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FSI as source of CP asymmetry in B decays
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https://indico.cern.ch/event/1097067/contributions/4621791/attachments/2351142/4019230/approval_B2hhh.pdf

CP asymmetry measurements

® |st observation in charm (&g 2019 A.,(D° - K*K")—A (D’ - n*77)

AAr-p = (—15.4 T 2.9) x 10~

=» direct CP asymmetry observation
. ACP(K_K+) = (0.04 +0.12 (stat) + 0.10 (syst))% LHCb Phys.Lett.B 767 (2017) 177

> A p(m7)=(0.07£0.14 (stat)x0.11 (syst))%

-» CPVonD — hhh?

—> searches in many process at LHCb, BESIII, Belell

—> can lead to new physics (DCS for ex)

=» understand the mechanism in two-body is crucial to three-body studies
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CPV on data; Puzzle!

e condition to CPV Aop =

e 2 # amplitudes, SAME final state with # strong (4,) and weak (¢;) phase

(M = ) =T(M — f) = [(fIT|M)] = [{f|T| M)]" = —4A1 A3 sin(d1 — 02) sin(¢1 — ¢2)

e CPV at quark level: BSS model|  Bander Silverman & Soni PRL 43 (1979) 242

/Lj\) + i B-

u

+ 7
weak phase ~ ¥
e Not enough to explain
o bt | hadronic interactions
e 1 i as source of strong phase
= 1.

FSI to enhance CPV Patricia Magalhaes 5



rescattering as a CPV mechanism

® CPT must be preserved

CPV in one channel should be compensated by
Z ATcp=0 =2  another, same quantum #, with opposite sign

B st K K7t

Yicld/(0.03 GeVie™)

0.5

18

0.8
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0.4

0.2

-0.2

rescattering GTﬂ' — K K)
\> CPV at [1-1.6] GeV

Frederico, Bediaga, Lourengo
PRD89(2014)094013

e confirmed by LHCb Amplitude Analysis B* — 7—7t 7T and BT - 7fK K™
PRDI01 (2020) 012006; PRL 124 (2020) 031801 PRL 123 (2019) 231802
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CPV:amplitude analysis B* — 7 77+

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

—_ _|_ .
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CPV high energy

e BT 5 K KTKT T o
_ R
e Acp change sign ~ DD open channel 2 b
| ¥ 105
S 600 L '—_ E = : = E E
S400F LHCb+ . E NEdl %_: =1
M 200F :""ﬁﬁﬁ = b, 3 3
|Q'Q 0=ty A N 0 5 10 15
200 F Y +'ﬁ o e ol OV
Sl SRR 3 D K+
_6002— H+ —; __> — % S
-800E_. 1 R TR~ — —
2 3 4 : D — — K

m(KJ'K_)high [GeV/c?]

h . di f h |. Bediaga, PCM, T Frederico
® charm intermediate processes as source o strong phas€e PLB 780 (2018) 357

S>K
‘ésw

) K*

e even dynamically suppressed Br[B — DD;]~1% => 1000 x Br|[B - KKK

) I i -+ + 17—+ PCM & M Robilotta PRD 92 094005 (2015)
hadronic IOOP teChanue D — T K T PCM et al PRD 84 094001 (2011)

FSI to enhance CPV Patricia Magalhaes 8



hadronic loop results for B* - K=K~ K™

® Triangle hadronic loop with charm rescattering can generate

a phase that change signal near DD threshold LN K*
S DO
s Bt . . K*
I DO TNe. K-

i 1 1 1 1 1 1 1 1 1 1 1 1 I 1 I I 1 1 I 1 1 1 1 I 1 1
1 1.5 2 2.5 3 3.5 4 4.5

m(KK) GeV

e how this can be translated to the observable CPV?

we need inference with weak-phase!

FSI to enhance CPV Patricia Magalhaes 9



charm rescattering in B* — 77 7t

Bediaga, Frederico, PCM - PLBX (2020)[arXiv:2003.10019]

{64 Run |

® high mass CPV study in B — 757 7+

2 2 o
® Focus on m._ > 3GeV :._0_6
\> avoid low energy resonances A o
E —0.2
E
. . ide 10:— _: —-02
® include Xc0 (expected in Run Il) ! Tl
5:_ Ioe
m2_ . (DTF)

e Important data features

e data shows a huge CP asymmetry around m; , = 11.65GeV?

e wide CP asymmetry: same source for a nonresonant amplitude and Xc0

\S> charm loop and X0

FSI to enhance CPV Patricia Magalhaes



charm rescattering in B* — 77 7"

® AB:E—>71-—7T+7T:|: (8127 823) — g+

400
350
300
250
200
150
100

50

s:+(0)
D

Tt + Ay 6:|:zfy

v = 707
ag = 2 ¢i(3:=145°)

e the goal was to reproduce the main observed CPV characteristics J

Amplitude projection

— B+
— B-

FSI to enhance CPV

I I [
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= 25k E_ S
% N 11
= 1 o
| E 1 -0
I :
(@\ = -
S C ] 0.2
S5 —e—0.3
- 104
0O . 1 . . . . l . . ] _
5 10 15 0.5
mA(w) [GeV?/c4

Patricia Magalhaes




charm rescattering in B* — 77 7"

D*+(0) 0) o —_— O
® ABi—>7r_7T+7T:|: (8127 823) — g § _ ' + a’O ej:z’y /Y B 70 (5 _450)
CECHRRRE N apgp — 2 63% T

e the goal was to reproduce the main observed CPV characteristics J

Acp signature

)5 :_ . | _: 0.8 " | ' | ' ' ' I 0.5 5
x o6 25E —:.042{
20 C _] r ] —0.3
_ ] . 20 = . -1 402
N ] . 1
I15E q 02 2 B B - 3
N - C -] . —0
10f E 10__—* 3 0.1
N ] L 1071-0.2
t 1k : SE 103
N Ilh!-!! _ _ - —04
0, A T B ] 0 —_ | | _ .
0 5 10 , 15 — 10 5 0
2(mrtm 47 — -
mAw ), 1GeViet mA(rt),  [GeV/c

—> mimic some of the CPV pattern at high mass

—> implementing this in Runll amplitude analysis!
FSI to enhance CPV




charm rescattering in B — K"K~ zn™

® Bl - K"K n" S SR HHED
(E 205_‘_:: - ,: —E
P . . of o . ~ 15;_3:._-:.;..' ;l:; ‘:‘ . _ . _z
very suppressed direct production (annihilation) G AR RN
T SEL s L

st

b U SR s S P
u+s V) S T S A T R~

< 0 10 20 30
. g u+s mX(K*K") [GeV?* 4]

more events than expected

® Charm rescattering can be the dominant mechanism to generate KKz

T K" (p2)
. + - T P1) |. Bediaga, PCM, T Frederico
Bo LK B K Tos) PLB 785 (2018) 58]
K- 3

Toy MC Dalitz plot B'c — K*K'n*

® same favored weak vertex B

250

® |eave a signature in the middle of the
Dalitz plot

200

150

100

I50
: 0

. ﬁid\’] new data can test it !

FSI to enhance CPV Patricia Magalhaes




* — h™(V — h~h*) CPViolation directly from data

. Bediaga, Frederico, PCM
® Proposed a method to extract the type of CPV in PRD 94 (2016) 054028

particular regions of the phase-space directly from data

e Amplitudes contain only one vector resonance and NR background

Vv NR

My = a‘;ew oW cosB(s, s)) + aIJ\rI_Re"S R Sy = (s + )’
Vv NR

M_ =a’ Veio- F COS 9( S, 8||) + aNR 0" pNR S, = (py, +phi)2

0 = helicity angle

e Asymmetry X to square modulus of amplitude difference:

IML|?F IM_| ZQ(GXY + (a‘_/)Q] FBW * cos 9 S_L S|D+G )2] FNR‘QJ
q?cos@ (sl,s”) FB )FNR) X )
{(m%/ — s”) [azaiR COS (5:{ — ONR) * a¥ a™® cos (5‘_/ — 5EIR)]

—my Ty [GJK"’ER sin (5.¥ - 5§R> F alal¥sin <5Y a 5§R)]}

\_

_

G:Iirect vector AC}D (direct NR ACP) (NR and vector interference)

FSI to enhance CPV 14



B* — h=(V — h~h*) CPViolation directly from data

Bediaga, Frederico, PCM
e Wwe select a small region around the resonance PRD 94 (2016) 054028

in si and look for the distribution A|AM? on s1

® s|~mi — cosO (sL)

® can parametrize A‘./\/l|2 — a(x — 00)2 -+ b(a’; — CO) + C

forcost = x — ¢y

s — (direct vector AC}J b= (interference) c =
_|_ —_
at —a
A —
Pt Yo constant

Decay channel Vector Resonance Alp £0gtat T Osyst
e Applied to LHCb B = rEntr  p(770)° = 7t~ -0.004 + 0.017 + 0.007  (0.20)
runll data ! Bt getob— [P(TT0)° = wtam 40150 £ 0.019 + 0008 (7.20)
K*(892)° — K=nt -0.015 £+ 0.021 4+ 0.007  (0.70)
B* 51 KtK- K (0.10)
(0.20)

92)Y
*(892)% — K*xF +0.007 £ 0.054 + 0.028
20) - KTK~ +0.004 &+ 0.010 £ 0.006

B* - KTKtK~ ¢(10:

FSI to enhance CPV Patricia Magalhaes 15



Global CPViolation

Bediaga, Frederico, PCM, Torres Machado

e understand global asymmetries in LHCb data PLB 824 (2022) 136824
Decay channel ATcp(10%s™1)
BT - K*ntn~ +0.84 +0.25
BT - K*TKtK~-  —0.68+0.17
BY —» ntnta— +0.53 £ 0.13
BT 5 ntKTK~ —0.39 4+ 0.07

<

= —0.77 = 0.27

Alop(rK*K™) _ _0.46 & 0.16 and Alcp(n*ntn™)

U-spin:
APCP(K:E’]T""T(_) AFCP(K:I:K+K_)

ATep(K*nTn™) = —Alep(r*KTK ™),

U-spin symmetry: Bhattacharya, Gronau, Rosner, PLB 726 (2013) 337
ATlcp(rEntn™) = —ATep(K*KTK™)

. m P S + 7+ 7 —
U-spin & FSI ? Alop(K=nTm ):1.59i0.62 and Alcp (K=K K™)

= 1.77 £ 0.55
AFCP(W:I:W+7T_) AFCP(W:EK"FK_)

only U-spit
40 'ﬂ’ Y, W OTK

FSI to enhance CPV Patricia Magalhaes 16




Global CPViolation

ATcp(hEhihy) =T(B~ — hyhihs) — D(BT = hihy hi) Bediaga, Frederico, PCM, Torres Machado

 An(BE — KERAVB(B® — WS /r(B) PLB 824 (2022) 136824

A(B" = [1) = {four Hw| B*) = Vi Vi ([

U1 B") + Voo Vi ( fout|CYBY)

out out

A(B_u — fq) — < out’HW‘B > V bVUQ< out’Uq‘Bu> T VbVCQ< out’Cq‘Bu>

Ups = (foulU|B") Cra = (fou:l C|BY)

o ATop(q) = 4Im[V Vi Vip Vo Zlm[sﬂsm “ Cor

® S-matrix unitarity and CPT invariance applied to 2-coupled-channel 77 <& KK
(s ) Alcp =0 => Al(grr) = —AT(gxx)

T+ K- + -
Alop(m"KTK™) _ g7310235 ATcp(KTKTKT)  gg1+032 Q
Alcp(ntntn—) Alcp(K*ntn—)

FSI to enhance CPV Patricia Magalhaes 17




FSI as the source of CPV in D - K"Kt and D' — 7z~ x*

® |st observation in charm (&% 2019 A,D°— K*K™)—-A_(D° - n*n")

® single cabibbo suppressed decays

DY & ntn—

VeaVi = A1 — \tet)

Vo Vi m A1 = \?)

® weak phase in KK is 20 times smaller

Lenz and Wilkinson, Annu. Rev. Nucl.
Part. Sci. 71,59 (2021)

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

FSI to enhance CPV Patricia Magalhaes 18



FSI| as the source of CPV

~ V, V* Bediaga, Frederico, PCM
® D and D can decay to zr and KK arXiv:2203.04056v2

D .+ KTK~

Vcdvjd 57r7r—>KK

\ .
M known from 80’s experiment

® Describe amplitudes decays implying three constraints:

® CPT invariance relates channels with same quantum numbers

—> Y Alcp =0

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

® the unitarity of the strong S-matrix.

FSI to enhance CPV Patricia Magalhaes 19
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Decay amplitudes

VVCS VJS

® dressing the weak tree topology with FSI

e DV 5 KK

> Apokk —p 20K K V* Vs ax i + iV 1 —n? ei(Orr+orK) V5 Vid G

> ADO—>f same with CKM cc.

e DV o1

210 1 . (O +0
> -ADO—MMT =T € ’ ctlvud Arr T 1y 1 — 772 eZ( Toxx) VCZVUS AKK

® dyx and a_ do not carry any or strong phases - production

FSI to enhance CPV Patricia Magalhaes



Final values for A p

- 1+

—Im[V* Vs VeaVe ]  —1 5 | Br(D" > KTK™)
A~ ~ +92 cs “uS7CC T udl T \/1 — 1= cos @ —

o Acp(f) IV Vi VeaV| / Br(DO — tm—) |

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

e 7 =~ 0.973 (from Pelaez Parametrization)

- Acgp(rw) = (0.47+0.13) x 107
s Acp(KK)=—(0.17£0.19) x 107°

ol

SM like!

® |n three-body this effect will be bigger and phase-space distributed
S scs D — atazt and DY — 7KK have exactly the same WV

FSI to enhance CPV Patricia Magalhaes



Final remarks

® Crucial and profit theoretical x experimental Colaboration
(Bediaga-CBPF/LHCDb, Frederico-ITA, PCM-ITA/UOB/LHCDb)

We investigate the FS| role in B and D hadronic decays

\> our phenomenological models have been implemented to LHCb data

® B decays: understand of CPV at low and high mass regions

\> 77 — KK rescattering dominates the global A, in B — hhh
(5 make predictions to neutron modes!

\> Charm rescattering triangles is an important mechanism
G interference produce similar CPV data signature

> developed a technique to identify the type of CPV directly from data

------ Tt (P1)
e Bc decays: iy
B —> main mechanism to produce this final state

& - - - K+(p2
DO S o K—

(P3)

FSI to enhance CPV Patricia Magalhaes 22



Final remarks

® D decays: we predicted AAp with FSI approach compatible with LHCb

VeV
® the key ingredient is the coupling between 77 and N
KK channels as source of strong phase in a CPT D  rtp- KTK~
invariant framework NP %
VeadVia Onns KK

> new measurement from LHCDb will put a straight constraint

® much more to came!

obrigada!!
#staysafe

FSI to enhance CPV
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hadronic loop

SRR > form factor for BT — W' D0 (single pole B*)

® A—iC m / d4£ TD0D0—>KK(323) [—219/3 (plz —pl)] | —> Apts = s—m%*+
Ap+=Apo Apo Ay

A Apo+2Ap0 — 2803+ 3 M2 + M2 — 12
® A=1 2 T‘o 0 . - -
1C m, 4L pop _>KK<823)/(27.‘.)4 ADO AD_O AD* [lz_mB*]

—> solved by Feynman technique

Patricia Magalhaes
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Charm rescattering BT — K~ K n™

® Amplitudes projections Projection m,

8000

7000

6000

5000

4000

3000

2000

1000

N

o

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

(4]
-
o
-
(4]
n
o
n
[&]
w
o
w
(4]

—> minima in different positions ( # thresholds)

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

Projection m?_ .
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charm rescattering CKM2018
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CPT in SCS D decays

® |n principle FSI in D, D can include multiple mesons

Somom Som3m Somam v

. . . | Ssnmrenm Samrsyv Ssaranm v
e general S-matrix can mix this FSI states S = | Sinrons Surrers Siarans -

®@ D’ & xtqx~ and DV — KTK—

assume only 2 couple-channels will contribute to FSI, ie the dominant one KK

_ 290 51 _ 218
% S _ S7T7T,7T7T ST('T("KK S7T7T,7T7T — ne ¢ SKK,KK = nestEK
2M72M o SKK,?TT(' SKK,KK S7T7T,KK = SKK,TMT = +/1 _772 eZ((Sﬂ-ﬂ-—l—(sKK)

® two pions cannot go to three pions due to G-parity
e ignore four pion coupling to the 2M channel based on |I/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: > (JApo_ s> = [Apo;?) =0
f=(rm,KK)
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Woatson theorem

@ strong phases o0__,

Oxgx and O,

- kk are the same independent of the initial process

. Longacre et al., Phys. Lett. B 177,223 (1986)
- we can use CERN-Munich data from 80’s Hyams et al., Nucl. Phys. B 100, 205 (1975)

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

\ \ :
\ ‘ ‘ — ‘ ‘ —
N — [ ) ; ]
400. — - —~
& Hyamsetal. 75 (-+-) 14 1. — [
: P HyamS etal. 75 (___) : : o HyamS etal. 75 (—+—) E :
L ® Kaminski et al. N O 8— & Hyams et al. 75 (---) I _
300.— = Gl\rla};%r/;t al.lb) — ‘2“1 @ Kaminski et al. o;" e | : i>
— 0 Na48/2 et al. - . = Grayeretal.b) 0 LTI dyl
— O K->2mretal 0 - — A Martin et al. 770 (S) !,‘ i X!

B 5 (S) I 06 v Polychronatos et al. | H
200 B 0 7 I~ o Protopopescu et al. ' T
N ° T B O Cohen et al. | , 'l
B i B 0.4— & Etkinetal. i |
| | — v Wetzel et al. _
L | — -
- ;;iﬂ' ’ - } i .

| ‘ ‘ ‘ ‘ | O \ ‘ \ \ ‘ \ 1 |l ‘ \ HE ‘ \
O.@Oi4 ‘ 03 9 6 0.4 0.8 1.2 1.6
Vs [GeV]

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

. 2i0; _ 1
amplitude f.(s) = [me 5 }

> elasticity drops dramatically near KK < strongly couple
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Woatson theorem

® 7 —> KK

> Sirrk(s) = 14/1 — 772ve"(5”+5KK) — 4, ) dm9K lg0(s)] et (s) O(s — 4m3,)
Pelaez and Rodas, Eur. Phys. ). C 78,897 (2018)

300

100

® Pelaez parametrization @ Mlz):

S

400

200}

§

]

Cohen et al., Phys. Rev. D 22,2595 (1980)
Etkin et al., Phys. Rev. D 25, 1786 (1982)

9Q(M2)| ~0.12540.025 = /T—72 ~ 0229+ 0.046 => 71 ~ 0.973

D = Orr + O A 343° £ 8°
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