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1 Introduction

One of the interesting open questions related to the Belle [1] and BaBar [2] data is the inter-
pretation of the difference of CP asymmetries, Acp[Bt — K+7°] — Acp[B? — Kt7n7] =
0.126 £ 0.022 [3]. This measurement is in tension with the results of calculations using an
expansion about the heavy quark limit m; > Aqcp [4-6] (see, however, [7, 8]). In contrast,
the data do not present difficulties if flavor SU(3) symmetry is the only theoretical input
used to relate the direct CP asymmetries.

We can hope to achieve a better understanding of the applicability and limitations of
these approaches by exploring other relations for CP violation among charmless, two-body
B decays. Such an understanding would not only enhance the ability of future B decay
measurements to probe for new physics (NP) signals, but also improve our understanding
of QCD. For example, the failure of an SU(3) relation at a larger than expected level may
be due to a NP signal, and could tell us about the flavor structure of NP. Alternatively, if
predictions of factorization fail, then undertanding as well as possible under what circum-
stances that occurs may in turn improve our understanding of the QCD dynamics. For



example, one might learn that the relative strong phase of the so-called tree and color-
suppressed tree amplitudes in the diagrammatic picture is large in some cases, despite
being power suppressed in the heavy quark limit.

With these motivations in mind, the LHCb Collaboration has recently reported the
first evidence of CP violation (CPV) in B; — K~ n" decay [9]. This observation has been
combined with existing data for B; — Ktx~ [10] to probe the SM through the parameter
A [11-13], for which the result is quoted as [9]

A

Acp|Bg — Ktn~] T[Bs — Kt
celBay = K77 F[ 2 B 024 0.05 4004 (1.1)

Acr[Bs = K-n*] T T[By = K|

Here the experimentally measured direct CP asymmetries, Acp, are defined to be

Acpli — f]

Acp[i — f] = 2f‘[7, - f] s (1.2)

where the initial state, i, is conventionally [3, 10] a B meson containing a b quark, and

Acpli— f1=T(i— f) —T(i > f), r[Hf]E%[r(Hf)w(mm . (13)

In the SU(3) limit A = 0, and thus a measurement of A that deviates significantly from
zero may indicate the presence of new physics. For example, such a deviation may arise
from enhanced contributions to electroweak penguins.

While the present experimental result is consistent with zero, one should also ex-
pect deviations from A = 0 due to SU(3) breaking effects. The typical expected size of
SU(3) breaking at the amplitude level, parametrized by e, is of order (ms —mgq)/Aqcp or
fx/fx—1, both of which are O(20%). However, for relations between squared amplitudes,
such as A, the typical SU(3) breaking should be 2¢, the factor of two arising from the
Taylor expansion in €. Taking into account an additional suppression factor of about 4,
one expects A ~ 10%, in good agreement with the data. This suppression factor arises
from a ratio of decay rates prefactor, which is a consequence of the definition of A.

In order to examine SU(3) breaking effects, parameters such as A are poorly defined,
as they not only carry an arbitrary normalization, but also unnecessarily introduce SU(3)
breaking from phase space. A more suitable parameter for the study of SU(3) breaking is
the properly normalized and defined combination of these rates and asymmetries,

~ (5CP[Bd—>K+7Tf} —l—(;cp[Bs—)K*TrJr]

A= = 0.026 £ 0.106 14
(5CP[Bd—>K+7T_} —5CP[BS—>K_7T+] ’ ( )
where we defined
. . m?
dcpli— f] =87 P,y Aceli = f], Py ==, (1.5)
|pi—>f|

and the data we used is collected in table 2 in the main text. Here dcp is the asymmetry
of the squared amplitudes for the CP conjugate decays, that is obtained by removing
the i — f phase space factor, 1/P;.s), from the rates. The p;; is the center of mass



three-momentum of the final state particles; and m; denotes the initial B meson mass.
It is advantageous to use A-like parameters instead of A to parametrize SU(3) breaking,
and we consequently express all SU(3) relations in terms of dcp rather than Acp. The
numerical result in eq. (1.4), obtained using the most recent experimental data [3, 9], is in
agreement with the naively expected size of SU(3) breaking, e.

In refs. [11, 12] five other U-spin relations were presented, which lead to testable
parameters similar to A or A. Recently, ref. [14] presented some SU(3) CP relations for
B — PV decays (P denotes a pseudoscalar and V' a vector meson). In the present paper,
we extend the results of refs. [11, 12, 14-16], by presenting the full set of SU(3) relations in
terms of dcp for mesons in both the mass and flavor basis, that is, with and without octet-
singlet and neutral K meson mixing. We consider both B — PP and B — PV decays.

We further look for relations that hold to second order in SU(3) and isospin breaking
by the quark mass spurion. We show that in the flavor basis, apart from isospin relations,
there exists one CP relation for B — PP that holds beyond first order SU(3) breaking,
and that this relation also holds beyond first order in isospin breaking. Once octet-singlet
mixing is included, we find there exist no CP relations beyond first order in SU(3) breaking
for either B — PP or B — PV, with the exception of isospin relations. In our analyses, we
only consider effects that are first order in the weak interaction (e.g. we neglect electroweak
penguins), since SU(3) breaking arising from the quark mass spurion is expected to be much
larger than higher-order weak interaction effects.

In parallel to this analysis, we apply QCD and SCET factorization to study SU(3)
breaking effects. In this approach, we may derive relations between different parameters
that vanish in the SU(3) limit. At present there are two such relations that can be tested,
and we show that they are in agreement with the currently available data.

This paper is structured as follows. We first recapitulate the U-spin analysis, using
the more compact Wigner-Eckart picture, and proceed to consider the effects of U-spin
breaking by the strange quark mass. We then present A-type parameters for the charged
mesons, and introduce natural, well-defined parameters for the characterization of U-spin
breaking in CP relations. We derive factorization-based relations between some of these
parameters and compare with current data where possible. Finally, we present the full set
of SU(3) relations for both B — PP and B — PV decays. Similar relations that hold for
the D meson decays are presented in an appendix.

2 Group theoretic analysis

2.1 CP sum rules

Let us first derive the Wigner-Eckart decomposition for direct CP asymmetries in the gen-
eral group theoretic case. This decomposition is well-suited for expansions in symmetry
breaking parameters.

We are interested in matrix elements of the form

Ausap = (PaPslH|By),  Ausas = (PaPs|H|By), (2.1)



where P, denotes the final state mesons, B, is the initial state and H is the effective
Hamiltonian. The Wigner-Eckart theorem ensures that we can write these amplitudes in

terms of reduced matrix elements,

A,u%aﬁ = Z X aPaPﬁBH I, (22)

where X, are reduced matrix elements, and I, are group theoretic invariants, formed from
the effective Hamiltonian, initial and final state tensors. In general, I, contain both strong
and weak phases arising from the effective Hamiltonian, so it is convenient to write, without
loss of generality,

OpyPsB, Tw = Z ng,aﬁp, exp{icl}, (2.3)

q
where X?m By contain weak phases and group theoretic coefficients that depend on the
particular initial and final states and the effective Hamiltonian, while o¢, are strong phases
from the effective Hamiltonian alone.
The corresponding decay rate for each process is

1 1

17 Pa?ép )
[B, — P.Psl = — ——— \Awagf x { g

(2.4)
1/2, P,=P;s.

8 P(B,;PaPp)

The symmetry factor 1/2 arises when the two final state particles are identical, which
will be relevant in section 4. We are interested in relations involving the difference of CP
conjugate square amplitudes, dcp, which are pure group theoretic objects: they do not
involve phase space factors. That is, we seek sum rules among

1, Pa#P,Ba

(2.5)
1/2, P,=P;s.

5CP[BM—>PQP5] = (‘Z‘u‘—}alg}2 — ‘.Aﬂ_mgf) X {

Dropping explicit inclusion of the symmetry factor of 1/2, we then have

dcp[Bu— PaPsl = Z (Xw Op,psB, Lw X} Op,psB, T, — Xy PPy B, Tw Xy 8PQPBBHI;>

w,v

= Z XwX: exp{i(agu - 017;)} {X?u*,aﬁu X:),aﬂ,u - X;]u,aﬁy X;:kaﬁu}

w7U;q7r

-4 Y 2’5‘”Im[XZ,XUeXp{i(UZ—ag)}}lm[xziaﬂu X;aﬁﬂ]. (2.6)

w,v; q<T

Now, a CP sum rule is a symbol — i.e. an array of numerical coefficients — S such that
S §ep By — PaPs] =0 . (2.7)

It follows from eq. (2.6) that a sufficient condition for sum rules is

S Im quu*yaﬁu X:),aﬁu] =0. (2.8)



That is, one needs only compute the kernel of Xgu* By X, B with respect to the basis of

modes, indexed by afu. The structure of XZ,* B

theoretic indices w, v, which encode the group theoretic structure of the initial, final states

X0 o Bu is determined in part by the group

and effective Hamiltonian. It is further determined by the strong phase indices g, r, which
encode the strong phase structure of the effective Hamiltonian. However, the sum rules
are independent from particular values of these strong phases. Moreover, the sum rules
are independent from the reduced matrix elements X,,, and consequently any strong phase
structure carried by these.

In eq. (2.6), we also see that if the amplitude (2.2) for a CP violating mode involves
n invariants, then the corresponding dcp involves n?. It is therefore reasonable to expect
that it is more difficult to obtain CP relations, compared with amplitude relations.

2.2 U-spin analysis

We may now present a compact recapitulation of the derivation of A and other similar
relations in the U-spin limit. Our results agree with those of [11, 12], but are presented
in a different way. In the remainder of this section we only consider decays into a pair of
charged pseudoscalars, so that P, = (K, ) are the charged kaon or pion final states and
B, = (Bg, B;) is the initial state.

First, the neutral B mesons furnish a U-spin anti-doublet

while the two-particle final states furnish singlet and triplet U-spin representations,

mtn —KTK~ B
rtnr + KTK— [M ]z B 5 Kt
2 ’ Y — KtK™ —atn™
2

[Mo] = (2.10)

Tt K~

Next, the Hamiltonian is a AU = 1/2 operator. Using CKM unitarity it can be written in
its most general form as

*

) Vv * . , V.V )
H=H'4+H?, [H)Y=T <V“d "jf) =TN, [H}Y =P (vd Cf) =PN. (2.11)
us ¥ ub cs’ch

Here )\é = quVq’;7 carry weak phases, and 7 and P are complex numbers containing strong
phases. While the notation 7 and P is suggestive of ‘tree’ and ‘penguin’, we emphasize
that certain penguins with the same weak phase and flavor transformation properties as
the trees have been absorbed into H*.

The Wigner-Eckart theorem ensures that we can write the amplitudes in terms of two
reduced matrix elements in the U-spin limit (cf., eq. (2.2)),

83

Ausap = (PaPs|H|By) = 9P,0P50B,

(X1 [BLHT + Xo[Mo[BLH' ), (212)



where the summations over tensor indicies ¢ and j are implicit. In the present U-spin case,
since the Hamiltonian has only AU = 1/2 terms, we can further partition the amplitudes
into the form

-A,u—n;vﬁ = Z Xw [Cw,j]aﬁqu ) (2‘13)
where we have defined the following

[C15)apu = 3PaPBBH{[M1]f[B]k} ; [Co,jlapu = 3PQPBB#{[MO] [B]j} : (2.14)

which we hereafter refer to as ‘partial invariants’, since they form part of the group the-
oretic invariants. Note for all charged meson final state and B initial state combinations,
the partial invariants happen to have the property that

[Cwil[Coy] =0, i . (2.15)
We now have from egs. (2.11) and (2.13),
Oapplw = [Cuw jlasy [T)‘ﬂ + P)‘Q ’ (2.16)

with w = 0,1 in the U-spin limit. Applying eq. (2.6), we have X11152 = |7-|/\{1Cw,j , |73|>\ng7]- ,

and oyy” = arg[T], arg[P] so it immediately follows that

ScpBu— PaPs = 4[PT] S Im [X;;Xveﬂ IMCPlwviasy - (2.17)

w,v

where ¢ = arg[P 7], and we defined

[McPlwwiasy = [Cw,jlapulCoklasIm [Azl*)\(]f] - (2.18)

Contributions to dcp are generated by interference between terms which carry a relative
weak and strong phase. Here, the only such interference terms are cross terms between
M, and )\],f, which is precisely the term that appears in eq. (2.17). Contributions such as
Im[X*AE] or Im[A2*A¥] do not occur because eq. (2.15) enforces j = k, so these imaginary
parts are zero.

Explicitly, the operator that generates CP violation

- Tm[V, ViV V.| Im[V, VIVAV J ...
[OCP] J EIHI{A?)\%} _ m[ cd”chb ¥ ud ub] IIl[ cd’ cb ub] = 7 (219)
Im[V, VAVEV,]  Im[V, ViVEV,] -

cs’ch csVeb usub

where J is the Jarlskog invariant. In the notation of eq. (2.17), the CP asymmetry for
each mode has now been partitioned into reduced matrix elements, X,,, partial invariants
[Cw]apu that depend on the group theoretic structure of the initial and final states and
the Hamiltonian, and a CP operator Ocp, that arises from the CKM structure of the
Hamiltonian alone. We emphasize that the subscripts ¢ and j are implicitly summed
tensor indices, the indices w, v label the different possible partial invariants, while «, 3, 1
label the initial and final states. For the U-spin representations under consideration, in the
U-spin limit the partial invariants are specified in eq. (2.14).



Note that the off-diagonal terms of Ocp are basis dependent, while the diagonal,
Jarlskog, terms are independent of the choice of up-type quark basis for the Hamiltonian.
That is, they are independent of which term is chosen to be eliminated when applying CKM
unitarity. However, a consequence of eq. (2.15) is that the off-diagonal, basis dependent
terms in eq. (2.19) do not appear in the physical relations, as desired.

The full set of the invariants, [Mcp]w,w, is shown on the left side of table 1 for B
decays to charged mesons. From the general construction of CP sum rules in eq. (2.8),
one may derive U-spin CP sum rules in the basis of amplitudes {A, .3} by solving
Sebu [Mcplw,iasy = 0. That is, we need to find the null space of a matrix whose entries
are the invariant matrices [Mcp]uw,v:a8u (see ref. [17] for analogous amplitude and rate sum
rule constructions). For the present analysis, the U-spin relations may be read off table 1.
For example, we have in the U-spin limit [Mcp|y .5+ B, + [MCPlw vk -r+B, = 0, which
immediately implies

5cp[Bd—>7T K ] + 5CP[BS—>7T K ] =0. (2.20)
EXpliCilly,
CPlw,v; K+ ’ CPlwv;K—7 B ) .
Y ¢ 0—-J Y 0+J

and applying eq. (2.17) yields
Scp[Ba—n K1Y =4J | X1 Y|P T|sind, dcp[Bs—n K |=—4J|X1|?|PT|sind . (2.22)

In the U-spin limit, the phase space factors for both modes are the same, so that
eq. (2.20) is equivalent to Acp[Bg — 7~ K1)+ Acp[Bs = 7t K~] = 0, from which A =0
follows immediately. The current experimental data imply

(5cp [Bd—>7r7K+]
5(}13 [Bs—>7r+K_]

+1=-0.05+022. (2.23)

Finally, one may also see from table 1 that in the U-spin limit, we have two other relations,

5CP[Bd—>7T_7T+] + 5CP[BS —)K_K+] =0,
Scp[Ba— K K| +dcp[Bs—m 7] =0. (2.24)

These relations generate other A-type parameters, discussed further in section 3.

2.3 First order U-spin breaking

U-spin breaking arises from the mass splitting between the d and s quarks, and may be
encoded in the effective Hamiltonian by an expansion in a strange quark mass spurion.
This spurion transforms as a U-spin triplet, with vacuum expectation value

. 10
[ms]; = (0 _1> : (2.25)

where € parametrizes U-spin breaking.



U-spin limit U-spin breaking
Decay mode (0),(1)
(Mcplw,w/J (Mcplws "/ J
0 0 0 0 0
5cp [BS —>K_7T+]
0 1 0 0 €
0 0 0 0 0
dcp [Bd—>7T_K+]
0 -1 0 0 €
1 1 € € €
scolBamme | P
4 4 4 2 4
_1 _1 € € €
Scp[Bs — K~ K] ‘11 ‘1* 4 2 4
4 4 4 2 4
_1 1 € _€ _€
5CP [BS —)7T_7T+] 14 1 46 62 64
1 R 4 2 4
1 _1 € _€ _€
Sp [Bd—>K_K+] 41 14 4E 62 64
4 4 4 2 4

Table 1. Invariant matrices describing CPV in the U-spin limit and at first order in U-spin breaking
in By decays to K* and 7%, The 2x 2 (2 x 3) blocks should be read as matrices in indices w and v,
that are multiplied on the left by leading order reduced matrix elements and on the right by leading
(first order in U-spin breaking) conjugate reduced matrix elements to produce a contribution to the
corresponding dcp. For example, the top 2 x 2 block is multiplied on the left by (X, X1) and on
the right by (Xo, X1)T, so that X, X} [Mcplwvx-=+p, = J|X1|?, whereas the top 2 x 3 block is
multiplied by (Xo, X1) on left and (X(l) Xﬁ),X(é) on the right (see eq. (2.26) for definitions of
the subscripts), so that it contributes X, X ./\/l o, lwwik-r+B, = EJXlXS)*

The CP asymmetry result in eq. (2.17) follows immediately from egs. (2.11) and (2.13),
which hold for arbitrary numbers of spurion insertions in the Hamiltonian. Hence eq. (2.17)
holds to arbitrary order in U-spin breaking by this spurion: for each insertion we just gain
more group theoretic invariants, indexed by w. In particular, the first order, O(e), effects
arise from a single insertion of this spurion into the effective Hamiltonian. This is equivalent
to three new U-spin breaking partial invariants

(O lasu = Or,pum, { ML ImAIE (B }

[d%hmzaa&mﬁﬂ[Mﬂ[]}

J
1
[CsNapu = 5PanBH{[M0 } (2.26)
the corresponding contributions to the amplitudes are
n (D) j
Ales= >, XVC apuH (2.27)
w=0,11,12

Furthermore, since [ms]; is diagonal, eq. (2.15) continues to hold, so the unphysical off-
diagonal terms in Ocp do not appear in CP asymmetries. As a consequence of this, and



applying eq. (2.17), the first order in U-spin breaking contributions to dcp are

Sop[Byu— PaPs] = 4P T Z{Im X X0 MEE N as

w,v

* i 0
—|—Im{X ( )X 65} [M(CP)’( )]v,w;aﬁu} )

=8sind[PT] > Re[X5XP)MDMwvas . (2.28)
w=0,1
v=0,11,12
where
Mcpl O, = [CuilagnObplC M as, = Mepl 10 . (2.29)

The latter equality holds, because only the diagonal components of Ocp are physical. The

(0),(1)

matrices Mp" ’ are shown on the right side of table 1. Finally, one can see that there

are no relations for charged kaons and pions which hold when first order U-spin breaking
is included.

3 Better defined relations and predictions

3.1 Natural parameters

We see from Eq (2.20) that the A parameter, defined in eq. (1.4), vanishes in the U-spin
limit. In group theoretic notation and in terms of phase space factors, the A parameter,
quoted by LHCDb and defined in eq. (1.1), has the form

[Bs — mT K]
[Bd—>7T_K+]
[ ]
[ JLP

P1| =i

A [ACP[Bd—)ﬂ' K] 1]

ACP[B — 7t K~ ]
[ (Bym—k+) 0cp[Bg—n~ K] +1]
(Bs;mt K—) 5CP[BS_>7T+K7] .

By - ntK~
Bd — 7 K+t

(3.1)

’1\ =i

As mentioned above, in the U-spin limit the phase space factors are the same, so A = 0,
too. Furthermore, table 1 and egs. (2.24) imply that there are two other A-type U-spin
breaking parameters involving charged kaon and pion final states that vanish in the U-spin
limit. If one were to enforce an analogy with egs. (1.1) and (3.1), these parameters should
be similarly written in the form

T + = + -
A/E 7F[Bd—>7T ™ ] ACP[BS — K Ki] 1 (32)
F[Bs—)KJrK*] Acp[Bd—>7T+7T ]
- _ f[BS—>7T+7T_] Acp[Bd—>K+K_] 1 (3 3)
- f[Bd—>K+K_] ACP[BS —>7r+7r_] ' '

Diagrammatically, the decays in = only receive contributions involving W-exchange, pen-
guin annihilation, or rescattering, which are power suppressed in the heavy quark limit.
The Bs — w7 n~ decay was observed recently [18], and its rate is probably much larger
than By — K™K, which has not yet been seen with more than 20 significance.



The key point here is that the values of A, A’, and = are not only determined by
the U-spin breaking in the square amplitude relations (eq. (2.20) and its analogs (2.24)),
but also by the ratios of decay rates and phase space factors. Such normalizations lead to
additional enhancements or suppressions, so we expect that

[Bs = K~ 7] A 9e [[By — 7tm] - [[Bs — ntn]

[Bg — n~K*]’ [[Bs - KtK~]’ [[By— KTK-] '
(3.4)

The factors of two arise from the Taylor expansion in ¢, the amplitude level breaking, of

(1]

T
A~ 2=
°T

relations between squared amplitudes. The branching ratios collected in table 2 then imply
that we should in turn expect

A=20(/1), A =20(/5). (3.5)

With a canonical magnitude for U-spin breaking, ¢ ~ 0.2, we then expect A ~ 0.10,
in good agreement with the data shown in eq. (1.1). The recent first LHCb measure-
ment, Acp[Bs = KTK ™| = —0.14£0.11 [19] and the world averaged Acp[Bg — 77| =
0.30+0.05 [3, 19], provides A’ = —0.26+0.38, which agrees with the expectation A" ~ 0.08.
(Note that ref. [19] quotes Ck k¢, which is —Acp[Bs — K K~], under the extra assumption
lg/pl =1.)

These extra normalization and phase space factors render A, A’, and = somewhat arbi-
trary parameters to characterize the magnitude of U-spin breaking. A set of better-defined
quantities are

dcp|Bg— K+t ]+5CP[B —K—nt

pl ]

A = 3.6
dcp [Bd—>K+7T ]—(5CP[B — K- 7T+] ’ ( )
A dcp [B S KTK~ ] + 5cp[Bd—>7T ] (3 7)

(Sc [B —K+tK- ] — (5CP[Bd—>7T+7T ] ’ '
= _ dcp [Bd—>K+K ]—f—(SCP[B —at ] (3 8)

= 7 dcp[Bg— KTK~] — dcp|Bs —>7r+7r ] '

In contrast with eq. (3.5), U-spin breaking with its canonical magnitude predicts

A~A ~E~O). (3.9)

For this reason, it is more natural to consider these parameters to study U-spin breaking.
Recent data (see table 2) provides

A=0.026+0106, and A =0.40+0.34. (3.10)
Both values are in agreement with U-spin breaking expectations.

3.2 Heavy quark limit and factorization

It has been shown that in the m; > Aqcp limit, the amplitudes of many B decays to pairs
of light mesons can be factorized into calculable short distance factors: the B — X form

~10 -



Parameter Value
Acp|Bs — K~ 7] 0.27 4 0.04 [9]
Acp[Bg — K*77] —0.080 £ 0.0076 [3]
Acp|Bs -+ K~ K] —0.14 £ 0.11 [19]
Acp[Bg — 7] 0.30 +0.05 [3, 19]
BBy — Ktr~] | (19.55+0.54) x 1076 [3]
B[Bs — K] (5.4 4 0.6) x 1076 [3]
B[Bs - KTK™] (24.5 4 1.8) x 1076 [3]
B[Bg — 77| (5.1 £0.19) x 1076 [3]
B[Bs — w7 (0.95%32%) x 1076 [18]
BBy — KtK~] | (0.12£0.05) x 107 [3]
B,/ TB, 0.998 + 0.009 [3]
frc/ fx 1.1936 + 0.0053 [20]
P(Bysk+7-) 1.066 x 10* MeV [10]
P(By:K—nt) 1.083 x 10 MeV [10]
P(Byirtr-) 1.058 x 10* MeV [10]
Pp,Kk+K-) 1.091 x 10* MeV [10]

Table 2. The numerical inputs used.

factor, where meson X inherits the (quantum numbers of the) spectator quark in the B
meson, and the decay constant of the other meson. In all approaches to factorization [4-6],
the dominant amplitudes to the following decays can be written at leading order in the form
ABs - K ") o« Fp, K fr.

A(Bs - K~ K") < Fp, .k fx - (3.11)

A(Bd — K+7F_) X FBd—>7r e
A(Bd — 7T+7ri) x FBd—m f7r7

However, there is limited agreement among different approaches to factorization regarding
the dominant source of strong phases, and the properties of electroweak penguin, penguin
annihilation, and W-exchange contributions relative the leading terms.

In the QCD factorization (BBNS) approach [4, 21] the dominant contributions to the
amplitudes with possibly large strong phases arise from power-suppressed effects, which
are modeled. We find

A DIBs = K-nt] [ ( Foyon [0 2 .
- f‘[Bd—>7T7K+] FBS%K f7r ’
I[B tx] [(F, 2
A MBa= mim] [ Fpore f)™ ] (3.12)
F[BS%K—FK_] FBd—>7r Jx
or, in terms of the natural CP parameters,
& N (FBdﬁﬂ' fK)2 — (FBSHK fﬂ)Q K’ N (FBS%K fK)2 — (FBd%ﬂ' f7r)2 (313)

" (FBy—sn fK)?*+ (FB,sk [r)? " (FByok fr)?>+ (Fyor fx)?
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Here we used the simplified expressions adopted in ref. [21], and kept only the dominant
source of direct CP violation proportional to a; &, which is a good approximation numeri-
cally, since 5 is several times larger than 3§: see [4, 21] for definitions. (Similar results were
also stated in ref. [14].) One may then eliminate the form factors from eq. (3.12) to obtain

,  T[Ba—=m '] [(fx 4 [[By — m K]\ " B
A~ l:‘[BS KK [(ﬁ) <1 + A f[Bs - K_7T+]) — 1] =0.25+0.12, (3.14)

where we used the numerical inputs collected in table 2. Alternatively, one can eliminate

the form factors from eq. (3.13) to obtain,

W~
A ~ KfK> 1-4 1}/[(”) -4 +1] =0.3140.10, (3.15)
f=) 1+A =) 1+A

from the present value for A. These are in agreement with the recent LHCb measurements,
that imply A/ = —0.26 & 0.38 and A’ = 0.40 =+ 0.34 respectively. The uncertainties are
expected to be reduced significantly in the future.

In the SCET (BPRS) approach [5, 22] (see also [23]) charm penguin amplitudes are

described as unsuppressed nonperturbative quantities, A%lMQ

, where M o are the final
meson states, while other amplitudes with strong phases (relative to the leading amplitudes)
are O(as, Aqep/my). If SU(3) breaking in the charm penguin amplitudes is small, then to
a good approximation AK™ = AT = AKK [99] 5o that one obtains eq. (3.13) with all the
squares removed. Instead of eq. (3.15), we obtain

, o~
A ~ Kﬁ{) 1-4 1}/[0’() L-A +1] =0.15+0.10. (3.16)
f=) 1+A f~) 1+A

from the present value for A.
The relations in egs. (3.15) and (3.16) between A’ and A are displayed in figure 1,
compared with present data for these parameters. It shows that if factorization is a good

approximation then A and A’ can only have comparable magnitudes in a relatively small
region. In particular, if A is close to zero, as is its central value with the current data,
then A should deviate from zero substantially if subleading corrections to factorization are
small. We see in figure 1 that this factorization picture conforms with the current data,
with the relations in egs. (3.15) and (3.16) both intersecting the present lo confidence
region for A and A’. Tn contrast, observe that the U-spin limit prediction (5, A’ ) =(0,0)
does not agree as well with the current data; as already shown in egs. (3.9) and (3.10),
the prediction including first order U-spin breaking effects is in concordance with the data.
Future comparisons of A and A’ with these relations will probe the factorization picture
with greater precision. Note that no serious lattice QCD calculation of the By — K form
factor exists yet, and these tests of factorization should increase the motivations for such
a calculation (besides the hope of measuring |V,3| at LHCb from B; — KTer).

Due to the lack of leading order contributions to the amplitudes in = in the heavy quark
limit, and the complexity of the contributing power-suppressed terms (see also ref. [24] and
referenecs therein), this U-spin relation may be expected to receive larger corrections, and

= is expected to deviate from zero more 81gn1ﬁcantly than A and A’. If Z is measured in
the future to be comparably close to zero as A or A, that would be a success of SU(3)
flavor symmetry, and be puzzling from the point of view of the heavy quark limit.
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Figure 1. Factorization predictions for A’ as a function of A. The upper [lower] gray bands
show the prediction eq. (3.15) [eq. (3.16)]. Also shown is the present 1o confidence region for A
and A’ (gray ellipse) assuming no experimental correlations. The widths of the bands indicate the
uncertainty from the lattice QCD calculation of fx/f, (see table 2).

4 SU(3) relations

Let us now proceed to consider full SU(3) and the CP relations that hold to zeroth and first
order in SU(3) breaking. We do not make any assumptions about the size of the hadronic
reduced matrix elements (see, e.g., ref. [25] for such studies). However, we do make one
assumption that goes beyond flavor SU(3): we only consider effects that are first order in
the weak interaction. In practice, this amounts to neglecting electroweak penguin opera-
tors and b — dds-type decays. This is well-justified as corrections from higher order weak
interactions corrections are expected to be smaller than those from the SU(3) breaking
induced by the quark mass spurion.

4.1 B — PP

We consider first B decays to two pseudoscalars. The initial states furnish a flavor anti-
triplet, and the final states an octet and singlet

™ s
— 4= T Kt
V2 Ve
[33]:<B+B B>7 [P1]=m, [Ps]= =T go | (40)
’ o ! NCARY
K- RO il

The effective Hamiltonian is a four-quark current-current tensor operator,

H) = (da)(db), or  H =(d7)D), (4.2)
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in which ¢ = (u,d, s)T and ¢ = c¢,b. The terms corresponding to charmless decays
transform as 3 ® 3 ® 3 = 3@ 3’ ®© 6 ® 15. Enforcing charge conservation together with

CKM unitarity, the non-zero, independent components of each irrep are
8] = 5 [XViiVea + YV, Vaa] -
XViVes + YV Vus]

VisVud + XV Vea + YV Vad]

U

—/ o/ o

[3°

1

PN RPN RN WD W

Vs + XV Ves + YV Vs

1
V*qus 3 [6] 13 =~ _EVJqud ;

U

>
=
(V)
2
—

* 1 *
[15]3% ~ - " Vad » [15]2% ~ fgvubvud,

1_, 1.,
[15]5% ~ = Vil Vas » [15)3 = — Vi Vs (4.3)

Here X and Y are O(1) complex numbers. As already mentioned we work to first order
in the weak interaction and thus in egs. (4.3) we have neglected electroweak penguin op-
erators as well as operators of the form (¢g’)(db) with g # ¢’. It is this assumption that is
responsible for the fact that the 6 and 15 do not have terms proportional to V3 Veq. Note
that the extra penguin operator (¢'q')(¢’b) in (4.2) furnishes a triplet proportional to the
3, and is therefore subsumed by eqgs. (4.3).

Applying the Wigner-Eckart theorem, as in section 2.1 and in particular eq. (2.6), and
assuming an arbitrary mixing angle between the n and 7’ mass eigenstates, we now present
all possible SU(3) CP relations. The first two are due to isospin

5CP[BS—>7T_7T+]:25CP[BS—>27TO] , (4.4a)
20cp[BT =K —6cp[BT =T K% =6cp[Bg—n~ KT]|—20cp[Bq—n"K%.  (4.4b)

The next eight use only U-spin, of which the first three are the familiar charged meson
relations from section 2.2,

Scp[By—7 K|+ dcp[Bs—7TK™| =0, (4.4c)
Scp[Ba—m 7] +dcp[Bs— K K] =0, (4.4d)
Scp|Ba— K K| +dcp[Bs—m nt] =0, (4.4e)
Scp[Bs— 1K) + dcp[Bg— 1KY =0, (4.4f)
Scp[BT - KVTK° 4 6cp[BT =7t K =0, (4.4g)
Scp[Ba— K°K°) + 6cp[Bs — K°KY] = 0, (4.4h)
Scp[Bs —nK° + 6cp[Bg—nK°) =0, (4.41)
dcp[Bs—n'K°) + dcp[Ba—1'K°] =0, (4.4j)
and the last two require full SU(3)

Scp[BT =70l + 6cp[BT — 7] + dcp[BT =1 K]

+6cp[BT —=nKT] + dcp[BT ="K "] =0, (4.4k)
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dcp [Bd — 27]/] + dcp [Bd — 77/77] + 6cp [Bd — Won/] + dcp [Bd — 2?7]
+dcp[Bg— 7r017] + 0cp|Bg— 27r0] + dcp[Bs — 21 + dcp[Bs —n'n)
+6cp[Bs—2n] + dcp[Bs —27°] = 0. (4.41)

The six relations (4.4c)—(4.4h) correspond to those found in refs. [11, 12], while the first
two relations, (4.4a) and (4.4b), are isospin relation previously presented in refs. [26, 27].
The relations (4.41)—(4.41) are, to our knowledge, novel to this work. (For completeness, in
appendix A we present relations in the flavor basis. One may check these are consistent
with the SU(3) decompositions contained in ref. [15].) It should be noted that we have
chosen to present these sum rules in a particular basis, such that the U-spin and isopsin sum
rules are manifest. Of course, any linear combination of these sum rules is also a sum rule.

Let us now incorporate K- K° mixing. Since we work to first order in the weak inter-
action, we neglect CPV effects in K°-K° mixing and also neglect operators which produce
b — d3d - type decays. Within this approximation, for each non-zero mode B — K°X
(B — KYX) the corresponding conjugate mode B — K°X (B — K%X) is zero. Here
X denotes all pseudoscalar mesons with correct charges and B denotes By, B, or BT as
appropriate. It follows that

1 0
50cp|B— K X],
sop[B— KsX] =  20cPlB KX)o (4.5)
$6cp[B—KX],
for all pseudoscalar mesons X. One further obtains the following relations
dcp[B— KsX] =dcp[B— K X], (4.6a)
5cp [Bd73 — QKs] = (5CP [Bd,s — 2KL} s (4.6b)

for all pseudoscalar mesons X # K ; with correct charges. Note that these relations arise
from the properties of Kg p, rather than from SU(3) symmetry.

In order to rotate to the K meson mass basis, we see from eq. (4.5) that we need only
replace K% and K° in each of eqs. (4.4) by Kg (or K1), with an extra factor of two in front
of the corresponding dcp. Thus, in the mass basis we obtain the isospin relation

25@p[B+—>7TOK+] — 25CP[B+—>7T+KS] = 5CP[Bd—>7T_K+] — 45CP[Bd—>7TOKS] , (4.6¢)

and the U-spin relations

5CP[Bd—)K5X0] + 5CP[BS —)KsXO] =0, (4.6d)
dcp [Bd—>2K5] + dcp [Bs—>2K5] =0, (4.66)
5CP[B+—>K+K5] + 5CP[B+—>7T+KS] =0, (4.6f)

where X0 = 7%, 5, or 1. The six relations in egs. (4.4) not involving K% or K° remain
unchanged.

All the above relations (4.4) or (4.6), once properly normalized, are expected to receive
corrections at O(g) from SU(3) breaking. To compute CP relations that hold up to O(e?)
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corrections, one expands in the strange quark mass spurion, represented by
100
ms=e| 01 0] . (4.7)
0 0-2

The isospin relations should hold to all orders in breaking by ms; — ms does not further
break isospin — but are clearly sensitive to isospin breaking. In the flavor basis, we find
that the isospin relations (4.4a) and (4.4b), together with

5cp [BS—HTOKO] — 350}) [BS —>778K0] = 3(5cp [Bd—>778K0] — 5(]13 [Bd—HTOKO] (4.8)

hold to O(¢?). Furthermore, we find that eq. (4.8) holds to second order in isospin breaking.
This is result is novel to this work: while such a CP relation is untestable, it is interesting
to note such a relation exists in principle, given the large number of cancellations required
among the group theoretic invariants.

In the presence of -’ mixing, we find that only the isospin relations (4.4a) and (4.4b)
hold to O(g?). If one includes K°-K° mixing, then the relations (4.4a) and (4.6¢) hold to
O(g?), along with the mixing relations (4.6a) and (4.6b), which do not arise from SU(3).
Once isospin breaking is introduced, there exists no CP relation that survives at first order.
In summary, the B — PP isospin relations (4.4a) and (4.6¢) are expected to hold to the
O(1%) level, while all other mass basis CP relations should fail at O(e).

4.2 B — PV

We may also derive CP relations for charmless two-body B decays to a pseudoscalar and

a vector meson. It should be noted that, experimentally, these decays are measured via

construction of Dalitz plots, and it is not always possible to identify the PV final state.
The vector mesons furnish an SU(3) singlet and octet,

p ws + o+
=+ = K
2 V6 Op
Vil=¢1, [Va]i= - P W8 g | (4.9)
’ g NCRG
K 0 28

the B and pseudoscalars furnish the same representations as in eq. (4.1). The effective
Hamiltonian (4.3) and strange quark spurion (4.7) are unchanged.

Assuming ideal mixing between the w and ¢ mass eigenstates, such that ¢ is pure ss,
and arbitrary mixing between 1 and 7/, one finds eighteen relations, corresponding to the
following zero sums. This first three are isospin relations

20cp[Bs — 1’ p°|=dcp[Bs — p 7] + dcp[Bs =7 p T, (4.10a)
20cp[BT =1 K*]—dcp[BT = 7T K*| =6cp[Byg— 7~ K*T]—25cp[Bg— 1’ K*"], (4.10b)
20cp [B+ —>K+p0] —dcp [B+ — K0p+] =dcp [Bd —>K+p_] —20cp [Bd —)Kopo] . (4.10c¢)
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The next ten are generated by U-spin

Scp[Bg— K°K*°] + 6cp[Bs — K* K" = 0, (4.10d)
Scp[Ba— K* 'K + dcp[Bs— K°K*°] =0, (4.10e)
Scp|Ba— K K*T) 4+ dcp[Bs—7 pT] =0, (4.10f)
Scp[Ba—m pt]+6cp[Bs— K K*T] =0, (4.10g)
Scp|Ba—m K*T]|+ dcp|Bs— K pt] =0, (4.10h)
Scp[Ba—KTp ] +6cp[Bs—7 K] =0, (4.101)
Scp|Byg— K* KT+ 0cp[Bs—ntp ] =0, (4.10§)
Scp[Ba—mp ]+ 6cp[Bs— K* KT =0, (4.10k)
Scp[BT = K*TK% + écp[BT = K% ™) =0, (4.101)
Scp[BT = KTK*) 4+ 6cp[BT =7 K*] =0. (4.10m)
Finally, there are a further five SU(3) relations
Scp[BT —n/'pt] + dcp[BT —npT] + dcp[BT =0T
+6cp[BT =0 K**] + dcp[BT —nK*T] + dcp[BT =7 K*T] =0, (4.10n)
dcp[BY =t p%] + dop[BT =7t w] + dop[BT =7 g
+0cp|BY = K+ p°) + 6cp|BY = Ktw] + dcp[BT = K1 ¢] = (4.100)
Scp[Bs =1 K*°] + 6cp[Bs — 1K) + 6cp[Bs — 7 K*0)
+0cp[Ba— 1 K*°] + dcp[Ba—nK*] + écp[Bg— 7" K*°] = (4.10p)
dcp[Bs— pPK°] + dcp[Bs = wK°] + dcp[Bs — ¢ K]
+dcp[Ba— K°p°] + 6cp[By— K°w] + dcp[Ba— K¢ = (4.10q)
dcp[Ba—1'p"] + 6cp[Ba— n'w] + dcp[Ba—n'¢] + dcp[Ba—1p")
+dcp[Ba—nw] + dcp[Ba— 0] + dcp[Ba— °p°] + dcp[By— m0w]
+6cp[Bg— m0¢] + dcp[Bs —1'w] + dcp|Bs =1 @] + dcp|Bs — 1w
+dcp[Bs —n¢] + dcp[Bs —70p ] (4.10r)

Note that the K** and K*° can be tagged, so we need not consider K*~K* mixing. (As
for the B — PP case, in appendix A we present relations in the flavor basis. These are
consistent with the SU(3) decompositions contained in ref. [15].) Including K°-K° mixing
with the same approximations as in section 4.1, leads to a further twelve relations

5CP[B—)K5X] :5CP[B—)KLX], (4.11)

that do not arise from SU(3). Just as for the PP case, eq. (4.5) holds for all vector mesons
X, so that the SU(3) CP relations for kaon mixing are obtained by replacing all the K°
and K° mesons in eqs. (4.10) with Kg, and including an extra factor of two in front of the
corresponding dcp. In particular, eq. (4.10c) becomes

20cp[BT = K1 p°] — 20cp[BT — Kgp™| = 6cp[Byg— K Tp~] — 4cp[By— Ksp®] . (4.12)
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We find that only the three isospin CP relations, egs. (4.10a)—(4.10c), hold to second order
in SU(3) breaking by the strange quark mass spurion, with or without 7 — 1’ mixing. In-
cluding kaon mixing, the relation (4.10c) is replaced by eq. (4.12). Finally, with or without
mixing, no CP relations hold at first order in isospin breaking. Similarly to B — PP, we
conclude that the three B — PV isospin relations (4.10a), (4.10b) and (4.12) are expected
to hold to the O(1%) level, while all other mass basis CP relations should fail at O(e).

5 Conclusions

New data on B; decays and CP asymmetries have made it possible to test several U-spin
and SU(3) relations. We have derived the complete set of leading order isospin, U-spin,
and SU(3) CP relations, some of which are novel to this work. We further found that there
are no relations for CP asymmetries that hold at first order in SU(3) breaking, except for
isospin relations. These latter relations fail at first order in isospin breaking. While isospin
relations are expected to hold at the percent level, this is not the case with SU(3) relations,
where the breaking effects are expected to be ~ 20%.

For the purposes of parametrizing SU(3) or U-spin breaking with these relations, one
must construct parameters that are properly normalized. Furthermore, the CP relations
themselves are formally constructed in terms of the phase space-stripped decay rate split-
tings, dcp, which are well-defined in a group theoretic sense, rather than in terms of the
decay rate splittings, Acp. Therefore, any such parameters that are designed to test the
breaking of flavor symmetries should be similarly constructed in terms of dcp, becuase they
do not admit extra breaking from phase space factors.

Factorization at leading order in the heavy quark limit predict relations between the
U-spin parameters A and A/, given in egs. (3.15) and (3.16) and shown in figure 1. We see
that these factorization-based descriptions of U-spin breaking are in good agreement with
the data. We hope that future data will test this picture with better precision.

From the flavor symmetry point of view, a third parameter E, defined in eq. (3.8),
is on the same footing as A and A’: we expect corrections of O(e). However, while the
modes relevant for A’ receive leading contributions in the heavy quark limit, those in =
are power suppressed. Hence in the factorization picture, = may be expected to receive
larger SU(3)-breaking corrections. Thus, measurements of these parameters will help us
understand which theoretical tools are reliable.

In terms of future study, we have considered here only two-body decays. While this
is appropriate for decays into two pseudoscalars, B — PV decays are measured through
Dalitz analyses. The Dalitz plots include the dominant resonance regions, but also other
features, such that a full study of the B — 3P decays would be well-motivated.
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A CP sum rules in flavor basis

In this appendix we present CP sum rules in the flavor basis, that is, without KK, or
singlet-octet mixing. Clearly, these cannot be tested experimentally, but we include them
here for the sake of completeness.

There are 19 linearly independent B — PP sum rules in this basis, namely,

Scp[BT —ntng] + dcp[BT =K T ng] + dcp[BT — woKﬂ (A.1o

Scp[Bs —=mK°] + dcp[By— 70m] = dcp[Ba—mns] — 20cp[Bs — 771778] (Alp

Scp[Bs —nt K |-6cp[BT — KTK°|=66cp[B; —ns K[ +65cp[BT —ns K] (A.1lq

dcp[Bg— 18] +0cp [Ba — 2ns] +0cp By —27°] +cp [Bs — 28] +0cp [Bs — 27°] =0 (A.1r
—dcp[Bg— K°K°] — 26cp[Bs — 13 K] + dcp[Bs — K K°] + 26cp[ By — 7°ns]

+45cp[Byg— 218 +20cp[ By — ns K°] — 20cp [ Bs — 2mg] +20cp [Bs — 27°]=0.  (A.1s)

20cp|Bs —21°] = écp[Bs — 7w ] (A.1a)

20cp[BT =7 K] —dcp[BT = 7T K°)|=d6cp[Bg— 7 KT]—26cp[Bg—n°K°] (A.1b)
Scp[Ba—m 7] +0cp[Bs— K K] =0 (A.lc)
Scp|Ba— K K*| +dcp[Bs—m nt] =0 (A.1d)
dcp|Bq— K°K°) 4 6cp[Bs— K K% =0 (A.le)
Scp[Ba—m KT +dcp[Bs—7 K ]=0 (A.1f)

Scp[BT = KTK° + 6cp[BT—7TK" =0 (A.lg)

Scp[Bs — 1K) + dcp[Bg— K% =0 (A.1h)
Scp[Bg—2m] + dcp[Bs—2m] = 0 (A.1i)
Sop[BT =7 m] + dcp[BT =m K] =0 (A.1j)

Scp[Bs — 1K) = 36cp[Bs — 3KV (A.1k)

Scp[Bs —mK ]+ dcp[Bs—mK°] =0 (A.11)

dcp|[Bs — 18K + dcp[Bg—nsK° = 0 (A.1m)
Scp[Ba— 7°n1] + dcp[Bg—mns] + dcp[Bs —mns] = (A.1n)
)

)

)

)

Similarly, there are 32 linearly independent B — PV sum rules in the flavor basis, which
are,

20cp[Bs —7°p°] = dcp[Bs —p 7| 4 6cp[Bs— 7 pT] (A.2a)

~19 —



20cp|Bg— m°K*°)—6cp[Bg—n K*|=6cp[BT = K* 7] —26cp[BT =7 K*T] (A.2b)
20cp[By— K°p°] — 6cp[Ba—p K| = 6cp[BT = K "] — 26cp[BT — p°K*]  (A.20)
Scp[BT = K* K™+ dcp[BT = K7t =0 (A.2d)

Scp[BT = KpT] + dcp[BT - K°K*F] =0 (A.2e)

Scp[BT —mpT]) + dcp[BT —-m K] =0 (A.2f)

dcp[Ba—p K]+ dcp[Bs = K* 1] =0 (A.2g)

Scp[Ba—K* Kt +dcp[Bs—p nt] =0 (A.2h)

Scp[Byg—p 7]+ dcp[Bs— K* KT =0 (A.2i)

Scp[Byg— K~ K*T| +6cp[Bs—m pT] =0 (A.2j)

Scp[Byg—n pT)+dcp[Bs— K K*| = (A.2k)

Scp|Ba— 7 K*T| +dcp[Bs— K pt] =0 (A.2])

Scp[Ba— K°K*%] + 6cp[Bs — K°K*%] = 0 (A.2m)

dcp[Bg— K°K*°] + 6cp[Bs — K K*°] = 0 (A.2n)

Scp[Ba— ws K] + dcp[Ba— K°p"] + dcp[Bs — ws K] + dcp[Bs — pOKO] 0 (A.20)
Scp[BT —wsK 1] + 6cp[BT — p° K] + dcp[BT —wsn '] + dcp[BT— p'nT] = 0 (A.2p)
+6cp[BT = wsn ] + dcp[BT — K77 = 20cp[BT —ws K| + dcp[BT = p7]  (A.2q)
dcp[Ba—ns K™ 4-6cp[Ba— K™ +-dcp[Bs — ns K| 4+-0cp[Bs — 1 K*] =0 )
dcp[BT —ngptl+0cp[BY =7 pt+écp[BY = g K* ] +dcp[BT — 7 K*F]=0 )
Scp[BT —=ngpT) 4 dcp[BT = K "] = 26cp[BT = g K**] + dcp[BT =71 (A.2t)
Scp[Ba— 1 K°] + dcp[Bs — ¢1 K] = 0 (A.2u)

Scp[BT = ¢1 K1)+ 6cp[BT =17t =0 (A.2v)

dcp[Ba—me1] + dcp[Bs—me1] =0 (A.2w)

Scp[Bg—m K™ +5CP[B —m K =0 (A.2x)

)

)

)

)

+ ocp|By %gblKO] + dcp [Bd—)qblﬂ' | = (A.2z
+ dcp[Ba—m1p"] + 6cp[Bs = mws] = 0 (A.2aa
+ dcp[Ba—ym p°] + dcp[Ba—mK*°] =0 (A.2bb

Scp[Ba— nsws) + dcp[By— wsm°] + dop[Ba— nsp°

] [ ] (A.2cc)
+6cp[Ba—7°p°] + dcp[Bs — msws] + dcp[Bs—mp"] = 0
Scp[Bg—wsK°] + dcp[Ba— ws’] — dcp[Ba—18p"] i (A.2d)
+6cp[Ba—mK*0] + Scp[Bs — p’ K] + 6cp[Bs = ns K*0] = 0
+ocp[Ba—1sp°) + dcp[Ba— K°p’] — cp[Ba— wsn”] (A.2ee)
+6cp[Ba—ns K0 + dcp[Bs — ws K] + dcp[Bs = 7 K* = 0
26cp[Bg— wsm’] — 26cp[By —Wspoi + 5013{3(1 — g K] (A.2ff)

+5cp[Bd—>7T 00 + dcp|B —>0J8K ]—I—écp[B —)pOKO] 0.
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B Charm decays

Similarly to B decays, we can compute CP relations for charmless D — PP and D — PV.
In this case, the initial states furnish an SU(3) triplet, [D]’ = ( D°, D*, Df )T, and the
4-quark Hamiltonian has terms

Hiy = (Gd") @), or M= (cc)(qic) - (B.1)

The charmless terms transform as 3 ® 3 ® 3 = 3, & 3¢ ® 6 ® 15. Enforcing QED charge
conservation together with CKM unitarity, the non-zero, independent components of each

irrep are
[gp]l ~ —3X‘/(:>;Vub, [gt]l ~ X‘/(;I;Vubv
1 1 1
[6]22 = §V§;Vud, [6]23 = _Z(‘/CZVUd - V;;Vus) ) [6]33 = D) ot Vs »
P 1 * W 1 *
[15]7, ~ 5 VedVus » [15]7; ~ 5 VesVud s
[15]3, ~ Svevia - Lvev [15]3; ~ Sy v, — 2y, (B.2)
12—8 cdVud g cs us y 13—8 cs VY us Scd ud -+ :

Here X is an O(1) complex number. Penguin contributions carrying strong phases arise
purely in the 3 irreps, and note that the [3¢] and 3 irrep produced by the charm term in
eq. (B.1) are both subsumed by [3,].

One finds, including -1 and K°-K° mixing, the following leading order D — PP CP
relations. There are two U-spin relations,

ocp[D° =7 7| 4+ dcp[D° - K"Kt =0 (B.3a)
5CP[D+—>K+K5] +5CP[D;_ —)7T+KS] =0 B.3b)
two pure SU(3) relations,
Scp| DT =7ty + dcp[DT — 7] + dcp[DF — KT (B.3¢)
3¢
+dcp [D;j— —>77K+] + dcp [D;_ —>7T0K+] =0
dcp [DO — 277] + 20cp [DO — 7]77/] + 2d0cp [DO — 7T077/] (B 3d)
+6cp[D®— 21 + 25cp[D° — o) + dep[D° —27° =0, '

and the two mixing relations, that do not arise from SU(3)
5CP[D:—>7T+KL] = (5(3})[1);r —>7T+K5] (B.3e)
Scp[DT =+ KtKg] = 6cp[DT =KV K]] . (B.3f)

(At first order in SU(3) breaking, there is also the mixing relation dcp[D? — 2Kg] =
Scp[D® — 2K, each mode of which has zero direct CPV at leading order.) The rela-
tion (B.3a) is a well-known U-spin relation [29]. No SU(3) relations hold at first order in
breaking by the strange quark mass spurion or isospin breaking, with or without mixing.
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Similarly, for D — PV, we have, in the presence of neutral meson mixing, five U-spin
relations

scp[D° =71 pt +6cp[D* K K*T] =0 )
Scp[D° =7 p7] + 6cp[D’ = K* KT =0 )
Scp[DT — K*TKg] 4+ 6cp[Df — pTKs] =0 (B.4c)
Scp[DT— KTK*) + 6cp[Df =77 K*] =0 )
Scp[D° = K*°Kg] + 6cp[D° = K* K] = 0 )

, (B.4e
three SU(3) relations

scp[DT —1/pT] = dcp[DT —npt] — dcp[ DT —70pT] (BAD)
+ocp[DF =0 K] = dcp[Df »nK*F] = bp[Df ="K =0
5CP[D+—>7T+/)O} —{—5CP[D+—>7T+LL)] —|—(5CP[D+—>7T+¢)] (B 4 )
+Sop[DY = K+ 9] + Scp[DF — Ktw] + 6cp[DF = KTg| =0 ©
dcp[DP =1 p°] + dcp[DP = n'w] + dcp[D° — 1/ @]

—6cp[DP —=np"] — 6cp[D° = nw] — Scp[D° — 1] (B.4h)

—0cp [DO —>71'0p0] — dcp [DO —>7r0w] — dcp [DO — 7TO¢)] =0,

and four mixing relations

Scp[Df — pTKs] = 6cp[Df — pT K] (B.4i)
dcp[DT = K™ Kg| = dcp[DT — K*T K] (B.4j)
Scp[D°— K*°Kg] = dcp[D° — K*°K ) (B.4k)
Scp[D° = K*Kg) = 6cp[D° — K* K| (B.41)

Once again, no SU(3) relations hold at first order in breaking by the strange quark mass
spurion or isospin breaking, with or without mixing.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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