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ABSTRACT: Since the standard model contribution is virtually absent, any observation
of direct CP violation in the Cabibbo-favored charmed meson decays would be evidence
of new physics. In this paper, we conduct a quantitative study on direct CP violation in
D° — K=, Df — nr™ and DF — n/7" decays in the SU(2), x SU(2)g x U(1) p_1, gauge
extension of the standard model. In the model, direct CP violation arises mainly from the
interference between the decay amplitude coming from the SM left-left current operators
and that from the right-right current operators induced by W;{ gauge boson exchange.
Interestingly, the strong phase between the two amplitudes is evaluable, since it stems
from difference in QCD corrections to the left-left and right-right current operators, which
is a short-distance QCD effect given by ~ (as(MI?VL)/Zhr) log(MI%VR/M‘%VL). We assess the
maximal direct CP violation in the above decays in the SU(2), x SU(2)g x U(1) p—r, model.
Additionally, we present a correlation between direct CP violation in these modes and one in
K — 7w decay parametrized by €', since WI'{ gauge boson has a sizable impact on the latter.
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1 Introduction

In the standard model (SM), direct CP violation in the Cabibbo-favored charmed meson
decays is highly suppressed at the level of O(1071%) [1] because no multiple tree and/or
penguin diagrams with different CP phases can interfere. Hence, if discovered, direct
CP violation in these modes would immediately be a sign of new physics. This is in
contrast to the singly-Cabibbo-suppressed decays, where tree and penguin diagrams in
the SM interfere to yield direct CP violation, and also ¢ — ssu and ¢ — ddu processes
interfere through long-distance effects and may lead to sizable direct CP violation in the
SM [2]. In this paper, we conduct a quantitative study on direct CP violation in Cabibbo-
favored charmed meson decays with no final-state K9, namely, D — K—n*, Df — nrt
and D} — n'm" decays, in the SU(2);, x SU(2)g x U(1)p_1 gauge extension of the SM.
Here, the absence of final-state K" ensures that Cabibbo-favored decay amplitudes do not
interfere with doubly-Cabibbo-suppressed decay amplitudes via K°-K? mixing to induce
SM contributions to direct CP violation [3, 4].

In the SU(2); x SU(2)r x U(1)p—r model, the right-right current operators,
(3¢)v4a(tid)v1a, coming from W gauge boson exchange and the left-right current opera-
tors, (5¢)y+a(ud)ysa, induced by W;-W;t mixing both contribute to the Cabibbo-favored
decays. However, the Wilson coefficients for the latter are suppressed by ~ 2my,/m; ~ 1/20
compared to the former if the model naturally accommodates the bottom and top quark
Yukawa couplings. Therefore, we assume throughout this paper that the contribution of
the right-right current operators dominates over that of the left-right ones. As a support



for this assumption, we comment that the dominance of the right-right current contribu-
tion has been observed in the study [5] of direct CP violation in K — 7w decay in the
SU(2)r x SU(2)r x U(1) p_r, model, where we have found that the right-right current con-
tribution is larger by factor 5 than the left-right one, which indicates that although the
hadronic matrix elements of the left-right operators are enhanced, this is insufficient to
overcome the suppression of 2my,/m; ~ 1/20 on their Wilson coefficients.

The hadronic matrix elements of the right-right current operators are simply the minus
of those of the left-left current operators, due to parity symmetry of QCD. Nevertheless,
the decay amplitude from the right-right current operators and that from the left-left ones
acquire a non-trivial relative strong phase from difference in QCD corrections to the right-
right and left-left current operators, which manifests itself as a difference between the ratio
of the Wilson coefficients for (54cq)v4a(tgds)v4+a and (5acg)v4a(tgda)v+a operators
and the ratio of those for (5qcq)v—a(tpdg)v—a and (5ocg)v—a(tgds)v—a operators (a, 3
denote color indices) at a given renormalization scale. Ultimately, this difference is because
the quark—gluon—quark—WZr(WE ) box diagram in the fundamental theory contains terms
proportional to log MI%VL (log MI%VR)’ and hence the amount of QCD corrections to Wzr and
W gauge boson exchange diagrams differ by ~ (as (M%,L) /4T) log(M‘%VR /M%VL) Interest-
ingly, this fact allows us to evaluate the relative strong phase, since the difference in QCD
corrections at scales between p1 ~ My, and p ~ My, is a short-distance effect. Also, the
scale-and-scheme-independent combinations [6] of Wilson coefficients and hadronic matrix
elements for (5qcq)v—a(tgdg)v—a and (Socg)v—a(tpdy)y—a operators can be estimated
reliably with the diagrammatic approach with SU(3) flavor symmetry [7—11], which works
successfully on the Cabibbo-favored charmed meson decays into two pseudoscalars [12, 18].1

Combining the strong phase thus evaluated and new CP-violating phases in the
SU(2)r x SU(2)r x U(1)p—r model, we assess the maximal direct CP violation in
D — K—7t, Df — nrt and D} — o'zt decays. Additionally, we investigate a
correlation between direct CP violation in the above modes and one in K — 77 decay
parametrized by €. Previously, the authors have found [5] that WE gauge boson in the
SU(2)r x SU(2)g x U(1)p—r model with ‘charge symmetry’ [19] has a sizable impact on
€' /e because Wg exchange contributes to it at tree level. It has been further revealed that
the model with O(10) TeV W boson mass can account for the incompatibility between
the experimental data on €'/e [20-22] and the upper bound on € /e [23, 24] obtained with
dual QCD approach and supported by lattice-based evaluations [25-30].2 Therefore, it is
of particular interest how €’/e and direct CP violation in Cabibbo-favored charmed meson
decays are correlated in the SU(2); x SU(2)g x U(1)p—_r model, and how the former
constrains or predicts the latter.

This paper is organized as follows: In section 2, we briefly review the SU(2) 1, xSU(2) g x
U(1)p—r gauge extension of the SM. In section 3, we give the effective Hamiltonian for the
Cabibbo-favored charmed meson decays. Section 4 presents our new results, where the dia-
grammatic amplitudes are reorganized in such a way that the decay amplitude coming from

!Earlier studies on the application of the diagrammatic approach with SU(3) flavor symmetry to charmed
meson decays into two pseudoscalars are found in refs. [13, 14] and in refs. [15-17].
For other works on new physics contributions to ¢ /e, see refs. [31-43].



Field | Lorentz SO(1,3) | SU3)¢ | SU(2). | SUQ2)r | U(1)p—1L
3 (2,1) 3 2 1 1/3
QY (2,1) 3 1 2 -1/3
Lt (2,1) 1 2 1 -1
LY (2,1) 1 1 2 1
® 1 1 2 2 0
Ap 1 1 3 1 2
AR 1 1 1 3 -2

Table 1. Matter content and charge assignments with ¢ being generation indices.

the right-right current operators are expressed in terms of the ratio of the Wilson coefficients
that is calculable in short-distance QCD, and the diagrammatic amplitudes. In section 5,
we show the results of our analysis on direct CP violation in D° — K~7", Df — n7t and
D} — n/mt decays, including its correlation with €’/e. Section 6 summarizes the paper.

2 SU(2)L X SU(2)R X U(l)B_L model

We briefly describe the SU(2) 1, xSU(2) g x U(1) p—r, gauge extension of the SM. Remind that
charge symmetry [19] is not imposed, unlike ref. [5]. We summarize the matter content in
table 1. SU(2)1, x SU(2)r x U(1) p—1, gauge interactions and Yukawa interactions of quarks
are described as

3
H(Yy)i Q) ®es(Q5) + (V)i QY (€7 d%e)es(QF)* + Hee. (2.1)

; 1 1 . it 1 1 .
£ > Q) 5, (29LUGW2L“ + 39XX”> Q1+ Q5 5, <—29R(UG)TW§” - QXX“> 7

Ap acquires a VEV, vg, to break SU(2)p x U(1)p—r — U(1)y, and ® further gains a VEV,
(®) = diag(vsin 3, vcosBe!®) with v ~ 246 GeV, to trigger the electroweak symmetry
breaking. As a result, the charged SU(2); gauge boson, W, , and the charged SU(2)g
gauge boson, W, mix and form two mass eigenstates W, W'T as

B W+ oty W+
—E 5 MI%/W+W7 +M§[/[wl+w/ , L _ 'COSC (& SIDC 7 (22)
Wi e'®sin¢  cos( w'+

sin¢ ~ I8 W in(253) for M3, > M2, (2.3)

The up-type quark mass matrix, M,, and the down-type one, My, are given by>

M, = % (sin BY, + cos ﬁe_“"f/q) ., My = \% <cos ﬁequ + sin ﬁf@) , (2.4)

Uh = e.(Ug)", Dy = ea(D5)".




which are diagonalized as M, = VJ Ldiag(mu, me, me)Vyr  and My =
V;Ldiag(md, ms, mp)Vgr with unitary matrices Vi, Vur, Var, Var. Then, we obtain
the SM Cabibbo-Kobayashi-Maskawa matrix as Vp = VuLVdTL, and the corresponding
flavor mixing matrix for right-handed quarks as Vi = VuRVJR. From eq. (2.2), we find
that the charged-current interactions are described by the following term in the unitary

gauge:

1 . |
—£5 V2 U Wy, {g0(VL)ij cos CPL + gr(VR)ij € “sin(Pr} DI

1 . . .
+ 72 U* W’+“’y“ {—gL(VL)ij e '“sin (Pr, + gR(VR%j CcOs CPR} D’ +H.c. (2.5)

V2

From eq. (2.4), it is clear that the top and bottom Yukawa couplings are derived with-
out fine-tuning only when tan 3 ~ my/m; holds, which, combined with eq. (2.3), gives
sin¢ ~ (2mp/my)(9r/9r) (M3, /M2,). Then, one finds from eq. (2.5) that the Wilson
coefficients for the left-right currents obtained by integrating out W™ are suppressed by
2my,/my compared to those for the right-right currents obtained by integrating out W'™.

3 Effective Hamiltonian for Cabibbo-favored AC = 1 process

The effective Hamiltonian for Cabibbo-favored AC = 1 process reads,
2
HAF = Y (PN 4 O, 1)

i=1

The operators above are defined as

" = (Sacs)v—alusda)v-a, 5" = (8aca)v-alligdg)yv_a,
R = (Sacs)vialtgda)via, SR = (Saca)vialtisds)va, (3.2)

where (gq')v—a and (gq')v+a stand for gy, (1—v5)q" and gv,(1+75)¢’, respectively, and «, 8
denote QCD color indices. CFX(i = 1,2) in eq. (3.1) represents the SM contribution, while
C’Z»RR arises from W}J{ gauge boson exchange. In this paper, we neglect the left-right current
operators (5¢)y+a(tud)y+a induced by WZF —W[{ mixing, because the corresponding Wilson
coefficients are suppressed by 2m;,/m; ~ 1/20 compared to CR if there is no fine-tuning

in deriving the bottom quark Yukawa coupling.

The renormalization group equation (RGE) of the Wilson coefficients is divided into
two pieces for chirality-flipped sectors. At leading order, it reads

d - - d = - -2 6\ as
m Cry, =~ Chy, r Crr = 7" Crr, v = -, (3.3)
7 7 6 —2/ 4



where Cpp, = (CI, CH)T, Crr = (CRR, CER)T | and the anomalous dimension matrix 7y
is common for LL and RR sectors. The initial conditions for the RGE at leading order are

Cy* = Orye 3.5

2 (MW) - ﬂ cs Yud> ( . )

CT® (uw) = 0, (3.6)
G N gr M

8 aw) = 5V Vil (gf MVVVV,) , (3.7)

with pw ~ My, uws ~ Mys. The RGE (3.3) is diagonalized in the basis of CtY =
CH 4 CM and CRR = ORR 4+ CRR 50 that the RG evolution is simply described without

operator mixing.

4 Decay amplitudes from right-right current operators

Hereafter, we exclusively work under the assumption of SU(3) flavor symmetry of u,d, s
quarks. The amplitudes of charmed meson decays to two pseudoscalars (D — PP) can be
categorized by diagrammatic topologies [12-18]. For the Cabibbo-favored D — PP decays,
the diagrammatic amplitudes consist of T'(tree), C'(color-suppressed tree), A(annihilation)
and F(exchange) diagrams. In addition, ref. [6] has clarified the correspondence between
the diagrammatic amplitudes and the scale-and-scheme-independent combinations of Wil-
son coefficients and operators.

For the left-left and right-right current contributions, the diagrammatic amplitudes

are rewritten as

TiL = CT™ (1) (Q1 (1)) e + C5™ (1) (Q2(1)) ps »
Trr = —CI™ () (Q1(1)) g — C5 (1) (Q2(11)) s » (4.1)
Cr = CT™ (1) (Q1(1)) pg + C5™ (1) (Q2(1)) ¢
Crr = —C1™ (1) (Q1(1))p — C5 (1) (Q2(1)) ¢ » (4.2)
A = Cr™(p) (Q1 (1)) a + CF" (1) (Q2(1))pa »
Arr = =CT% (1) (Q1(1)ca — G5 (1) (Q2(1))pa » (4.3)
Eyr = CYH (1) (Q1(1)pa + C5" (1) (Q2(1)) ca
Err = —C1™ (1) (Q1(1))pa — C3 (1) (Q2(1)) cia (4.4)

where p denotes a common renormalization scale for the Wilson coefficients and oper-
ators of both left-left and right-right currents. (Q;(x)) denotes a hadronic matrix ele-
ment defined by (Q;(u)) = (PP|Q(u)|D), whose subscript represents the connected
emission (CE), the disconnected emission (DE), the connected annihilation (CA) and
the disconnected annihilation (DA), respectively [6]. We have used (PP|QM(u)|D) =
—(PP| QR (i) |D) (i = 1,2) that follows from parity conservation of QCD. We empha-
size that each of 11,1, TrRr, CLL, CRR, ALL, ARR, FL1,, ERR is independent of renormalization
scale and scheme [6].



By rewriting QIfL as (5qodq)v—a(ugcg)v—a through the Fierz rearrangement, we obtain
the following relations based on SU(3) flavor symmetry of u,d, s quarks:

Qi) ce = (Q2(W)cE » (4.5)
(Q1(W)pE = (Q2(1))pE » (4.6)
(Qi(1))ca = (Q2(1))ca (4.7)
(@1(1))pa = (Q2(1))pa - (4.8)

Henceforth, the subscripts of the operators are omitted. Using eqgs. (4.5)—(4.8), we can
re-express the diagrammatic amplitudes in terms of Ct = CF 4+ CF as

riy = o (@en t @oe | 11 @len~ Qo (o)
i, = ot Qs+ @i cun @ce ~ @, (4.10)
iy = 0t Qon + @ | un Qs @on, (@1)
iy = 0 @eat @y o1 Qs ~ @y 12)

It follows that the right-right current contributions can be rewritten as

C_ER T11, + Crr B C@R T — CuL

Thn = — 4.13
T ct 2 7 1)

o _C’ER Tin+Cu,  CRR Ty — Oy (4.14)
T o ct 2 '

A _ 7CER A + ErL B CRR Ay, — Ern (4 15)
T o crt 2 '

Fen — CER ArrL + Erg, CRR Arn — Ern (4.16)

The ratio of the Wilson coefficients, CRR/CY in eqs. (4.13)-(4.16) is independent of
renormalization scale and scheme. As a reference, we find, at the leading order,

CRR ot 2 y/R#1/R
oo = () (SR ) et @1m)
Cx(n) v gr Mw ) VeV
where Ao =4, Ao~ = =8, and fp = 11 —2ny/3 with ny = 6, and we have defined the QCD

correction factor as n};; = as(u1)/as(p2). The next-leading order (NLO) QCD corrections
to eq. (4.17) are found in eq. (A.1).

The diagrammatic amplitudes have been determined through a phenomenological fit-
ting of D — PP decay partial widths in ref. [12] (see also ref. [18]). In that study, an impor-
tant assumption is that OZI-suppressed diagrams for D* — K%, DY — K% D} — =tn,
D} — 7ty decays are negligible in the partial widths. Also, the SU(3) flavor symmetry
is assumed. These assumptions are justified for the Cabibbo-favored decays, since a good
fit with x? = 1.79 for 1 degree of freedom for fixed n — 1/ mixing angle is obtained in



that study.* In this paper, we employ the result of ref. [12] by fixing the 7 — 1’ mixing
angle at 19.5°. Assuming that the contributions of the right-right current operators to the
partial widths are negligible, one finds [12] (in 1075 GeV unit), T, = 2.92740.022,Crp, =
(2.337 £ 0.027) exp[i(—151.66 + 0.63)°], Arr, = (0.33 £ 0.14) exp[i(70.47 £ 10.90)°] and
Erp, = (1.573 + 0.032) exp[i(120.56 + 1.03)°].

5 Numerical analysis on direct CP violation

In the SM, direct CP violation in the Cabibbo-favored decays is generated via the interfer-
ence between the tree diagram and the box and di-penguin diagrams [1]. CP asymmetry
in D* — K7t decay rate is estimated to be 1.4 x 10710 in ref. [1]. We infer that direct
CP violation is suppressed similarly in all Cabibbo-favored modes, and therefore neglect
the SM contribution in all modes. Provided the contribution of the right-right current is
small, CP asymmetry in the decay rates can be expanded as

LD — f1 -1
T[D = f]+1]

(A (Ap)L

(5.1)

wlilwl

CP N ] €

(Af)rr (Af)RR] |

The diagrammatic amplitude of each Cabibbo-favored decay is given in table 2. By using
the relations egs. (4.13)—(4.16) and the leading order expression for the Wilson coefficient
ratio eq. (4.17), we find that the asymmetry takes a simple form,

2 4 2 Rxyj/R
D—f _ pD—f 1 T w 7 ngW Vcs Vd
Ace” = Fep [(nuvvg,) (”ﬂxvv’> } (gL MW,) Im(vcg*vil o 62

where Fg; Fis a process-dependent factor, which is summarized in table 2. The QCD
correction factor and CP phase dependence in eq. (5.2) are common for all Cabibbo-
favored modes. Note that Ag;_”{()’r+ vanishes because Trr + Crr and 11y, + Cr1, have
an identical strong phase. In appendix A, NLO QCD corrections with the appropriate
threshold corrections at the matching scales py and pyys, which we use in the numerical
analysis, are given.

In figure 1, maximal CP asymmetries in D° — K~7%, D} — 7ntp and Df — 79/ in
the SU(2), x SU(2)g x U(1)p—y, are plotted by taking Im (V*VE /VI*VL) =1/ cos? 6
(Ac denotes the SM Cabibbo angle). To estimate theoretical uncertainty, we have varied
the matching scales puy and py in the range My /2 < pw < 2My and My /2 < pyr <
2Myy, respectively. Also, the 1o errors of the diagrammatic amplitudes in ref. [12] are
considered as a source of uncertainty. We observe in figure 1 that the asymmetry is specially
enhanced in D — 77 decay, due to the relatively large process-dependent factor. Note
that we do not study the other Cabibbo-favored decays, because they include a final-state
K° and are thus observed via K% K% mixing. Hence, the amplitudes of Cabibbo-favored
and doubly-Cabibbo-suppressed decays interfere to yield non-negligible CP asymmetry in
the SM.

1A better fit has been found in ref. [48], where factorization-assisted topological-amplitude approach
with the inclusion of SU(3) breaking effects is used.



In real experiments, one measures the difference of the CP asymmetries in two pro-
cesses, to nullify asymmetry in the production cross sections at pp colliders or a slight
asymmetry in the production kinematics at ete™ colliders (due to Z-photon interference),
and asymmetry in the efficiency of charged meson detection. Consequently, most of the
systematic uncertainties cancel. For the search for direct CP violation in Cabibbo-favored
decays in the SU(2); x SU(2)g x U(1)p_r model, we suggest that one measure

G - AG T (5.3)
because the two asymmetries are predicted to have opposite signs in table 2 (note the
signs of Fé)lj ! ) and Agg =T s sizable. Also, asymmetries in the D¥ production and
the 7% detection efficiency largely cancel between the two processes. In figure 2, we plot
the maximal difference in the CP asymmetries in DY — 75 and D} — 7« by again
taking Im (chg*Vu% / VCI;*Vqui) =1/ cos? fc. We comment that, as shown in appendix B, our
prediction for the CP asymmetry difference eq. (5.3), which has been derived by assuming
SU(3) flavor symmetry, is not much affected by SU(3) flavor symmetry breaking.

We make a crude estimate on the statistical uncertainty in a measurement of eq. (5.3)
at Belle IT with 50 ab~! of data. Reference [44] reports that with 791fb~! of data at
Belle, statistical uncertainty of the CP asymmetry in the number of reconstructed events
(Nrec(D - f) - Nrec(D - f))/(Nrec(D - f) + Nrec(D - f)) is 1.13% for Dt — 7T+7I
and 1.12% for D™ — 77 1’. Assuming that the signal efficiencies (1.6%-1.7%) are the same
for D — 7tn(’) and D — 7tn(’), and using the branching ratios found in ref. [45], we

oyt
estimate the statistical uncertainty at Belle IT with 50 ab™! of data to be A(ACDfD RS

Agg %ﬂﬂ]l) =0.08%. Next, we estimate the statistical uncertainty in a measurement of
eq. (5.3) at LHCb with 50fb~! of data. Reference [46] reports that with 1fb~! of data
at 7TeV and 2fb~! of data at 8 TeV LHCb, the signal yield of D¥ — 7¥n’ processes
is 152x103. Making a rough approximation that the signal yield with 2fb~! of data at
8 TeV is twice the yield with 1fb~! of data at 7 TeV, and performing a naive rescaling of
the number of events by x200 based on ref. [47], the signal yield of DF — 7% processes
with 50 fb~! of data is estimated to be 107. Further assuming that the signal efficiencies for
DF — 7ty and DF — 7%y are the same, the statistical uncertainty with 50 fb=! of data is
found to be A(Aggﬁﬁn - Aggﬁﬁnl) =0.06%. We find that if the SU(2) g gauge coupling
is enhanced as gr = 2¢gr,, one may hope to discover direct CP violation in Cabibbo-favored
decays even with My = 4 TeV (this parameter point is nearly consistent with the bound
on Z' derived in refs. [49, 50]).

In figure 3, a correlated prediction for the CP asymmetry difference
Agg_er"/ and Re(€'/€) calculated in ref. [5] in the SU(2);, x SU(2)g x U(1)p—1 model
is presented. Here, as with ref. [5], we impose ‘charge symmetry’ [19] on the model, which
gives g;, = gr and VR = (VL)temiva VR = (ylyreilde—ve) YR — (YL)*e=ivs with
Vg, Vs, P being arbitrary CP-violating phases. We thereby forbid ad hoc tuning of model

D;F—>7r+77
ACP -

parameters, rendering the model more predictive. In our calculation of Re(€ /€), we have
considered all contributions including those from the left-right current operators, unlike in
our calculation of direct CP violation in D — PP decays. In the plot, ¥4, ¥s, ¢, and «



D—f Af FO # of FL7

Dt — Kozt T+C 0 0

DO K—r+ T+E Im [%] 0.146 +0.042
D' 5K  (C—E)/v2 Im [g;;%giﬂ 0.958£0.030
DO — Ko C/V3 Im [%} 0.595+0.015
D’ K%  —(C+3E)/v6 Im [%} —0.479%0.076

Df = K+KO C+A Im % —0.213+0.072

Di saty  (T—24)/V3 Im[%} ~1.36740.074

Df —wxty 2T+ A)/V6 Im_%_ 0.1726£0.039

Table 2. Diagrammatic amplitudes [12], process-dependent factors for CP asymmetry, and their
numerical values for Cabibbo-favored charmed meson decays. The uncertainty comes from the 1o
errors of the diagrammatic amplitudes. Here, we fix the n — 1’ mixing angle at arcsin(1/3).

(which appears in eq. (2.2)) are randomly generated in the range [0,27]. We observe that
when the experimental value of Re(€’/e) is naturally accounted for, the CP asymmetry
difference is about 1076, Conversely, to have Agg =T Agg 27 s large as 104, one
must fine-tune the new CP-violating phases to satisfy the 1o range of Re(€'/¢).

We comment in passing that for W; gauge boson in the SU(2)z, x SU(2)g x U(1)p_1
model, the constraint from indirect CP violation in kaons, Re(e), is mild compared to that
from direct CP violation Re(€'/€), because Wg gauge boson exchange contributes to the
latter at tree level while it contributes to the former only at loop levels. However, it should
be noted that unless the scalar potential is fine-tuned, the contribution from the heavy

neutral scalar exchange to Re(e) is sizable, which is investigated in detail in refs. [51, 52].

6 Summary

We have studied the contribution of the right-right current operators in the SU(2)1 x
SU(2)gr xU(1) p—z model to direct CP violation in Cabibbo-favored charmed meson decays,
for which the SM contribution is virtually absent. Interestingly, this contribution is evalu-
able, because it stems from difference in QCD corrections to the left-left current operators
induced by Wg’ boson and the right-right ones induced by WE boson, which is a short-
distance effect ~ (aS(MI%VL) JAm) log(MI%VR /MI%VL) Combining a short-distance calculation
of this difference with the result of the diagrammatic approach to the Cabibbo-favored de-
cay amplitudes, we numerically evaluate the CP asymmetry in D° — K—7t Df — 77



2 4 6 8 10 12 14
(91/9r) My [TeV]

1076

Figure 1. Absolute value of the maximal CP asymmetry of the partial width of Cabibbo-favored
charmed meson decays in the SU(2), x SU(2)g x U(1) p_r, model (without charge symmetry). The
bands represent the combination of theoretical uncertainty evaluated by varying the matching scales
as My /2 < puw < 2Myw and My /2 < pw: < 2My, and uncertainty from the 1o errors of the
diagrammatic amplitudes.

and D} — 71 decay rates. We have found that the asymmetry in D} — 7t is specially
sizable, and further suggested the measurement of the difference in the CP asymmetries
in DY — 7n and Df — 7ty decays. For My (almost equal to Myy,) about 4 TeV
and ggr = 2gr, one may hope to observe this CP asymmetry difference at Belle II with
50 ab—! of data or at LHCb with 50fb~! of data. Finally, we have presented a correlated
prediction for the CP asymmetry difference in DY — 775 and D} — 7y’ decays, and
direct CP violation in K — 7w decay Re(€'/€), under the assumption of ‘charge symmetry’
in the SU(2)r, x SU(2)g x U(1) p_1, model. We have observed that if the experimental data
on Re(¢'/¢) are naturally accounted for, the CP asymmetry difference in D — 77 and
D} — 77 decays is as small as 107%, and that a fine-tuning of the new CP-violating
phases is mandatory to anticipate the discovery of direct CP violation in Cabibbo-favored
charmed meson decays.
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Figure 2. Maximal difference in the CP asymmetry in D} — 7t and D} — 79/ in the SU(2) x
SU(2)g x U(1)p—r model (without charge symmetry). The bands represent the combination of
theoretical uncertainty evaluated by varying the matching scales as My /2 < pw < 2My and
My /2 < pwr < 2Myy+, and uncertainty from the 1o errors of the diagrammatic amplitudes.

A NLO formulas

Here, we summarize NLO QCD corrections to the observables which are discussed in this
paper. At NLO, the ratio of the Wilson coefficients in eq. (4.17) is modified to

CEM (1)
CER(/L) NLO

_Qox as(pw) ((Bidox A+ | Ao 1\4‘217
UNLO— “w 280 |1 — =2 — =4 "=log—X _B
= (n“W’) ’ [ a7 232 260 2 8 /‘2W *

s (pw) <51>\0¢ Mt Aox,  ME, )]
x |1+ ——+4+ —1Io - B ) A2
[ w28 26 2 e, P (42)

2
— Lo <9R MW) Ve Vad
gL M) VRV

where (31 is the six-flavor NLO QCD S function coefficient, A;1 are the NLO ~ function
coefficients for C* and C¥R, and By are constants (see, e.g., ref. [53]). Note that each of
A1+ and B4 is renormalization-scheme-dependent, but their scheme dependences cancel.
Thus at NLO, the CP asymmetry in eq. (5.2) is

M 2 VR*vR
AL Lo = F&p T [UNY0 — Nt @f MVVZ) Im <‘;;*ng> : (A.3)
cs Tud
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Figure 3. Correlated prediction for difference in the CP asymmetry in D} — 7ntnand Df — 71/,
and Re(€¢'/e), in the SU(2);, x SU(2)g x U(1)p_, model with charge symmetry. The red, green
and blue dots represent the parameter points with randomly generated values of new CP violating
phases for My, = 5TeV, 10 TeV and 50 TeV, respectively. The cyan band stands for the 1o range
of the experimental value of Re(€’/¢) [45].

B Effect of SU(3) flavor symmetry breaking

We study the effect of SU(3) flavor symmetry breaking on our prediction, which is not
discussed in the main text. Our prediction of CP asymmetries depends crucially on V-
spin symmetry (symmetry of u and s, which is part of SU(3) flavor symmetry), since our
prediction is derived from eqgs. (4.5)—(4.8), which are obtained by assuming V-spin. In
particular, the isospin symmetry cannot lead to the above results. The effect of V-spin
breaking on eqs. (4.5)—(4.8) is estimated to be simply fr/fr —1 ~ 0.2. This is in con-
trast to singly-Cabibbo-suppressed decays, where SU(3) breaking gives rise to corrections
of order (fx/fr)? —1 =~ 0.4 in factorized tree amplitudes, and also enhances penguin am-
plitudes (suppressed by V2% in the SU(3) limit) leading to a further splitting of ¢ — ddu-
induced amplitudes and ¢ — ssu-induced amplitudes [54]; all these effects are absent in
the Cabibbo-favored decays.

Let us see how corrections of order fr/fr —1 ~ 0.2 to egs. (4.5)—(4.8) affect our
prediction of CP asymmetries. First we concentrate on T'(tree) and C'(color-suppressed
tree) diagrams. When egs. (4.5), (4.6) are not valid, 711, and Crp, are written as

Q1) g +(Q2) 1L (@Q1)cr — (Q2)

Ty, = C* E 5 DE 4 oL B 5 DE (B.1)
1 {Q2)cp +(Q1) 1L (@2)cr — (Q1)

CuL, = CF b > Los _ ol b LDs (B.2)
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The first and second terms on the right-hand side of egs. (B.1), (B.2) are individually
renormalization-scale-and-scheme independent. Therefore, we can parametrize the V-spin
breaking effects in terms of renormalization-scale-and-scheme independent parameters eg

and ep_ as
CLL (Qu)cr ‘; (Q2)pE = CLU {@2)cp "'2' (Q)pp (1+ epy), (B.3)
oL (@Q1)cE ; (Q2)pg _ cLL (Q2)cr ; <Q1>DE(1 ten ), (B.4)

where we estimate the V-spin breaking parameters as |egt| ~ |eg—| ~ fx/fr — 1~ 0.2. In
the leading order of eg, eg_, we find

TiL+ (1+ ep-)Cur = CY*((Q2)cp + (Q1)pp) (1 + €6 /2 + €r4 /2), (B.5)
Tin — (1+ es)Cur = CE*((Qa2)cp — (Q1)pp) (1 + em— /2 + eny /2). (B.6)

Consequently, Trr and Crpy can be expressed in terms of 711, Crr, and the V-spin breaking

parameters as

_CJI}{R Tin(l4+ept/2 —ep—/2) 4+ Crr,(1 + €gy /2 + ep—/2)

Trr = CLT 5
CBR TLL(l — 6E+/2 + EE_/2) — CLL(l + €E+/2 + GE_/2)
_CLL 9 ) (B7)
C B C_ERTLL(:[—€E+/2—€E,/2)—|—CLL(1—€E+/2+€E,/2)
RR — T AL
cr 2
CBRTLL(l—€E+/2—€E_/2)—CLL(1+6E+/2—6E_/2) B.S
o 5 : (B.8)

We obtain analogous expressions for Aggr and Frgr, with egy,eg_ replaced with different
V-spin breaking parameters ea,,ea_. The above V-spin breaking corrections solely affect
the factor ngﬁf in the formula for CP asymmetry eq. (5.2). For the phenomenologically
interesting modes DY — 7n, D} — 77y’ and D° — K7, this factor is altered from
table 2 to

gDt _ [CLL - 2ELL:| +Tm |:CLL(6E+/2 +ep—/2) — 2Err(eat /2 + 6A-/2)]

Cp Ty, — 2ALL TrL — 2ALL
A Im Tin(ept/2 — ep—/2) — 2A11(ea+/2 — en—/2) (B.9)
Tiy, — 2ALL ’ '
Fgg%frn/ -~ Im CL. + EiL 4 Tm CLL(6E+/2 + GE_/Q) + ELL(6A+/2 + EA_/Q)
Trr + Arn T, +Arn
Tm TLL(€E+/2_6E—/2)+ALL(€A+/2_6A—/2) (B 10)
Trrn + Ary ’ '
FggﬁK—ﬁ ~ Im CrL + ArL Tm Crr(eps /2 +eg_/2) + ALL(—€eas /2 —ea_/2)
Tr + EpnL T + EpnL
Tm TLL(6E+/2—6E,/2)+ELL(—6A+/2+6A,/2) (B 11)
Trrn + ErL ' '
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Depending on the phases of V-spin breaking parameters €g, €g—, €a1, €a—, the second and

third terms of eqgs. (B.9)—(B.11) can be enhanced far beyond fx/fr —1 ~ 0.2. However,

ADAZLHTr""n . AD?*HT""I]’ .
CP CP

as we will show below, the most promising observable, , is not much

affected by the V-spin breaking. To see this, note that this observable is proportional to

Fgg -t _ Fgg =7 Since |Arr| is small, it can be approximated as
I + oty CrL —2ELL Cro+ELL
FDS —T n_FDS —7TTn —Im |::| —Im |: B.12
cp cp TrL—2ArrL ToL+ALL ( )
. [ELL(€A+/2+€A/2):| —3Im [ALL(€A+/2€A/2)}
TLL TLL
E 2 _/2 A 2—ep_/2

:—1.54—31111[ LL(ea+/2Fea-/ )] —SIm[ LL(ea+/2=ea-/ )} , (B.13)

TLL TLL

where the first term —1.54 is the prediction in the V-spin limit, while the second and third
terms represent V-spin breaking effects. The second term is at most +3|Ery /TiL|(fx/ fr—
1) >~ 40.32 and the third term is at most £3|ArL/TiL|(fx/fr — 1) =~ £0.07. Thus, we
conclude that the V-spin breaking corrections do not significantly change our prediction of
Fggﬁﬁr" - FCDP;LﬁﬂJrnl and hence of Agg%ﬂ—” - Agg%ﬂ—n/.

We note in passing that the fitted values of Tir,Crr, ELL, AL in ref. [12], which
we have adopted throughout the paper, are themselves obtained under the assumption of
SU(3) flavor symmetry, but we expect that the SU(3) breaking effects are properly reflected

in the errors of the fitted values.

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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