nec WK K V;;Vus OK K + 1/ 1 — 772 eZ( KK) ‘/;dvud A

= Al = Al =4Im|V VIV EVial arr G i 77\/1 — 1? COoS ¢

‘¢:5KK_57T7T

® the sign of AFfis determined by the CKM elements and the S-wave phase-shifts
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Partial decay widths

e ATy =T (D° — f) —T(D° — f)

2910w Y/ ¥ - (O +0 *
ADO—HTT(' S ’ chud Arpr T 1y 1 — 772 ez( Hoxx) VCSVus UK K

21 ./ (O +0 *
ADO—>KK =1nec WK K V;;Vus OK K + 1/ 1 — 772 eZ( KK) ‘/;dvud A

= Al = Al =4Im|V VIV EVial arr G i 77\/1 — 1? COoS ¢

.¢:5KK_57T7T

® the sign of AFfis determined by the CKM elements and the S-wave phase-shifts

e need to quantify a__ and agg:

BrlD — f1=1,/T,,

we can use
experimental input

~ a2 * 2 2
atDO mass /1 -n2<<1 —> Frr = 0% |VegVual” a7r

'k ~ 772|Vc*svu8 IQCL%(K
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Partial decay widths

e ATy =T (D° — f) —T(D° — f)

2910w Y/ ¥ - (O +0 *
ADO—HTT(' S ’ chud Arpr T 1y 1 — 772 ez( Hoxx) VCSVus UK K

21 ./ (O +0 *
ADO—>KK =1nec WK K V;;Vus OK K + 1/ 1 — 772 eZ( KK) ‘/;dvud A

= Al = Al =4Im|V VIV EVial arr G i 77\/1 — 1? COoS ¢

.¢:5KK_57T7T

® the sign of AFfis determined by the CKM elements and the S-wave phase-shifts

e need to quantify a__ and agg:

BrlD — f1=1,/T,,

we can use
experimental input

~ a2 * 2 2
atDO mass /1 -n2<<1 —> Frr = 0% |VegVual” a7r

'k ~ 772|Vc*svu8 IQCL%(K

(D° — f) —T(D° - f)

® Aert = T ST p

= AI,/2T
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Final values for Ap

- 1+
Br(D° — K+K~)

Br(D% — 7t7—)

N =

1

Im|[V . V. V5V,

us ' cd

‘Vcsv* - Vud‘

us ' cd

® Br(D° = 7n7r7) = (1.455+0.024) x 107°
Br(D’ - KtK~) = (4.0840.06) x 107

o M|V VIVZEV,4l

us’cd'’u

Ve VEVE Vil

us ' cd

N~ 4v1—mn% cos¢

® Acp(f) ~ +2

= (6.02+0.32) x 10~*  PDG

® COS ¢ : ¢ — 5KK —0 = (5KK + 67m) — 2577%

/y/4

CPV in heavy meson decays IFAE Barcelona 20/12 Patricia Magalhaes



Final values for Ap

- 1+
Br(D° — K+K~)

N =

Im[Ves Vi VigVudl =1 /1 — n2
® Acp(f)%::2 ‘V . Z‘C;ud‘ n n COS¢ - BI‘(DO—)ﬂ'"'ﬂ'—) -

® Br(D° = 7n7r7) = (1.455+0.024) x 107°
Br(D’ - KtK~) = (4.0840.06) x 107

o M|V VIVZEV,4l

us’cd'’u

Ve VEVE Vil

us ' cd

= (6.02+0.32) x 10~*  PDG

0
A7 Po
® COS ¢ : ¢ — 5KK —0 = (5KK + 67m) — 2577%

/y/4
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Final values

® Acp(f) ~ +2

for Aqp

Im|V V>V

us ' cd

Vud]

® Br(D’ — ntn~) = (1.455 +£0.024) x 10~3
Br(D’ - KtK~) = (4.0840.06) x 107

o M|V VIVZEV,4l

us’cd'’u

Ve VEVEVL)

us ' cd

Ves ViV

us ' cd

® COSQ:

Vud‘

¢=5KK_

)

/y/4

n 1 v/1—n2 cos¢

0
A7 Po
— (5KK + 67m) — 2577%

from zzw and 7zx — KK data: cos¢ = 0.99 £+ 0.18

==

N =

Br(D° -+ K+K™)

Br(D% — 7t7—)

= (6.02+0.32) x 10~*  PDG

CPV in heavy meson decays

IFAE Barcelona 20/12
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Final values for Ap

- 1+
Br(D° — K+K~)

Br(D% — 7t7—)

N =

Im|V . VIV EV,4] 1

us "ced'’u

Ve VEVEVL)

us ' cd

0 -\ __ -3
® Br(D’—7tr )= (1.455+0.024) x 1077 -
Br(D’ - KtK~) = (4.0840.06) x 107

o M|V VIVZEV,4l

us’cd'’u

Ve VEVE Vil

us ' cd

1 —n? cos¢

® Acp(f) ~ +2

= (6.02+0.32) x 10~*  PDG

0
770
® COS ¢ : ¢ = 5KK — 671']1' = (5KK T 67m) _ 2577%

from zzw and 7zx — KK data: cos¢ = 0.99 £+ 0.18

o |Acp(nm) = (1.9940.37) x 1073 /n=2 —1

functi f
Acp(KK) = —(0.71£0.13) x 1073 /n—2 — 1 as a function o

iInelasticity
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Predictions for AAp

o AAY, = —(2.70 £0.50) x 1073 /n=2 — 1

*Vl—nzz 1 not valid
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Predictions for AAp

o AAY, = —(2.70 £0.50) x 1073 /n=2 — 1

*Vl—nzz 1 not valid
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Predictions for AAp

—> largest theoretical prediction within SM without relying on fitting parameters

—> systematic uncertainties are unknown in 17 — error is underestimated

*Vl—nzz 1 not valid
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Predictions for AAp

® ANAY, = —(2.70 £0.50) x 1072 /n~2 —

e from 7w — KKdata (only one set) = n= £ 0.973 +0.011

—> largest theoretical prediction within SM without relying on fitting parameters

—> systematic uncertainties are unknown in 17 — error is underestimated

® Alternatively one can assume all inelasticity in z7x — 7z is due to KK

— more precise data (Grayer) = 7= 0.78£0.08*

+0.20) x 1073 | 1o

*Vl—nzz 1 not valid
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Predictions for A p(hh)

® direct CP asymmetry observation

s
< R
S

AFHP(KK) = (0.77 £0.57) x 107

> AL (nm) = (2.32 £0.61) X 107
arXiv:2209.03179

0.006
0.004
0.002

O -

—0.002
—0.004

:_ --:~-= LHCb combination, 3.0 fb’! _:
~ + NodirectCcPV LT ]
_ contours hold 68%, 95% CL 7
- | ! ! | | | ! | | | | | | | _
—0.004  —0.002 0) 0.002 0.004
Cld
K K*
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Predictions for A p(hh)

® direct CP asymmetry observation

R - _

< k& -~ ——— LHCb combination, 8.7 fb! LHCb _

s 0.006 - z:r2x: LHCb combination, 3.0 fb™! .

0004 :_ + No direct CPV T N, _:

AEECY(KK) = (0.77 £0.57) x 1072 i S
0.002 - -

> AL (nm) = (2.32 £0.61) X 107 ol .
arXiv:2209.03179 : :
—0.002 [~ ~

~0.004 |- —

contours hold 68%, 95% CL

R T TR N N R R A R N I T T
—0.004  -0.002 0 0.002 0.004

® with n = 0.78+0.08

Acp(KK) = —(0.34 £0.15) x 107?
Ap(nm) = (0.97 £0.05) x 1073
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Final remarks

® hadronic FSI (and their strong phases) are crucial to explain CP
violation in B and D decays

® we proposed a mechanism that can explain CPV in D

‘/CSVJS
® coupling zzr < KK in a CPT invariant /\
framework D +.- KTK~
e still room to add 2nd order effects \/ \/
Vcdvrjd 57r7r—>KK

—> predicted AAp which is compatible with LHCb

e new measurement for A p(/1/1) from LHCb

® agrees with our predictions with 20

\s> we still need more data to fully understood it
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What’s next?

32

e |[n 3-body decays this effect will be bigger and phase-space distributed

G DY 5 gtz zt and DT — 2tK~ KT have exactly the same Weak vertex

0.8f
0.6}
04}

0.2}

1 L

o I

1 gJl
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L ® expected CPV in run Il analysis

50 million events...
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What’s next?

32

e |[n 3-body decays this effect will be bigger and phase-space distributed

G DY 5 gtz zt and DT — 2tK~ KT have exactly the same Weak vertex

0.8f
0.6}
04}

0.2}

1 L

o I

400

1 gJl 300

200 '}Eﬁf@?

100

o M N T S

thank you!

Gracias!
Obrigada!

Hforabolsonaro

CPV in heavy meson decays

N o
-

IFAE Barcelona 20/12

L ® expected CPV in run Il analysis

50 million events...

y @ - A :.p.
[..
-

Banksy ..




Backup slides
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Three-body kinematics : DALITZ plot

e In three-body decay phase-space is NOT one-dimension! Epvml
P,M

\> bi-dimension phase-space information ppi’n%
e DALITZ PLOT : proposed by Richard Dalitz (1925-2006) in 1953

Mandelstam variables for 3-body c\f 30 £
s12 = (p1 +p2)2 = m%g S%i o5 ;_
s13 = (p1 + p3)? = mi, S 20 ;_
So3 = (P2 + p3)? = m33 -
s12 + S13 + s12 = M? +m7 + m3 + m3 55_
- O ;_
ar 1 1 5 -
d812d823 B (27‘(’)3 32M3 0 -

E ! HHIHHII;HII.HIHHIHHI

dynamics O 5 10 15 20 25 30

resonances m2, (GeV/c?)
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coOSQ

e we don’t have data from KK scattering !

® we can use it and KK — 7z data:

® CERN-Munich data (revised Ochs)

5KK _57777 — ¢8 _2571'71' — (5KK_|_57T7T) _257'('7'('

Vs |GeV] COS @ = cos(Oxx — Onn) S 1
1.58 0.989 + 0.149
1.62 0.994 + 0.105
1.66 0.999 + 0.040
1.70 0.987 £+ 0.160
1.74 0.999 + 0.048
1.78 0.999 + 0.037
mh = | 1.846 0.987 = 0.175 |- Pelaez parametrization
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Full story in 3-body decay
® Any 3-body decay amplitude

Form factor —@ = — + —_ @

. .
.
S e
. ’
. ’
. : ’
» .
. .
. .
. .
. .
, .~

. . . . . .
. .
. . . .
. . . i . R
. . . . . .
. . . . . .
. . . . . - =< - TN ¢
. . S - = ,
I I + LB
- ~ - ~ - (S
, ~o_ - . . - - - - .
i N . . e M
. . B . ’ N
. . . . . N
. . . N . .
. . .
. S . . .

MAGALHAES, A.dos Reis, Robilotta
® kernel should includes all the mm dynamics PRD 102, 076012 (2020)

® = Y e
° Umtanzed amplltude should mcludes all channels with the same (J,1)
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unitarized amplitude pept — pcpd

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

‘Q \

) X O+ 000l o+ 0eganl 4

4
A4
II‘

.
®

(J,I)
e kernel K7/ peoy resonance (NLO) + contact (LO)

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

0%, = — - @2 oo (M4 M%)

a 8r /s
d* {1; o)
L I / - ] Q
@ {Lay; 15y} = )4 D, D, QaPa:_Gi?/aga (3—4M3)
. v
b Do = (£+p/2~M;  Dy= (¢~p/2)*~-M; 1
Quv =5 y/s =2 (M2 + MP) + (M3 — MP)*/s
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unitarized amplitude pept — pcpd

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

. . . . . . - o K(if) ]
e et RN ) _ ab—c
o = s+ O -0 Q + Q Q -0 Q + o | A 110, k@D
el N9 P ‘.. el . . - .~ T 3ab Agp_sed

J,I
e kernel «\ ol

4
A4
II‘

.
®

resonance (NLO) + contact (LO)

® loops —> K-matrix approximation: only on-shell
0% = - o 22 6(s— (Ma+ 1))

a 8r /s
d* {1; v v}
L I / - ] Q
@ {Lay; 15y} = )4 D, D, QaPa:_Gi?/aga (3—4M3)
. T
b a - (£+p/2) - a Db = (K_p/2)2_Mb2 1

V5= 2 (M2 + M) + (M2 — Mp)?/s
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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
. P 1+ Q0 ]Cab_md
kernel /" o U
o ab—cd RONE e * . resonance (NLO) + contact (LO)

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

a T 8 NG
die {1; 0}
Ly; T4 :/ ’ - _ Q8
@ o lo} = | Gyt DDy Qfa:—Gi?/agae(s—4M3)
us
b Dy = (+p/2°-M? Dy = ((—p/2-M} |
Quv =5 y/s =2 (M2 + MP) + (M3 — MP)*/s

® free parameters

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

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

: : L vector scalar
—> physical fostates are linear combination of M0, M1
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meson-meson interactions at low E

e solid theory to describe MM interactions at low energy == ChPT

@)} = H + '
B 4
e LO: “'\\ L Lg\? = - 6F2 fijs fris @i 0u@j dr 0"y + YV [00 <§ 0ij 5kz+2dijsdkzs)
'\):, A
P + o3 §5ij dle"’g dijs Ogi+2 dijm dyin d8mn>] Gi Oj Ok 1
® NLO: include resonances as a field ™, - >—//—\<
,”’ \‘\
scalars
ZCd 4Cm vectors
’CES'Q) — RO ,u¢2 au¢z T 49 B RO (00 5@] + 08 d8zj) ¢z ¢j £(2) — ZGV <V uﬂu >
|4 \/5 pv
1
2 ¢y 4Bec,, 2 (Vapuru”)y = =V 0,0; 0,¢; (ifuii + dai;)
\/— . dijr By 0,05 Oy — NT [00 diji + 03 (g ik 08 + digs djsk)] ¢; ¢; 1Ry, g F? 8 ’ ’ ’

—> because we want to extend this to high E the parameters change meaning and
can be free to fit!
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