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We derive a new flavor symmetry relation for the determination of the weak phase ff = ¢; from time-
dependent CP asymmetries and B — J/ywP decay rates. In this relation, the contributions to sin2f
proportional to V,, are parametrically suppressed compared to the contributions in the B — J/wK" time-
dependent CP asymmetry alone. This relation uses only SU(3) flavor symmetry, and does not require
further diagrammatic assumptions. The current data either fluctuate at the 26 level from expectations,
or may hint at effects of unexpected magnitude from contributions proportional to V;, or from isospin

breaking.
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Introduction.—CP violation in B — J/wKg will be
measured at the percent level at Belle II [1] and LHCb
[2], a precision several times better than today [3-5], and
crucial for improving the sensitivity to new physics in B
mixing (see, e.g., Ref. [6]). This projected uncertainty
is comparable to the characteristic size of the Cabbibo-
Kobayashi-Maskawa (CKM) suppressed uncertainties,
proportional to V,,;, in the time-dependent CP asymmetry,

C(B(1) = f]-T[B(t) - f]
C[B(1) - f]+T[B(t) - f]
~ 2Im((q/p)(A;/Ap)]

T A AP

= Sysin(Amt) — Cycos(Amt),

_ 1= |Ar/AP
T4 A /AP

(1)

(In the literature the terms proportional to V,;, are often
referred to as “penguin pollution.” Since we are not
concerned with diagrammatic arguments, we identify
such terms by CKM factors.) Here, f denotes final
states composed of J/y and a pseudoscalar meson, P;
A; = (f|H|B%),A; = (f|H|B°); Am is the mass difference
between the two neutral B mass eigenstates, |By ) =
p|B®) F ¢|B®); and we neglect the small O(AL/T,|q/ p|—
1) effects in the B, system, as well as O(eg) effects, which
are straightforward to include [7].
At the current level of precision, the relation

SKS = Sll’l(Zﬁ) =+ O[V;;bvus/(‘/:bvcsﬂ + - ) (2)

truncated at leading order, has been sufficient to extract the
CKM phase f = arg[-V:,V../(Vi,V.4)]. The theoretical
uncertainty is limited by our ability to compute or bound
the subleading contribution to the decay amplitude, propor-
tional to V. This is the A, term in the decay amplitude,

A=A, + 24, A =ViV., (3)
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(i =u,c and g = d, 5), which has a different weak phase
and possibly a different strong phase than the dominant
A, term.

The upcoming experimental precision has renewed
interest in constraining the effects of this “V,;, contami-
nation” in measurements of # and its analog in B, decays,
f,. Comparisons between B, — J/wp® and B, — J/w¢
[8,9] rely both on flavor symmetry and diagrammatic
arguments. It has also been proposed to use B, —J/yKg
to control the V,, term in B; — J/wKg (see, e.g.,
Ref. [10]). Other approaches attempt to constrain the
V., contribution from global fits to multiple observables
using flavor SU(3) [11-15], often with additional simpli-
fying assumptions, or attempt to compute the correspond-
ing hadronic matrix element using QCD factorization
(see, e.g., Ref. [16]). Some of these works claim that the
V., contamination can be enhanced to several percent,
which is challenged by a lower estimate of rescattering
effects using measured rates [17].

In this Letter we derive a flavor SU(3) relation for S,
involving the B, — J/wKg, B; — J/ya°, Bt — J/wK™,
and B" — J/wx" branching ratios and CP asymmetries, in
which, in the SU(3) limit, the contributions linear in V
cancel. This permits extraction of f up to parametrically
suppressed contributions, compared to the V,, contami-
nation in Eq. (2). Our results rely only on group theoretic
relations among the decay amplitudes, and do not involve
diagrammatic or factorization arguments. The same rela-
tions imply a lower bound for the presently unmeasured
B, — J/wr° decay rate.

Amplitude relations.—We obtain SU(3) relations for the
B — J/wf decay amplitudes by application of a Wigner-
Eckart expansion, after embedding the Hamiltonian and
the in and out states into SU(3) representations. The B in
states furnish a flavor antitriplet, [Bs]; = (BT, By, By).
The charmless pseudoscalar out states furnish a singlet,
[P,] = 1, and the usual octet,
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We allow an arbitrary #-r’ mixing angle, such that the mass
eigenstates are #") = 55 cos @ F n, sin 6.

The effective Hamiltonian for B — J/w P decay contains
four-quark operators that mediate b — g'q;g* or b — c¢g'
transitions (¢ = u, d, s). Under SU(3) flavor, this embeds
ino 3®3®3=3@3 @6 15 irreducible represen-
tations. The nonzero independent components of the
Hamiltonian are given in Eq. (53) of Ref. [18]. Finally,
SU(3) and isospin breaking is encoded by insertions
of the usual octet spurions, [M]; = ediag{1, 1, -2} and
Sdiag{1,—1,0}, respectively.

We work to first order in G and to all orders in a;.
In the SU(3) limit, the A. and A, terms in Eq. (3) each
depend on three reduced matrix elements, corresponding
to the 3, 6, and 15 pieces of the Hamiltonian. For A,,
the 6 and 15 terms only arise from electroweak penguin
contributions, suppressed by a.,. These are accounted
together with other sources of isospin breaking in A,
which are comparable in size. The electroweak penguin
contributions to A, transforming as the 3 (which probably
dominate) are automatically absorbed in the leading A,
contributions.

The decay amplitudes are expanded to O(e”) via

A(B - J/Wf) = fov(cﬁz)g;ﬂ
w.p

o?
(s = 78

[Py gl MG (M-

jie )[Bs],],-

(5)

Here, w labels a set of linearly independent SU(3) tensor
contractions, ‘H is the Hamiltonian, and there are p
insertions of M. The X/ are reduced matrix elements,
while C!, encode the weak physics, pth order SU(3)
breaking effects, and group theoretic factors. Finding
SU(3) sum rules at order &” is equivalent to computing
kernels of (C§)p., [18,19].

It is useful to derive relations that hold independently for
the A, and A, amplitudes in Eq. (3). In anticipation of the
need to account for SU(3) breaking effects, we further
expand each reduced matrix element order by order in
SU(3) breaking, and write

Ac=AY 4 ealV 4.
A, =AY

=A
=AY +eAl) + ... (6)

In the SU(3) limit, we have

0=AY (B, — J/y1°), (7a)
A, =AY(B, > J/wk®) = AV(BT - J/yK+)
= AYB+ 5 Jjyrt) = AY(B, > J/wK®)

= V24 (B, = T yn"). (7b)

Hereafter, we write A, instead of the AY amplitudes in

Eq. (7b). Considering the first order SU(3) breaking
contributions to the amplitudes independently, we find

0= Agl)(BS - J/yn"), (8a)
0 =241 (B, — J/yn®) + AV (B > J/yrt),  (8b)
0=A" (B, — J/wK°) =AY (BY - JjyK*),  (8¢)
0=AMB" - J/wk*) + AN (BT > Jjynt)

—|—AE,1)(BA, - J/wK?), (8d)

Equations (8a)—(8c) are isospin relations, and hold to all
orders in the SU(3) breaking parameter e. Finally, the A,
amplitudes in the SU(3) limit satisfy [20-22]

0=A"B* > Jjyxt) - AL (B > J/wK™"). (9a)
0=A" (B~ J/yK®) = AL (B, — J/yK°), (9b)

0= V2AY (B, — J/yn°) = V2AY (B, — J/ya°)
+AY(B, > J/wK°). (9¢)

Besides Egs. (7)-(9), there are further relations involving
J/yn") states, that are not needed for our analysis. Similar
relations also hold for vector mesons, with obvious
replacements.

It is often assumed based on diagrammatic arguments
that the AE,O) (By — J/wx°) contribution in Eq. (9¢c) can be
neglected (see, e.g., Refs. [11-14]). We make no such

assumption. The current limits on AD (By, — J/yn°) are

weak, in the sense that the data allow this contribution to
be sizable. Below we use Eq. (9¢) to set a lower bound on
the branching ratio B(B; — J/yr°).

Relation for sin(2f8).—Given the flavor symmetry rela-
tions, we proceed to construct an SU(3) relation among
branching ratios and time-dependent CP asymmetries, that
permits extraction of # without V,, contamination in the
SU(3) limit. This relation will only involve B; or B™
decays, so hereafter we denote A, =A(B — J/yf), for
B =B, B".

Besides the SU(3) and isospin breaking parameters,

ENJ%-1~0.2, s~TET L 1%, (10)

T vSB

we also expand certain observables in
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where p +iij = -9/ =0.15+0.34i is the apex of
the unitarity triangle. Powers of R, track powers of V ,,
and enter with corresponding powers of A,/A.. We make
no assumptions concerning the size of |4,/A.|. While ¢
and R, are not particularly small parameters, R2, eR,,, and
€% can be treated as < 1. We therefore expand physical
observables to this order, and seek relations without
O(e, R,) terms.

Expanding to next-to-leading order in these small
parameters, the CP-averaged rate is

T(B = J/wf) = (|Pacesysl/ (S7m3) AP AL
A -t
1 +2€R6A<0) + 2Re /IqR (0) 4
c.f c J
(12)
Corrections are O(R2, eR,,, €%) and (’)(sR 22, e2)inb—d,s

processes, respectively. The eA /A terms arise from
first order SU(3) breaking and must be kept, as they are
parametrically larger than O(4%). Note they do not satisfy
the same relations as the Ago) terms.
Applying Egs. (7b) and (8c) to Eq. (12) yields

[(B; — J/yK®) —T(B* - J/wyK")
[(By = J/wK°) +T(B" — J/yK™)
0
i VAT —AY

= Re7; “URe 0 wK” | O(eR,2,8). (13)

AKE

We emphasize that the S"RC[AE-H) /AEO )] terms in Eq. (12)
are canceled up to isospin breaking corrections. We
have also made the replacement A(B; — J/wK°) =
V2A(B, = J/wKj). Analogously, we also obtain

2T(B; = J/wa°) —=T(B* - J/yx")

A =— _
" 2B, J/WO) L(BY — J/yx™)
a2 VIAD Ak
= _Rel_R —+O(R57 8Ru55)’ (14)

c C

where we replaced A(u(i)ﬁ with ASB(+ using Eq. (9a).

The CP asymmetry in B; — J/wf can be written as

0)
AY)
0)
c.f
where CP|J/wf) =ns|J/wf), and corrections are
O(R2%,&R,) and O(eR,1?) for b — d, s, respectively. The

Re[A”) /A"

: i
Sp=—ny sm2ﬂ+21nge cos2f+---|, (15)

] term in Eq. (15) dominates the V,,

contamination in Eq. (2). From Eq. (15) the CP asymme-
tries for B, — J/wKg and B, — J/yn° are

5 540
Sk, —sm2ﬂ—21m/15R A”’Kscos2ﬂ+---,

¢ 24",
Sﬂo+sin2ﬂ:2lm/1—;Re “cos2f 4. (16)

Eliminating the V,;, contamination—the AEP) terms—in

Egs. (13), (14), and (16), one obtains the relation
(1+22)sin2f = Sg, — >80
—2(Ag + A*A,) cos2Btany
+ O(&‘Ru;{z’ Ril_’{Zv 5)’ (17)
where y = arg(—1¢/1¢). Equation (17) is the main result
of this Letter. In the SU(3) limit, the V,;, contamination
in Sk, ASg = Sk, —sin2p, is canceled by contributions

from Ak, A,, and S,0. This leaves only corrections para-
metrically higher order in ¢, J, or R,,,

(0) (0) 5
A _1AQ2 A?

RA2Re——,  R222|=2Z1 0 sRe—<K. (18
AT, A, a4 1

where éAﬁyK is the isospin breaking difference of A, ko
and A, g+, arising in Ag.

The O(eR,4*) SU(3)-breaking correction in Eq. (17)
is unambiguously smaller than the V,;, contamination in
ASk,, of order O(R,2%).

The O(R24?) terms in Eq. (17) are dominated by the
V2, terms in A,, which are numerically enhanced by
tany =2.6. If A,/A. = O(1), then these corrections are
not numerically suppressed, since R, tany = 0.9. However,
in this case, future data should show an enhancement of A,
compared to its present value (see Table I), which will
constrain this possibility. If A, /A. < 1 then this O(R2?)
correction is negligible.

Concerning the isospin breaking O(5) contribution to
Eq. (17), if A,/A, = O(1) and 8Re[A) /A ] ~ 1%, then
this term is subleading compared to ASg . If A,/A, <1
and 5Re [A£5> /A.] ~ 1%, then this term may be numerically
larger than ASg . However, in this case, the experimental
upper bound on Ay should decrease. It may also be
possible to obtain constraints on the isospin violating
matrix element A% ; /A, using other methods, in order to
extract f from Eq. (17) at subpercent precision.

Numerical results and predictions.—The four observables
in Egs. (13), (14), and (16) depend on f and the real parts of

the three A,(IO}/ A, amplitude ratios. We may therefore

extract these matrix elements and g from a fit to these
four observables, noting one may also extract § directly
from Eq. (17). We use the standard model (SM) fit values
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y =67°+2° and 4> =5.36 x 1072 [24] as inputs, and
determine R, from the identity R, = sinf/sin(y + f3).
The SM CKM fit results for R, (or p and #) are not used,
as they depend strongly on the assumption of negligible
V ,» contamination in f, whereas the SM fit result for y has
only a small dependence on the direct f measurement.

The experimental data for these observables are shown
in Table I from HFAG [23]. The Sk, value is the average
of S;/,k, from BABAR, Belle, and LHCb, with other
charmonium states y/(2S), y., etc., excluded, since those
hadronic matrix elements are not related by SU(3). One
then finds from Eq. (17)

B =278 +29° (19)

and from Egs. (13), (14), and (16), the matrix elements
Re[A"). /A]=-04£04, Re[v24"",/A4]=02+03,

Re[v2A% /A.] =~55%23, and R,/RM = 1.3 £0.1.
The #° matrix element is consistent with recent global
fits or QCD factorization analyses (see, e.g., Refs. [10,16]).

On the other hand, Re[\/zAEt%S /A.] is larger than the
expected size of V,;, contamination or isospin breaking.

This arises from the large central value of the linear
combination

Ag + 1A, = —0.052 + 0.028. (20)

Assuming that the V,;, contamination and isospin violation
are small, so that f takes its current SM fit value,
p = (21.9+£0.8)° [24], then Eq. (17) and the Sk  and

S0 data predict
Ag 4+ 12A, = 0.001 +0.009. (21)

The source of the 20 tension between Egs. (20) and (21) is
the same as that between Eq. (19) and the SM fit for fS.
Future higher statistics data for the CP averaged B —
J/wK and B — J/yr rates, together with the time depen-
dent CP asymmetries in B; — J/wK® and B, — J /yr°, is
required to resolve this tension. (Future measurements of
these rates may require combined analyses with other
decays, to simultaneously constrain the isospin

TABLE I. The experimental data used, from Ref. [23].

Observable Measurement

B(B, = J/yK") (8.63 +0.35) x 10~
BBt = J/wK*) (10.28 £ 0.40) x 107
Ag —(5.0+2.8) x 1072
B(B; — J/yr°) (1.74 £ 0.15) x 107>
BBt = J/yzn™") (4.044+0.17) x 107

A, —(3.7+£4.8) x 1072
Sk, 0.682 + 0.021
S0 -0.93 +£0.15

T

asymmetries and the BTB~ versus BB, production in
Y(4S) decay. Current analyses either assume isospin
symmetry to measure the production rate difference, or
assume equal production rates to measure the branching
ratios entering Ay, [23,25].)
Combining Eq. (9¢) with Egs. (13) and (14), one finds in
the SU(3) limit
s (0) 0
Ag +12A, = ReQRe V24, (B, — J/yx’) )
A A,
The sizable experimental central value for the left-hand side
[cf. Eq. (20)] is therefore connected to the possibility of a

sizable amplitude A" (B, —J /). According to Eq. (7a),
AEO) (B; = J/wn®) vanishes by isospin. Neglecting the

(22)

possibility of cancellations between AW (B, = J/yn°)
and the isospin violating contribution to A.(B,—J/yx°),
Eq. (22) implies the lower bound

(B, - J/ya°)

I'(B—-J/yK) ~

(AK + /_12 Afr)z
2cos?y

(23)

where we neglected small phase space differences. From
the current experimental data in Table I, we obtain

B(B, — J/yn") > 4.4 x 107, (24)

at the 1o level, and > 1.1 x 107 at the 90% CL. This is to
be compared to the SM expectation of O(1077). The
experimental uncertainties dominate this result, and are
larger than the theoretical uncertainty in Eq. (23).

One can use Eq. (17) to derive an allowed region in the
(p,7) plane. In Fig. 1 we show this constraint from the

1 T T T T

)
\
\
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0.8 FE ]
\
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\
\
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\
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\
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< \\\
\\
04 F b 1
—== \\
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] .
a e
0.2 - \\\\ 4
X p
0
0 0.2 0.4 0.6 0.8 1

p

FIG. 1 (color online). Constraint from Eq. (17) at £lo
(transparent dark blue) and 420 (transparent light blue) in the
(p.77) plane, overlaid on the SM CKM fit [24].
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current data, compared to other bounds. The sizable
uncertainty of Ag leads to a somewhat loose constraint.
The +10 range at present tends to favor a slightly larger /3,
and is in better agreement with measurement of |V, | from
inclusive rather than exclusive semileptonic B decays.
More precise measurements of Sk, S0, Ag, and A, are
needed to improve the statistical significance of this
constraint and to decide if there is an interesting tension
with the SM CKM fit.

Future data will also give other means to explore whether
the uncertainties in f are under control and to gain
confidence about bounds on the V,;, contamination. For
example, (i) the A, observable in Eq. (14) only receives an

A§40> contribution from the 15 representation, so more
precise data can be used to constrain the size of this matrix
element, which also contributes to ASk, (ii) the direct CP
asymmetries can be used to extract the imaginary parts of
the Aff} /A, amplitude ratios, which provide a lower bound
on the |A,/A.> terms in A, and (iii) when |V,,|
measurements improve, comparison of the SM CKM fit
excluding Sk with Eq. (17) will provide independent
information on possible origins of the tension in Fig. 1.
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Energy Physics of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231 (Z.L.) and by the
NSF under Grant No. PHY-1002399 (D.R.).
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