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Introduction on phases |

@ The value of the quark charged current couplings are parametrized by
the Cabibbo-Kobayashi-Maskawa (CKM) matrix V

g Vud Vus Vub d
‘CCC = 7 ( u ¢ f )L Vcd VCS VCb ’)/]1 S W],d—
2 th Vts th b

= iUL VWVDL wHt

V2

@ We can eliminate 5 phases out of 9, (qL — ei‘quL) :

| Vid| | Vius| el | Vis| e
Ve | WVl Vel Vel
|Vigl e —|Vis| s [Vip]
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Introduction on phases Il

These are the four Aleksan, Kayser and London phases: 8, and B,
and X’ (they even can be used as a CKM parametrization)

. =0 ..
B = ¢, =arg(—VeaViViVis) (in BY — By mixing)
v = ¢y =arg(—VugVi,Vi V) (in tree level B=0 decays)
B, = arg(—Vis Vi ViVe) (in BS—ES mixing)
X = arg(—VaViVVis) (in direct CPV D — hth™)

o Because Im (\/,-j % Vk*j Vk/) for i # k,j # | is universal (Chau,

Keung, Jarlskog,..) we have

By~0O(@1) ;B ~A;x ~ At
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The phase gamma |

o It appears in V,p, in fact a minimal ingredient is to measure the
interference among b — uCs transition and b — cus transitions.

A(b— ucs) = A (B— —>ﬁ)K_> & ViV
A(b—cus) = A(B™ = D°K™) o VoV

only possible if both D° and D° decay to a common final sate f
A~ EA(B - Df+K> :A(B* ~ Djf—i—K*> =

A(D" — f)A(B~ = D°K™) +A(D" —f) A(B~ - D°K")

F.J.B. (IFIC-U.Valencia & CSIC) September 2023 4 /28



The phase gamma Il

D.r) & A(D"—f)[D°)~A(D®—f) D)
L) & A(D°— )" [D%)+A(D" ) [D")
in the case f = K+ K~
A (50 — K*K*) & Vi Ves s A(D® — KTK™) & Vs V2,

giving rise to
A” = aVy Vi + bV V),
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The phase gamma Il|

@ in such a way that

|A=]2 — |A*|? o Im (ab®) Tm (Ve VE Vi Vis)

cs Yub
sensible to the interference phase
arg (Ve Ve VipVus) = v+ X'~

and needed of strong phases in Im (ab*) . Gronau, London, Wyler
(GLW), Atwood, Dunietz, Soni (ADS), Giri, Grossman, Soffer, Zupan
(GGSZ) and many more.
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Using entanglement for gamma at t=0 |

e The entangled B - B system produced at Belle Il from the decay of
Y (4s) is:

1 -0 -0
[¥o) 7 |Ba) |Bd d)|Ba)
the amplitude to decay to the states f and g (simultaneously) is

1

V2

with the usual notation Ar = (F| T |B°) ; Ar = (f| T ‘E°>.

<f:g|T|T0> = (AfZg_Zng)
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Using entanglement for gamma at t=0 Il

@ The rate -or the double decay rate (DDR)- at t = 0 can be written as

A Al

2 1 2
= — |AFA
(.61 T ¥ = 3 aras P[5 - 2

and shows interference in the DDR at t = 0 not needed of strong
phases. For examBIe: f= J/IIJK&L = Ar/Ar = F1 and
g = (nm),_y = Ag /Ay = 217

[(J/9Ks, (t71),_o| T |¥o)|? o cos?
(/KL (T | T [¥o)|* o sin? y
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Using entanglement for gamma |

@ The use of the EPR correlation to study CP violation was proposed by
Wolfenstein, Gavela et al, Falk and Petrov and Alvarez and Bernabeu
among others for several decay channels in the B factories.

o To get v from }Zg/Ag _Zf/Af’2 it is easy with g and f, CP
eigenstates: properly chosen this DDR can be CP forbidden.
f=J/yKs, J/PpK, (in short S or L) and g = mrm—, 7070,
pzrpz,p(zp(z , will do the job from CP-conserving and CP-violating
transitions:

Y (4s) (J/9Ksi)g (mm)g [ (71 5 () g
1 ot~ ott 1+ 1

(J/9Ks)g } [ (J/9pKL)g ]
Y(4s) )

Therefore

Y (4s) — (J/YKs)g (trr)g ; is CP allowed
Y (4s) — (J/PKy)g (mm)g ; is CP forbidden
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Using entanglement for gamma |l

o With By = pB® 4+ qB° B, = pB® — gB® the B eigenstate

1
2v/2pq

[Yo) = (1B) [BH) — |Bu) |Br))

e (i tpy)to

— X
2v/2pq
x (et AT AE — eI ALAT )

<f, to; &, to + t| T|T0> =

where A, = pAr + qAr and Al = pAs — qA;.
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Using entanglement for gamma IlI

@ So the double decay rate to the state f at ty and to the state g at
tp + t integrated for tg is given by
Y (4s) — (BOEO —EOBC’) — (f to;g, to+ t)

—Tt| . _ 2
I(Flg:t) = e . ‘e—IAMt/2A{Ai _ e,AMt/2A’f_IAﬂ
16I' | pq|
et cos (AML) (AT A% — ALAS) 2
16T |pg|* | —isin (%) (ALAF, + ALAT)
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Using entanglement for gamma IV

@ Our general expression for the DDR normalized to
Jodt ¥ I(f,git)=1is

f<g

180 = 5y,

AMt AMt
o Tt [Igg cos? ( > ) —}—I,':f sin2 ( 5 ) -|_Ids|n (A/\//t)]
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Important consistency properties |

@ We have formally
I(f.g;t)=1(g f;—t)
with the following implications
fe f. fg _ gf . T8 _ f
= ==
@ Because

T(8.510) = [(BLs[Bog (1)

and |B%) and |BZ, ) are orthogonal
7(8,5: 1)+ 7 (8 11 8) = (Bag (8) [Bog (1)) = T

therefore we have

286 4108 =118 + 18 = 1,128+ [ =0

F.J.B. (IFIC-U.Valencia & CSIC) September 2023 13 / 28



Important consistency properties |l

L
@ One can measure all three observables ijn'od for all the (f, g)
and (g, f) channels f = J/¢Ks, J/PpK, and
g=(pfor). (p00?) ., (T 7)), (m°7°). Just measuring ratios

L L
s& /158
I35/ I5g !
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The observables |

L
@ Our observables will be ijnlod for each channel
g=(pfe;). (090?), (et 7)), (7m°7°) in both time ordering
making a total of 16 channels. We use

q —2i A —2i A
()B =e 2 ; A—Z:pge 2 (A = qAr/pAr)

p
As _ <P) VesVop _ (Vcd Vfb) et2iX — _1
AS 9/ k Vs Vc*b Vc*d Vcb
As AL 2
— = ——=—-1: A = —A¢g = — Pu =
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The observables I

for the observable we get

(-2
(14 1Ar) (1+12)
’pge_2"4’g :Fl‘2 1 2p, cos <2gbg>
2(1+p2) 20" (1+02)

it is present at t = 0 it is CP forbidden for f = J/¢ K| and CP
allowed for f = J/¢Ks. It is sensible to the phases in g and f. If

there were not penguin pollution (pg = 1) in the decays
g=(prpr). (p1p}) . (* ™), (7°=°) all ¢, would be ¢, = 7 and
we would have

L
s8
/d

ldLg = sin® v and Ing = cos?
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The observables |l

It is clear why we have named /; for direct CP, because mixing is not
needed.

@ For the other observables we get

e _ (1= Aghs)f ! 1]F2pgcos(4¢M+24>g)
” (1+12eP) (14 1257) 2 (1+02)
w2 A -] (1-6E)

lg = (1+|if’2> (1+|Ag\2) = (F) <1+p§) sin (2¢)

depending also on the mixing phase. The quantities to be extracted

L
from Ij’.gmyod, for e.ach channgl g, are ¢, p, and (p,\/!. The one we are
mainly interested is Pg that if they were not penguin pollution in all
the g channels we will have ¢, = <y (and also p, = 1). The way of
getting v from Pq is by the Gronau and London isospin analysis.
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Isospin analysis |

@ In general we will have for each g channel a departure from the
universal 7 value that we call

eg:’)/_4)g

The neutral and charged B meson decays differ in the presence versus
absence, respectively, of the penguin contribution to the amplitudes
for each final h = 71,0, system. The charged decay amplitudes

Ao =A(B" — hth®) and Arg = A(B~ — h™h°) have a final
(h*hP) isospin 2 state and, therefore, only the Al = 3/2 tree-level
amplitude contributes with the weak phase 7.
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Isospin analysis |l

@ It is convenient to define, with the same notation for both neutral
decay channels 7t7tand p, 0, and using g = = or 00 for the
corresponding decay charges, the quantities

— Ag 5 Ag

Qe — —/——
4
Ato

in such a way that the double ratio fixes the penguin pollution
parameters p, and €,

a .
-4 — ‘Og 62’€g

dg
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Isospin analysis |l

@ The isospin triangular relations with these complex ratios are

1

—=d4 _
V2©!

=1—ag; —=a+— =1—an

L
V2
that allows to obtain Re <(5)+> and Re <(5)00> in terms of

2 2

) and

a . (5)00 and of course also Im ((a)+> and

Im (a)oo) . Therefore we can get a, and a, from the branching

ratios of the processes B — h*th0 B BY s hth— HORO fixing €4
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Isospin analysis IV

and [ The summary of our isospin analysis with the present PDG
data is

e | pe | s |
p; p; | 1.007 4 0.076 | 0.008+0.091
p%0% | 0.972+0.241 | 0.007 £0.345
ntm | 1.3924+0.062 | + (0.307 & 0.170)
070 | 1.306 4+0.206 | 4 (0.427 £0.172)

o Because the pp; is the one with largest branching ratio,
56&*‘0’ =0.091=5.2° gives us an estimate of the uncertainty, due to
the present knowledge of the penguin pollution, in the determination

of v/ ¢5. (Important improvements are expected from Belle Il and
LHCb).
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Potential estimate of the method |

The intrinsic accuracy of the proposed method is controlled by the ability
to extract ¢,.

We generate events according to the double decay rate time distributions
fixing all values as p,, ¢,, ¢, = p and the isopin analysis parameters.
Under the assumption that Belle Il can collect 1000 p; p; events in the
categories (L, p /0, ) . (S.prpr) . (eler L) (efpL.S) . 50 piph, 200
t ™ and 50 707Y

For each g, we generate values of t, the events, distributed according to
the four double-decay intensities.

In order to incorporate the effect of experimental time resolution, each t is
randomly displaced following a normal distribution with zero mean and

o = 1ps. Additional experimental effects such as efficiencies are not
included. Generation proceeds until the chosen number of events. Events
are binned.
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Potential estimate of the method Il

The procedure is repeated in order to obtain mean values and standard
deviations in each bin: these constitute our simulated data, as we illustrate
with 20 bins. There are no significant differences if one considers, for
example, 15 or 10 bins.

10 I(S, ptp~;t) 10 I(p*p~, S;t)
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Potential estimate of the method Il

.
The fit to these simulations gives ijL PL —=0.1170 4+ 0.0138,

+ — —
15T = 0.1658 4 0.0456 and [21°L = 0.0000 = 0.0198. Together with
the other fits it give rise to

& | P Pe
p; p; | 1.222+0.020 1.00 + 0.06
0909 | 1.22+0.09 1.00 +0.24
't | 1.57 £0.12 1.35+0.12
7Y | 1.57 £0.18 1.35+0.24
¢, = 0.384 £0.031

We conclude that, since ¢ = 4)g + €4, the error 54)pr[ =0.020=1.1°
gives an idea of the intrinsic statistical limiting error we would expect in
the determination of 7 for the assumed number of events.
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Other Channels (preliminary) |

o f=J/YKs, . g=mntD",pt D, " D* (2010) ,p*D* (2010) .
g # g. In general we will have

u ¢
wt d wt d
b ; ¢ b ° u
d d d > d
Ae _ ettty Ag L iaeay)
Ag & AE pg
with p, ~ A% and A, a strong phase, for 77D~ we have
pﬂ,’*D’ - 0018
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Other Channels (preliminary) Il

e By measuring (f, g) and (f,g) one can get 7y without isospin analysis

@ The estimated precision extracted from this table for Ay =0

[e [0, [BB-g]B(E -2 [o]
| Dt | 0.0175 [ 25 x 10~ 3 [73x10°7 I
| D m* [[0.0181 [ 27x10° [59x10 "(cal) [ 7° |
| D-p* 00071 [76x103 [38x10 7 (cal) || 11° |
| D*~p" [[0.0145 [ 6.8x10° [14x10"(cal) | |
[0 | [o0x107 ] [
[0 | [moxw” | 1
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On the Upsilon (5S) (preliminary) |

e About 90% of BsB; pairs produced at the ¥ (5s) are CP = —
eigenstates (Atwood and Soni) and therefore entangled states of the

form
o) = 5 (122 [B2) ~ [E2) |e9))

o Differences among the |¥y) in By or Bs system including AT's should
be included.

e Analogous channel to B — D=7t is BY — D, K™. In this case
both paths are of the same order (Fleischer and Malami)

A
0, = |5>| =040£0.13

g

Much more similar to the pp channel. With f = J/¢ and
g = D K™ a 4° precision in 7y is not excluded.
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Conclusions |

o BB entanglement affords a simple way to have interferences in
the decays provided B° B° = fand BY, B’ — g
|ArAg — ArAg|” # 0

@ No strong phases appear as essential ingredients.

@ The eight (f,g) CP channels f = J/yKs, /PKs and
g = ()%, (0,0,)° have a tree level common 7y phase. p} o] is the
benchmark channel.

@ Several constraining consistencies among the different intensities
appear.

@ We find that an intrinsic accuracy of the order of +1° degree could
be achievable for the relative phase ¢,. From the isospin analysis of
v, there is a limitation of 45, to be improved by the existing
experimental facilities.

@ Other channels -without isospin analysis- and B, B, entangled states
are under consideration
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