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ABSTRACT: We perform a detailed analysis of flavour changing neutral current processes
in the charm sector in the context of 331 models. As pointed out recently, in the case of
Z' contributions in these models there are no new free parameters beyond those already
present in the B, and K meson systems analyzed in the past. As a result, definite
ranges for new Physics (NP) effects in various charm observables could be obtained. While
generally NP effects turn out to be small, in a number of observables they are much larger
than the tiny effects predicted within the Standard Model. In particular we find that the
branching ratio of the mode D° — u*u~, despite remaining tiny, can be enhanced by
6 orders of magnitude with respect to the SM. We work out correlations between this
mode and rare By, and K decays. We also discuss neutral charm meson oscillations and
CP violation in the charm system. In particular, we point out that 331 models provide
new weak phases that are a necessary condition to have non-vanishing CP asymmetries.
In the case of AAcp, the difference between the CP asymmetries in DY — KK~ and
DY — 77—, we find that agreement with experiment can be obtained provided that two
conditions are verified: the phases in the ranges predicted in 331 models and large hadronic
matrix elements.
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1 Introduction

The role of charm in particle physics can hardly be overemphasized [1]. Not only historically
the discovery of J/1, and hence of the charm quark, was so important to be ascribed the
name of November revolution, but even in much more recent times, the observation of
charmed states with properties not expected in the quark model requires the development
of a new hadron spectroscopy, to incorporate all hints of exotic states in a predictive
framework.

However, the peculiar role of charm brings in also difficulties from the theory point of
view. The first reason lies in the fact that the charm quark is not as heavy as the beauty
quark to allow a completely reliable use of the heavy quark techniques efficiently developed
for beauty hadrons. On the other hand, it cannot either be considered a light quark, so
that the theoretical predictions are very often affected by uncertainties difficult to control
because of long distance dynamics.

Among the observables in the charm sector showing this kind of problems there are
the neutral meson mixing, i.e. D° -D’ oscillation, and CP violation, as well as rare charm
decays governed by penguin diagrams [2]. Two facts make the Standard Model (SM) treat-
ment of these processes rather challenging. The first one is that loop-induced processes in



the charm case get contributions from internal down-type quarks. Since the loop functions
depend on the ratios x; = ml2 /MI%V, the smallness of these ratios for ¢ = d, s, b makes them
all very close to zero and therefore almost equal, resulting in almost perfect GIM cancella-
tion. Another point is that the CKM elements involving charm have tiny imaginary parts,
which is a challenge for CP violation studies if the SM was the whole story. Yet, we know
that the SM is not the whole story. Hence, the strong suppression of some processes within
SM, namely lepton flavour violating decays and the electric dipole moments, can even be
an advantage in the search for new physics (NP) because of the small SM background. In
the case of rare flavour changing neutral current (FCNC) processes induced by the ¢ — u
transition the effectiveness of the GIM mechanism results in so tiny branching ratios in the
SM that one can consider them as null tests: their observation with a less severe degree of
suppression with respect to SM would be a signal of NP.

Deviations from the SM predictions in the flavour sector have been observed in several
cases: they are usually referred to as flavour anomalies. Such tensions deal with loop-
induced processes, as in the ratios Ry () and in the so-called P! distribution in b — s¢*¢~
processes, and very recently in (g—2),. They also affect tree-level charged current processes,
as in the ratios R(D™) in semileptonic B decay and in the analogous ratios involving
corresponding decays of other beauty hadrons [3, 4]. In view of this, it is natural to look
for deviations in other processes, and the purpose of this paper is to explore possible
deviations from the SM expectations in the charm sector. A SM extension that could be
promising from this point of view is the 331 model, whose main features we briefly describe
in the next section. The reason is the presence in this model of a new neutral gauge boson
Z' that can mediate tree-level FCNC. A few new parameters are introduced, affecting
the interaction Lagrangian of SM fermions with Z’. As observed in [5], it is remarkable
that the parameters governing the flavour violating coupling cuZ’, which enter in FCNC
charm transitions, up to CKM factors are the same parameters describing the sdZ’ and
bsZ' couplings. This is a rather powerful feature: it allows us to exploit the experimental
constraints in the kaon and in the beauty systems to place bounds on rare charm transitions
and to establish correlations among observables in the three sectors.

The plan of the paper is the following. In section 2 we present the basic features of the
331 model and of its variants. Section 3 is devoted to D° — D° mixing, CP violation and
rare charm decays in the SM and in 331 models. The numerical results and the correlations
with kaon and B observables are presented in section 4. In the last section we summarize
our findings.

2 331 model

The extension of the SM gauge group to SU(3).xSU(3) x U(1) x, proposed in [6-8], defines
a class of models generically referred to as 331 models. In these models two spontaneous
symmetry breakings occur: first to the SM group SU(3). x SU(2), x U(1)y and then to
SU(3).xU(1)q. The larger group leads to the introduction of 5 additional gauge bosons, as
well as new fermions. Indeed, with the enlargement SU(2);, — SU(3)r, the left-handed SM



fermions are components of triplets or antitriplets rather than doublets. As a consequence,
a third partner is usually needed, in general a new heavy fermion.

A very appealing feature of 331 models is that the requirement of anomaly cancelation
together with that of asymptotic freedom of QCD constrains the number of generations to
be equal to the number of colours, making the 331 able to predict the existence of just three
generations of ordinary quarks.! Moreover, quark generations should transform differently
under the action of SU(3)z. In particular, two quark generations should transform as
triplets, one as an antitriplet. The common choice is that the latter is the third generation.
The different role of the third generation with respect to the others could possibly be at
the origin of the large top quark mass.

The relation

Q=T+ pTs+ X (2.1)

between the electric charge @ and T3 and Tg, two of the SU(3) generators, and X, the
generator of U(1)x, introduces a parameter §. This is a key parameter that defines the
specific variant of the model. Among the new gauge bosons, four of them YOV and VOV
have properties that depend on the value of 8: they have integer charges when [ is multiple

of % and of v/3. On the other hand, in all the model variants a new neutral gauge boson
7' is present. A very appealing feature of the 331 models is that Z' mediates tree-level
flavour changing neutral currents in the quark sector, while its couplings to leptons are
diagonal and universal. An extended Higgs sector also comprises three SU(3), triplets and
one sextet. Finally, a relation exists between the U(1)x gauge coupling gx and the SU(3),
coupling g:
2 -2
6 0

I9x _ S ow — (2.2)
g>  1— (14 B?)sin? Oy

where 6y is the Weinberg angle.

In analogy to the SM, quark mass eigenstates are obtained through rotation of flavour
eigenstates by means of two unitary matrices Uy, (for up-type quarks) and Vg, (for down-
type ones) that satisfy the relation Vogy = UgVL, as in the SM case. However, while in
the SM Viokwm appears only in charged current interactions and Uy, and Vi never appear
individually, in the 331 models it is possible to get rid of only one matrix, Uy, or Vi, by
expressing it in terms of Voky and the other one; the remaining rotation matrix enters
in the Z’' couplings to quarks. Choosing V}, as the surviving rotation matrix, one can
parametrize it as [9]

o S iba s x = i(61—82) s = i1z = i(6ad
C12€13 512G03€08 — 19813803 01702)  &19803513€101 4 519803 (92+03)
Vi = | —E138126 73 19823+ 512813823€"(01792703) —51531383€"(01708) — & 5503e™2 | . (2.3)
S s sreen o
—513e7 " —C13893€ "% C13C23

In the 331 Lagrangian density the term describing the Z’ interaction with ordinary fermions

IThis is not possible within the SM unless other constraints like the width of Higgs are taken into account.



reads:

iLZ = 92"
7 _
T 2Bew[1- (14 B)sh

{ > { [1 —(1+ \/§5)8%V} (DZL’Y,uVEL + ZL’YML) - 2\/558%4/571%%51%}

l=e,p,T
p _ _ .
+ Y { [—1 + (1 + 3 2| (Gur)ivu(qur) ;01 + 26k (Gur)ivu(qur ) jus;us;
ij=1,2,3 3

+ [—1 + (1 + \%) 3%/[/} (Gar)ivu(qar) 0 + 260y (qar)ivu(qar) jvsivss
+ jgﬁsgﬁ/<6uR)i'Yu(QuR)j5ij - jgﬁslz/v(QdR)i’Yu@dR)jdij}} , (2.4)

where sy = sinfy, cw = cosbw, q,(qq) denotes an up (down)-type quark (i, j are
generation indices), and v;;, u;; are the elements of the V7, and Uy, matrices, respectively.

Using the parametrization in eq. (2.3) and the Feynman rules for Z’ couplings to quarks
from eq. (2.4) [9, 10], one finds that the By system involves only the parameters §13 and
01, while the Bs system involves only S93 and do. Kaon physics depends on §13, $23 and
d2 — 01, so that stringent correlations between observables in B, s sectors and in the kaon
sector can be established.

Exploiting this feature, correlations among several quark flavour observables in By, Bs
and K decays have been studied in [9-13]. Moreover, the relation

Up = Vi - Vi (2.5)

produces additional correlations between By, By, K decays and the transitions induced by
up-type quark FCNC decays mediated by Z’, which occur in 331 models. In particular,
as it follows from eq. (2.4), correlations exist between observables in the charm sector and
observables for By, By and(I)( . This observation has been exploited to relate the ¢ — uvv
*
u

we focus on other important processes in the charm sector.

processes, such as B. — By, ‘v, to processes induced by b — svv and s — dvv [5]. Here

2 1
As shown in ref. [10], the variants of the model with g = iﬁ and f = +—

V3
with the fermions in the third generation transforming as antitriplets, satisfy a number of
phenomenological constraints, such as those from AF = 2 observables in the By, Bs, K

systems, as well as the electroweak precision observables, provided that the mass of Z’ is

2
not smaller than about 1 TeV. Among such variants, the one with 8 = % (denoted as M8

in [12]) predicts relevant contributions to the ratio ¢’/e [12].

Another remark concerns the Z — Z’' mixing in this model [11]. The mixing can be
neglected in the case of AF = 2 transitions and in decays like By — K*u*u~, where
they are suppressed by the small vectorial coupling of Z to charged leptons. However,
the contributions of tree-level Z exchanges to decays sensitive to axial-vector couplings,
namely By 4 — ptp~, By — Kp™p~ and those with neutrinos in the final state, cannot



be neglected, in general. The mixing angle can be written as [11]:

2 2

C2 52
sing = W /5(5) (356%5 + \/§a> []]\‘g] — B(3,q) []]\‘g] 7 (2.6)

where
1

Tl (1+p52)s%,

The parameter a introduced in eq. (2.6) is defined in terms of the vacuum expectation

f(B) >0. (2.7)

values of two Higgs triplets p and 7, as follows:

v
Yy
v} = vg + vg, v? = v% - vi. (2.9)

With the same notation of the two Higgs doublet models, a is expressed in terms of the
parameter tan B as:?
1 —tan? =~ v
a= 7@, tan 8 = L. (2.10)
1+ tan? 3 vy
A detailed analysis of the impact of the Z — Z’ mixing in several 331 models distinguished
by different values of 3, including the constraints from electroweak precision observables,
is presented in [11]. Here, we analyze the impact on the charm sector, in particular on

DY — D" mixing, on CP violation in D° system and on rare D° transitions.?

3 Charm observables in the SM and in 331 model

3.1 D° — D° mixing and zp

Neutral charmed mesons provide the only system where flavour oscillation of up-type quarks
can occur. The time evolution of the D°—D° system is governed by a Schrodinger equation:

9 (D° Y Do MR —irh M} —irp | (D° (3.1)
1— B = SR = * - 3 J— . .
o \ D’ D’ MB i ME —4rh ) \D°
Due to off-diagonal terms in M, mass eigenstates do not coincide with the flavour eigen-
states DY, ﬁo, but are given by

D pID%) +q|D")) , (32)

1
1= VIpP + lqP? (

D2} = =y (4ID°) — D)) (33)

2The overline distinguishes 3 from the parameter 8 characterizing the 331 models.

3The mass difference in the neutral D system has been studied in 331 models with 8 = £1/+/3 considering
the contribution to FCNC of the mixing between ordinary and exotic quarks [14]. The effects of new scalars
have been investigated in [15], while FCNC processes in 331 models with right-handed neutrinos have been
considered in [16].



with

=\ = irp = e'?. )
M5 — 5T, p

4
p

CP parity transforms DY, D" into each other modulo a phase that can be chosen in such

a way that
CP|D°) = +D°). (3.5)
Mass and width differences are usually normalized to the average width of the two mass

eigenstates:

AMp Al'p = 1
= = — '=-T1+T 3.6
D T 3 YD oT ) 2( 1+ 2)7 ( )
with

AMp = M; — My = 2Re EMH} (3.7)
ATp =T; — Ty = —4Im LZMIQ} . (3.8)

In the 2021 online report the HFLAV group quoted the summary of the charm-mixing data
obtained from global fits in which CP violation is allowed [17]:

zp=(3.7+1.2) x107%,  yp=(6.870%) x 1072, (3.9)
q 0
\]3] = 095170058 ¢ = (—5.3749)°. (3.10)

New measurements have been provided by the LHCb collaboration allowing for CP viola-
tion in mixing and in the interference between mixing and decay. The best fit point is [18]:

zp = (3.98792%) x 1073, yp = (4.6713) x 1073, (3.11)
‘%‘ = 0.996 % 0.052, ¢ = (0.05670:047) (3.12)

It appears then that in the D system xp ~ yp or I'\s ~ Mjs, whereas in the B
system |['12/Mi2| < 1. For future prospects see [19, 20]. In the limit of (approximate)
CP symmetry xp, yp > 0 implies that the CP even state (D;) is slightly heavier and
shorter lived than the CP odd one (D2) (unlike for neutral kaons).

In the SM the D° — D’ mixing originates in the box diagrams with W exchange and
internal down-type quarks, as opposed to Bg, - ES,S and K0 — K’ mixings where the up-
type quarks are exchanged, in particular the top-quark. As a result, the mass differences
ADM; 4 predicted by the SM turn out to be in the ballpark of their experimental values.
This also holds for AMp, although in this case sizable long-distance contributions are
present which are still not fully under control [20].

As in the case of 3275 — §278 and K0 — K° mixings, the short-distance contribution
to DY — D" mixing in the SM is governed by a single operator Q1 = (urvy,cr)(uryucr),
so that this contribution can be easily evaluated. One finds that, due to strong GIM sup-
pression, xp and yp are by at least one order of magnitude below the experimental values



in (3.9), so that either long-distance or new physics contributions are responsible for their
measured values.

Many predictions for zp, yp in the SM have been worked out, which however are
affected by large uncertainties, as discussed in section 3 of [20]. As in the SM, M2 corre-
sponds to the dispersive part and I'12 to the absorptive part of the box diagrams, which
are both strongly suppressed by the GIM mechanism. The short-distance SM contribu-
tions to them are both real to a very good approximation, and this is also the case of the
long-distance contributions. This implies that, unless NP contributions to xp and yp in a
given model are in the ballpark of their values in (3.9), the best chance to search for NP in
p° -1’ mixing is through CP violation, represented by the departure of |¢/p| from unity
and the non-vanishing phase ¢ in the measured range in (3.10).

If NP is taken into account, other operators beyond Q1 can contribute. The experi-
mental values in (3.9) and (3.10) provide strong constraints to the extensions of the SM
in which left-right, scalar and tensor operators are present [21-24]. Indeed, such operators
have large hadronic matrix elements and strongly enhanced Wilson coefficients through
QCD renormalization group effects,

In the 331 model only the operator ()7 is involved, as in the SM, but this time its
Wilson coefficient receives the contribution from tree-level Z’ exchange. However, even
such tree-level contributions are below the experimental values of zp and yp when the
contraints from the other quark sectors are included. As a matter of fact in the 331 model,
if all other contributions to the mixing are ignored, at the scale Mz xp is given by:

. Fl%mDOBlg

v (Mz) = 5 e 3 IAET, (3.13)

where Fp is the DY decay constant and B; parametrizes the deviation of the matrix
element of the four quark operator @1 = (uryucr)(uryucr) from the vacuum saturation
approximation. The coupling A}¢(Z’) reads:

g cw
A%C(Z/) = u§1U32 . (314)
V31— (1+82)s3,

The elements u;; can be obtained using egs. (2.3) and (2.5):
sy = /1= 821 — B,V — e 01513V — 021 — 32,50V, (3.15)

U3z = \/1 — 5%3\/1 - 553‘/&; - €_i61§13v:1 - 6_i62 @523‘/& . (3.16)
331

Hence, x7" depends on the four parameters 513, 61 and 523, d2 which govern By and Bj

decays, respectively, and which altogether govern the K decays.
When evolved down to m,, the RG running gives [25, 26]:

2B (me) = r(me, Mz) 25" (M) (3.17)

with

(e, M) = (as<mb>>6/25 <as<mt>)6/23 (as<Mz'>)2/ " (3.18)

as(me) as(mp) as(my)



The evolution can be performed including NLO QCD corrections by means of the results
in [27], but here we restrict the analysis to the leading order. The reason is that, as
discussed in section 4, the numerical value of 23! resulting from (3.13), (3.17) is below the
experimental measurement in (3.9) by about one order of magnitude when the constraints
on 513, 01, S93 and do are considered.

The small value of ZL'?I’)?’l leads us to conjecture that both SM long-distance and 331
contributions are responsible for the measured values of zp and yp. The 331 term is
pivotal in providing the complex phases producing a deviation of |¢/p| from unity and a
non-vanishing mixing phase ¢. This is at the basis of the analysis strategy in section 4:
we use the measured values of xp and yp in eq. (3.9), interpreting them as resulting from
the contributions of both LD in the SM and of 331. Then, we predict observables and

correlations, as those involving |¢/p| and ¢.

3.2 CP asymmetries

CP violation in the charm system can be tested in various ways. Here we consider the
time-dependent CP asymmetries

D(D°(t) - f) ~T(D(t) = f)
A ,t) = — , 3.19
D =10 5 H 10 > ) (19
where f is a CP eigenstate
CPIf) =mnslf),  ny==*L. (3.20)
Denoting Ay = A(D° — f), Ay = A(EO — f) we define
A 1
Ap = ZA;’ vy =5 Arg () - (3.21)

The phase ¢ is phase-convention independent since it depends only on the relative phase
between ¢/p and Af/Ay:

A _

Ay

Ay

e_i2£f g — ‘

) D ei¢ ) 290]" = d) - 2£f - Arg(nf) ) (322)

4
p

where Arg(ny) =0 if ny =1 and Arg(ny) = 7 if ny = —1.
In the case of a non-negligible CP phase ; in the decay amplitude A(D° — f), but
JA(D® — f)| = [A(D® = f)|, A; simplifies to

q _is q
Ap = np—e % A _H 3.23
1=, s » (3.23)

In this case, as xp,yp < 1, it is appropriate to consider the CP asymmetry in the limit of
a small ¢ [28]:

1
) sin2¢ (3.24)
Af

27p

1
Acp(f,t) = — [ZJD <|)\f| - ’)‘fD cos2pf — Tp <|)\f| +

where 7p = 1/T.



On the other hand, when the phase §; is negligible, as happens in the SM and, as we
shall see, also in the 331 models, one has

a| ;¢
=le 3.25
» (3.25)

and

Acp(f,t) = SfiD ; (3.26)
R e i e R

Sy is analogous to Sy and Sy in the B; and By system, respectively. However, in the

B system y < x and |¢/p| ~ 1, so that the above result simplifies considerably, leaving
only the second term and allowing the measurement of the phase ¢.
Finally, we consider the semileptonic asymmetry to wrong sign leptons

0 oY+t NHO + - 4 _ 4
L(DO(t) = £~ X+)+T(DO — (tvX—)  |q|* + |p|* p
with X = K™, ..., which represents CP violation in mixing in AC = 1 transitions. The

last expression comes from the condition ||¢/p| — 1| < 1.

3.3 Correlations

Two interesting correlations have been derived in [29], which read with our conventions [28]:

xp (1 —lq/p*)?

2
sin” ¢ = . 3.29
vy (1= la/p)? +yb (1 + a/pl?)? (329
In the limit ||g/p| — 1| < 1, zp ~ yp, the relation (3.29) simplifies to [29]
sing = -2 (1 - ‘QD . (3.30)
YD p
Inserting this result in (3.27) and (3.28) one finds for {¢ = 0:
22 + o2
Sf = —nfDinaSL(DO) . (3.31)

YD
It should be emphasized that this relation is only valid if in our convention £{; = 0 inde-
pendently of f, that is no CP phase in decay amplitudes. The experimental violation of
the relation (3.31) would then imply the occurrence of CP violation in the decay (direct
CP violation) [29]. In the case of a significant phase £; one finds:

rh +yi 0
Sy = —nys |cos 2, P—Lag (DY) + 22 psin 24| . (3.32)
YD

As &y is phase convention dependent, the presence of direct CP violation would be signalled
by finding Sy, — Sy, # 0 for two different final states f; and fs.

We shall analyze all these relations within 331 models in section 4, but we want to
have first a look at time-independent CP-asymmetries.



3.4 AAcp = ACP(K+K_) — Acp(ﬂ'+7'l'_)

The first observation of CP violation in the decays of neutral charm mesons was presented
by the LHCb collaboration. For the difference between the CP asymmetries in D —
KtK~ and D = 7ntn—,

AAcp = Acp(KTK™) — Acp(nn), (3.33)

the measurement is [30]
AAcp = (=154 +£2.9) x 1074, (3.34)

With an excellent approximation this difference measures direct CP violation. Within
the SM this result has been explained invoking non perturbative effects enhancing the
penguin contributions [31-41]. Other studies envisage the possibility that some NP could
be responsible for this result [42-49] (also supported by the analysis in [50]). A discussion
of the LHCb data and of the future prospects can be found in [2]. Here we analyze the
asymmetry in 331 models.

The modes D° - KT K~ and D° — 77~ are single Cabibbo suppressed. These are
of the kind DO(EO) — f with f a CP eigenstate that can be produced both in D° and D’
decays. Denoting A; = A(D° — f), A; = A(EO — f) and CP|f) = ns|f) (ny = £1), the
CP asymmetry is defined as

L(D° = f) ~T(D’ > f)

Al = . 3.35
op (D% — f) +F(EO — f) ( )

Note that in contrast to (3.19) this asymmetry is time-independent.
When two amplitudes (at least) contribute to each decay, one can write [32]

Ap = Apy + Apo = |Apq| 9516900 4| Apo| €r2e'%12 = Ay, {1 +rpelrel ¢f} , (3.36)

where 7y = |Afo|/|Ap 1| and 65 = 02 — dp1, ¢f = df2 — ¢ are the difference between
strong and weak phases, respectively. If one of the amplitudes dominates, i.e. ry < 1,
one finds:

ALy = —2r; sin s sing; . (3.37)

When NP is present the previous relations can be generalized by adding a new amplitude
Apnp = |ApnpletNPel NP to (3.36):

Ap= A [1 +ry er e 4 Tr eisfei‘{’f} (3.38)
with ff = |.Af’NP|/‘.Af71’ and gf =0np — 5f71, qgf = ¢Np — d)f,l' Consequently we have:
Aép = —2r; sindy sin ¢y — 27 sindy sindy . (3.39)

In the SM both D° — KTK~ and D° — 77w~ have a tree-level contribution A,
proportional to Ay = ViV, for f = KTK~ and to Ay = V.V, for f = 77~ . Penguin con-
tributions are also present with internal down-type quark exchange and hence proportional

~10 -



to Ap = VpVup with D = d, s,b. We denote such contributions as A;’v? . Exploiting the
CKM unitarity relation Ag+ As + Ap = 0, the general structure of the SM amplitude reads:

Ak = A = Ms(Advx — ARL) + Mo(Agi « 'ASM K): (3.40)
Ar = Ari - = )\d(AgM,ﬂ' - ASM,W) + Ab(‘ASM ™ ‘ASM 7r) : (341)

In 331 models new contributions from tree-level Z’ exchanges are present. Except
for different hadronic matrix elements and the change of the coupling A$¥(Z’) to A% (Z')
given in eq. (3.14), the structure of the Z’' contribution to the effective Hamiltonian at
Mz is as in the case of the ratio ¢’/e [11]. While flavour-changing Z’ couplings involve
only left-handed quarks, flavour conserving ones involve both left and right-handed ones.
Flavour conserving Z’ couplings to left-handed quarks are

2\/§CW f(B) { [—14— (14—%) S%/V:| +20%Vu§iu;>,i} G=u, @=c (3.42)

AT (Z) = 2\/§CW f(B) { [1+ <1+\%) S%V} +20%/V”§¢”3i} q=d, gq=s, (3.43)
with f(8) given in (2.7). Numerically, the second term in eqs. (3.42)—(3.43) is a factor
of O(107°) smaller than the first one and can be neglected, so that we are left with the

Af(Z') =

universal coupling

aq _ B 2 _
MUZ) = A\ IO 1+ (14 )k amwdse. Gay
Moreover the couplings to right-handed quarks read
UU 71y _ g / B oo _
DD/ _ 9 ﬁ 2 _
MPZ) =~ R 12 sty (D=d.sh). (3.46)

Calculating the tree-level Z’ exchange diagrams we find for both D — KTK~ and D —
777~ decays the effective Hamiltonian at M-

Heg = Cg(MZ/)Q;J, + C7(MZ/)Q7 + 63(MZ/)@3 , (3.47)

with the penguin operators Q3 and ()7 also present in the SM and defined in appendix A.
The new operator

Qs = (3d)v-a {(Eb)V—A + (Et)V—A} (3.48)
arises from the different couplings of Z’ to the third generation of quarks; however, its
contribution, only through RG effects, is negligible because b and ¢ quarks do not appear
in the low energy effective theory relevant for D decays. The coefficients C3, C7 and C3
are expressed in terms of the couplings in (3.44), (3.45) and (3.46):

CMz) = 5 A1) [—1 e ﬁg) | A}%/) (3.49)
Cr(Mz) = WCW\/ fﬂ %VA:;@Z? (3.50)
Calitz) = 52— f50) [2eh] 5 (3.51)
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The RG evolution to the scale u. ~ m. generates other operators. In particular, the full
set of operators with the structure of QCD (@3 — Qg) and of the EW penguins (Q7, Qg) is
generated, as described in appendix A. Using short-hand notation for the various hadronic
matrix elements

(Qi)kk = (KYK™|QiD%, (Qi)rr = (xtx|Qi| D), (3.52)

the 331 contributions to the decay amplitudes read:

-

I
w

A(DO — K+K7)331 = Ci(ﬂc)<Qi>KK (3.53)

.A(DO — 7T+7T—)331 = Cz(,“c)<Qz>7r7r s (354)

-

s
Il
w

where p. ~ O(m,). The values of the coefficients C;(j.) are collected in appendix A. We
use such expressions in the numerical analysis in section 4.

3.5 ¢ — ultT¢ transition: Wilson coefficients in the effective Hamiltonian
and D° — ptp~

In 331 models the tree level Z’ mediated FCNC involve only left-handed quarks, while
flavour conserving currents involve fermions of both helicities. Hence, as in the SM the
effective Hamiltonian for ¢ — wf™ ¢~ transition consists of two current-current operators:

Hggu#k = Cy(p) Qo + Cro(p) Q1o (3.55)

with
Qo = urY'eply, L, Qo = urY erlyuyst . (3.56)
Neglecting SM contributions, we find for the coeflicients in 331:

. 1 ; . 1 7
Cy = — AY(ZNAY(Z"),  Cio= ——= A¥(Z)AK(Z), (3.57)
oMz, ~F v oMz, ~*
with
_ g |1—(143p)s?
A7) = [ ) , (3.58)
2V3ew /1 — (1+ B2)s}y
_ o 2
AR(Z") = 90 sy , (3.59)
CW\/l — (14 B?)sy,
and ) ) ) ) ) )
AY(Z") = AR(Z) + AL(Z),  AK(Z) = AR(Z) - AL (7). (3.60)

Using (3.57) the D — ¢*/~ branching fraction reads:

4m?
B(D® — o)y = 00 [y 2
( ) 87T'p m2,

~ 12
FDmng‘ . (361)
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In the SM we find, in agreement with [51]:

2

_

=—t,
M,

= Gpa

(Clo)SM = mV’ZVubY(xb), Ty

C

(3.62)

where Y (zp) is the one-loop function that in By — p*pu~ appears like Y (z¢) [52]. Since
myp < My, we have to an excellent approximation:

V() = % (3.63)

The SM prediction is then
B(D° = 7 )|gm = 7.58 x 1072 (3.64)

in correspondence of the central values for the input parameters. The present experimental
upper bound is B(D? — pTu~) < 6.2 x 107 at 90% C.L. [53].4

4 Numerical results in 331

A strategy for the numerical analysis of flavour observables in 331 model has been outlined
in [12]. The model parameters are bound imposing that AMp,, S;/yx, and AMp,, S;/pe
lie in their experimental ranges within 20. In the kaon sector we require e € [1.6, 2.5] x
1073 and AMy varying between [0.75, 1.25] x (AMg)snm: using Vi in table 1 this cor-
responds to (AMg)sm = 0.0047 ps—!. We refer to [9] for the formulae for the various
observables in the SM and in 331 models. We collect in table 1 the theory and experimen-
tal input parameters used in the present study. In the case of the CKM matrix, table 1
displays the four entries that we set as independent parameters; all the other CKM pa-
rameters are derived from these ones. In particular, |Vy| is fixed at the central value in
the table, while |V,;| and 7 are chosen within the range quoted in [53]. Among the other
CKM parameters, we obtain for |V 4|, |Vuq4| and |V s| relevant for our study: |V.4| = 0.2251,
|Via| = 0.9743 and |Ves| = 0.9735.

The allowed ranges for the parameters §i3, 01, So3, 62 are shown in figure 1 for
My € [1, 5] TeV. The regions in the parameter plane (313, 01) are obtained imposing the
constraints on AMp, and S;/yx, Whose measurements are in table 1, the regions for
(323, 62) are obtained using the measured AMp, and Sjy4 in the same table. All panels
in figure 1 show two ranges for the phases d1 2 which are independent of the value of Mz/;
the ranges for the parameters §;3(23) depend on Mz:.

The observables analyzed in the following are computed varying S§i3, 1, Ses, d2 in
their allowed ranges, and selecting only the values for which the constraints from AF = 2
observables in the kaon sector are also satisfied.

4LD contributions to this decay in the SM include the process D® — vy — p™ ™, which is however
affected by uncertainties, e.g. the D® — vy rate [54].
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Gp = 1.16637(1) x 107°GeV 2 [53] | mp, = 5279.63(20)MeV  [53
My, = 80.385(15)GeV 53] | mp, = 5366.88(14)MeV  [53
sin? Oy = 0.23121(4) [53] | Fp, = 190.0(1.3)MeV [55
a(My) =1/127.9 53] | Fp, = 230.3(1.3)MeV 55
ol (M) = 0.1179(10) [53] | Bp, = 1.30(6) 55
me(me) = 1.279(8)GeV  [53, 56] | Bp, = 1.32(5) 55
my(my) = 4.163(16)GeV (53, 57] | Fp,\/Bp, = 216(10)MeV  [55
me(my) = 162.5 31 GeV 53] | Fp,\/Bp, = 262(10)MeV  [55
M, = 172.76(30)GeV 53] | np = 0.55(1) 58, 59

B TR A S = A A= L SO L S A A T A )

my+ = 493.677(13)MeV 53] | AMy = 0.5065(19)ps~  [5
mpo = 497.611(13)MeV [53
Fg = 156.1(11)MeV 55] | Syrs = 0.695(19) [53
By = 0.7625(97) 55] | Sye = 0.054(20) [55
3] | 7(Bs) = 1.515(4) ps [53
7(Kg) = 0.8954(4) x 1071%s  [53] | 7(By) = 1.519(4) ps [53
AMp = 0.5293(9) x 1072 ps~! [53] | |Vus| = 0.2252(5) [53
[
[
[

[
[
[
[
[
[
7(Kp) =5.116(21) x 107 8s  [5
[
[
[
[
[
[

]
]
]
]
]
]
]
]
]
]
53] | AM; = 17.756(21) ps "
]
]
]
]
]
]
]
]
]
]

lex| = 2.228(11) x 1073 53] | |Vep| = (41.0 £ 1.4) x 1073 [53
mpo = 1864.83(5)MeV 53] | |Vip| = 3.72 x 1073 53
Fp = 212.0(7)MeV 55] | v = 68° 53
7(D%) = 0.4101(15) ps 53
By =0.82 60, 61

Table 1. Values of the experimental and theoretical quantities used as input parameters or as
experimental constraints for the observables analyzed in the 331 models.

41 D°-D° mixing
In section 3 the mixing parameters xp, yp, |¢/p| and ¢ have been introduced together
with the present status of their measurements. These quantities depend on M1D2 and F%.
As already stated, in the SM M1D2 and FIDQ are real to a very good approximation, hence
la/p|™ =1 and ¢*M = 0.

The data in eq. (3.9) are compatible with these values for |¢/p| and ¢, and it is possible
to find the real values of (M2)™ and (I'12)*M (the superscript D is omitted) reproducing
the central values of zp and yp:

((0112)™, (T'15)%M) = (0.0045, 0.0166) ps~". (4.1)

The 331 model provides a new contribution to M{3 with both real and imaginary part.
Therefore, we can write the contribution of SM and 331 in the form:

Re[M{s] = (My2)*™ + Re[(M12)**'],  Im[M{3] = Im[(M2)**"], (4.2)
Re[['Dy] = (T12)™, Im[[2] = 0.
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Figure 1. Allowed regions in the space of parameters §13, d1, 523, 2, for the models with g = :l:%,

j:%, varying the Z’ mass in the range [1, 5] TeV.

The 331 contribution shifts the SM terms (Mj2)SM, (T'19)SM from (M;2)3M, (T'12)SM. To
investigate the impact of the 331 model we vary (Mp2)™M and (I';2)SM in a range centered
at the values ((Mlg)SM,(flg)SM). We select the set of parameters (Mi2)SM, (I'12)SM,
813, 01, 823, 02 for which the computed xp is in the experimental range within 1o and
20. In correspondence to such sets of values we determine |q/p| and ¢, providing an
interesting correlation between ¢ and the function (1— |¢/p|) which measures the deviation
of |q/p| from unity. The result is depicted in figure 2, with the magenta (light blue)
regions corresponding to the set of parameters for which the sum LD SM + 331 reproduce
xp within 1o (20). Without any additional contribution, the 331 would not be able to
reproduce the experimental zp: indeed, the expressions (3.13), (3.17) result in a value for
231 in the range (0.2-2.5) x 1074,

It is interesting to consider the correlation between the asymmetry Sy (for ny = +1)
and the semileptonic asymmetry agy (D) in eqs. (3.27), (3.28). It is depicted in figure 3
for £ = 0. The result does not change if the phase {; obtained in correspondence to
the parameters fixed in the analysis of AAcp described below, are included in the expres-
sion (3.32). A semileptonic asymmetry agy, at the per-cent level is permitted, while |Sy|
does not exceed O(107%).
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Figure 2. Correlation between the phase ¢ (in degrees) in D° — D’ mixing (3.4) and the function
(1 — |g/p|) measuring the deviation of |¢/p| from unity, obtained in the 331 models for different
values of the parameter S and for Mz = 1TeV. The magenta (blue) region is obtained imposing

that the mixing observables xp, yp lie in the experimental range in (3.9) within 1o (20). The gray
(light gray) regions show the 1o (20) range for (¢, |¢/p|) in eq. (3.9).

B=%2/3 B=+1/+3

= 2 o 2 4
§x10*

asL(D")x10?
ag(D°)x10*

4 2 0 2 a
S sx10°*
Figure 3. Correlation between the asymmetry Sy (for ny = +1) and the semileptonic asymmetry

asr (D) egs. (3.27), (3.28) in 331 models with parameters as in figure 2. The green (blue) region
corresponds to the mixing observables xp and yp within 1o (20) in the experimental range in (3.9).

4.2 AAcp

The 331 model produces a new contribution to the CP asymmetry (3.37) for f = K™K~
and f=7t7n",

(ALp)?t = —27f sind; sin éy (4.4)
where

N A(D? — K+ K—)331 - A(D? — K+ K—)331

TK+K- = ’ ( Atree ) ) ¢K+K— = Al"g ( Altree ) > (45)
SM, K SM, K

~ ./4 DO — 7T+7T_ 331 ~ .A DO — 7T+7T_ 331

Trtr— = i ( Alree ) ’ ¢7r+7r— = Arg ( Alree ) ’ (4 6)
SM,m SM,m

and A(DY — KTK~(rT77))3! in (3.53), (3.54). In our analysis we assume a maxi-
mal difference 0 ¢ for the strong phases. The tree-level SM contributions to the DY —
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KTK~ (77~ ) amplitudes read:

2
Agf/[e,l( = As AgM,K = As Z Ci(pe)(Qi) ki (4.7)
i=1
2
AtSrI\SIe,Tr =\ AgM,ﬂ' = Ad Z Ci(e)(Qi)rr » (4.8)
i=1

where C1(m.) = 1.2835 and Cy(m.) = —0.5467.

The main uncertainty in the amplitudes (4.7), (4.8) and (3.53), (3.54) is related to
the value of the hadronic matrix elements (Q;) xkx and (Q;)r-. The simplest approach to
evaluate such quantities, the naive factorization (NF) prescription, allows to express the
matrix elements of the relevant operators in terms of (Q1) :

(Q1)f = Ne(Q2)f = Ne(Q3)r = (Qu) s
X (Q1)r = Ne(Qs)r = (Qo)r = —2N(Q7)r = —2(Qs) s, (4.9)

with N, the number of colors. In (4.9) the chiral factors are xj+x- = ——— =~ 4.06 and

2 2
Xt = Mt ~ 4.45. The 331 contribution to AAcp can be worked out using

me(my + mq)
these relations and varying the 331 parameters in the allowed oases. The largest value is
obtained for 8 = —2/v/3: [(AAE )max| =~ 5.6 x 107°. The prediction for the sign cannot
be provided without an information on the strong phases.

However, the accuracy of naive factorization is doubtful, in particular for charm. On
the other hand, no information on the hadronic matrix elements is available from QCD
methods as lattice QCD. For this reason, we follow a different approach. We consider

the ratios

Rl = ég;f i=2..8 f=atn, KK~ (4.10)
1)f

as additional quantities to be constrained using data. In the numerical analysis, together
with the 331 parameters 513, So3, 01, 02, we scan the space of le around the values corre-
sponding to (4.9), in large intervals. For example, R{ is scanned in the range [0.33, 0.83],
R§’577 in a range of width 10, Rf; in a range of width 15, Rg’g in a range of width 30,
allowing large values of the hadronic matrix elements. The scans are constrained by the
experimental D° — KTK~ and D° — 77~ CP asymmetries [17]:°

AESET = (-1.33+£1.37) x 1073 (4.11)
AL =(0.27 +1.37) x 1073, (4.12)
which are imposed to be reproduced within 20 around the central value. The resulting

ratios 7 and phases d;f in eq. (4.4), (4.5), (4.6), are in figures 4 and 5. The phases are
different from zero, the ratios 7y span a range up to fractions of 1073, Large values of Tr

®The two individual asymmetries in (4.11), (4.12) are affected by sizable uncertainties, however their
difference (3.34) is measured with higher accuracy.
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Figure 4. Correlation between the ratio 7x+ - and phase <£K+ k- in (4.5) in 331 models with
the same parameters of figure 2, varying the ratios of the operator matrix elements in (4.10) as
described in the text.
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Figure 5. Correlation between the ratio 7+, and phase ¢,+,— in (4.6) in 331 models, as described
in the text.
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Figure 6. Range for AAZ in 331 models. AA} is obtained for each 3 using the ratios 7o+ g -,

Frtn— and phases ¢x i, @i in figures 4, 5. The black dot and bar correspond to the mea-
surement in eq. (3.34).

correspond to large values of the hadronic matrix elements, a statement that can be made
more precise if the difference AA%?’F} is considered, as in figure 6. When the ratios sz are
varied in the ranges quoted above, for the variants with 8 = 42/+/3 it is possible to find
a set of parameters (the 331 parameters plus ratios of hadronic matrix elements) giving
AAcp in agreement with data. For larger values of the sz also for § = £1/ V3 AAcp
can be obtained. An insight into the required size of the ratios of the hadronic matrix
elements can be gained considering 3 = —2/+/3 for which, as shown in figure 6, the 331

result for AAcp has an overlap with the experimental range. The largest value of |[AAcp]

is obtained in correspondence of the ratios RX TKT
RETET = .83, RETET =97,
RE'K™ — 4155, RE'K™ —_g7,  RE'K =34,
RETK™ = 107, RE'K = _32, (4.13)

and of the ratios R ™ :

R}'™ =0.83, Ry'™ =-97,
RT™ =155, RI'™ = _8.5, RI'™ =345,
RI'™ =-107, R ™ =-322. (4.14)

The conclusion is that large individual CP asymmetries and AAcp can be obtained pro-
vided that two conditions are verified: the phases are in the ranges obtained in 331 models
and the ratios of the hadronic matrix elements are large, close to the values in (4.13)
and (4.14). This last condition can be verified by future explicit calculations, namely using
lattice QCD.

4.3 D° — putu—, correlations with B and K observables

We shall next investigate correlations of charm observables with those in the B and K
systems, a striking possibility within the 331 models.

In figure 7 we show the correlation between the Sy asymmetry in (3.27) and the mixing-
induced CP asymmetries Sj/y g and Sy in the By and By systems. The message from
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Figure 7. Correlation in the 331 models between the Sy asymmetry in (3.27) and the CP asym-

metries Sy yxs and Sy ye in the By and By systems. The 331 parameters are as in figure 2. The
black dot is the SM result.

these plots is clear. CP violation in the charm system is by orders of magnitude smaller
than in the By and By systems. Even in the B, system Sy is roughly by two orders of
magnitude smaller than S;y/y.

In figure 8 we show the correlation between z%! and B(D° — p*u™) in 331 for the
four variants with 8 considered in this paper and Mz = 1TeV. The SM contribution is
set to zero in both observables. We note that B(D" — utpu~) can reach values of order
104 that is by roughly six orders of magnitude larger than the result (3.64) obtained
within the SM but still much smaller than the experimental bound.

It is worth considering the impact on these results of the measurement

B(Bs — ptu™) = (2.854031) x 1072, (4.15)

where B(Bs; — putu™) is the average time integrated branching ratio [62]:

_ 1
B(Bs — ptp~) = B(Bs — w—)%‘;;ys : (4.16)
Re[\,+ AT,
with Aar = 2 Dy ]2 and y, = 2 = 0.0064 £0.004 [53]. A,+,- is analogous to
1+ ’)‘/,ﬁ,u_| 2

Afineq. (3.21) for By — pp~, 7, is the By mean lifetime and AT’y the width difference
of the heavy and light B, mass eigenstates. In figure 8, imposing that B(Bs — utpu™)
lies in the experimental range in eq. (4.15) within 20 we find the blue regions which show
that this constraint allows only for values of B(D® — p* ™) below 10714, The reason for
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Figure 8. Correlation between z%' and B(D® — pTp™) in the four 331 variants considered in
this paper, with Mz = 1TeV. The SM contribution is set to zero in both observables. The sliding
colours correspond to the variation of the Z — Z’ mixing parameter a in eq. (2.6) in the range
[-1,1]. Three of such values are indicated in the legends. The blue points are obtained imposing
that B(B, — pp™) lies in the experimental range within 20.

this further suppression is evident from figure 9 where we show the correlation between
B(Bs — ptp~) and B(D® — ptp™) in 331 models with parameters as in figure 8. Indeed,
to suppress the SM branching ratio for By — u™ ™ to achieve a better agreement with the
experimental measurement (4.15), a smaller B(D° — u* ™) is implied. This would not be
the case if the data for B(Bs — uT ™) was above the SM expectation.

In figures 10 and 11 we show the correlations of B(D® — ¥ u~) with the branching
ratios for K+ — ntvi and K; — 70vi, respectively. We observe that the largest values
of B(D® — putpu~) are found for the smallest 331 contributions to both kaon decays. The
largest contributions to these decays in 331 models amount to roughly +10% of the SM
value and these modest effects could be tested one day, in particular if the future data
turned out to depart significantly from the SM predictions within the SM central value
represented by black dots in these figures.

The pattern turns out to be different in figures 12 and 13, where we show the correla-
tions of B(D® — ptp~) with branching ratios for K, — putp~ and Kg — utpu~, respec-
tively. Without the B(Bs — p ™) constraint the largest 331 contributions to Ky, — putpu~
and Kg — putu~ are accompanied by largest contributions to B(D° — p*u~). This is
in particular seen in the case of K; — pu*pu~ in figure 12. However, when the data on
B(Bs — pTu~) are imposed, 331 effects in D° — pTpu~ are dwarfed as already seen in
figure 9.
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excluded by the average of the experimental measurements of B(B, — p+ ™) within 20 in eq. (4.15).
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5 Conclusions

We have performed a detailed analysis of FCNC processes in the charm sector in the
context of four variants of 331 models. The motivation for this analysis arose from the
observation [5] that in the case of Z’ contributions there are no new free parameters beyond
those present already in the By, and K meson systems. As a result definite ranges for NP
effects in various charm observables could be obtained.

In the SM FCNC in the charm system are very strongly GIM suppressed so that a
contribution of Z’ that appears already at tree-level could in principle imply NP effects in
the charm sector by orders of magnitude larger than it is possible within the SM. In fact if
we performed our analysis first for the charm system, ignoring correlations with By ; and K
meson systems, very large effects would be possible. However, as our analysis demonstrates
most of these effects would be subsequently dwarfed by imposing the contraints from By g
and K meson systems that were analyzed in the past [9-13].

In particular we find very small effects in D° — DY mixing although the effects are still
larger than short-distance contributions within the SM.

Our results are presented in the plots in section 4 and in the accompanying comments.
Here we list the most remarkable results.

« As seen in figure 3 the semileptonic asymmetry asp,(D°) can be as large as +5 x 1072
and therefore much larger than in the SM.

o As seen in figure 9, the correlation between B(Bs — p*p~) and B(D® — putu™)
implies the suppression of the latter branching ratio if a better agreement with the
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experimental data for B(Bs — pp7) is to be achieved. Yet, despite this suppression
the branching ratio B(D — p* ™) can reach values of a few 10715 which is by six
orders larger than its SM value.

 The correlations between B(D® — u*p~) and the branching ratios for K+ — ntvp,
K; — 7% and K. s — ptp~ show patterns that depend on the specific 331 model
considered. However, if future data on theoretically clean decays K™ — 77vi and
K L — T 0
SM expectations by more than 15% the 331 models will not be able to explain them.

v and also short distance part in Kg — ptu~ will show deviations from

e The D° — 7t7~, Kt K~ CP asymmetries and AAcp can be sizable for phases in the
ranges provided in 331 model, however the ratios of the matrix elements in eq. (4.10)
should be large, with a size as provided in (4.13), (4.14). This possibility requires a
nonperturbative calculation of the matrix elements.

We are looking forward to the improved experimental data on all observables discussed
by us to see whether 331 models will survive these tests.
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A AF =1 effective Hamiltonian and RG evolution of the coefficients

The most general effective Hamiltonian governing the decays D — KTK~, 777~ can be
written as

2
HET =Y (CPQP +CPAP) + - (G50, + CQ5)
D i=1 J
+3 3 (CRQR +CRQR) +he. (A.1)
A D

where D = d, s, \P = V*,V,p, j €[3,...10, 8¢] and A € [S1, S2, T'1, T2]. The operators
are classified according to the standard nomenclature:

e current-current operators:
1 = (@aD)v_a(De)v-a Q7 = (@aDp)v-a(Dsca)v-a (A.2)
e QCD penguins
Qs = (uc)y—a Y _(qq)v-a Q1 = (Uacs)v—a Y _(434a)v—-a (A.3)
q

Qs = (uc)y-a Y _(Gq)v+a Q6 = (tacs)v—a Y _(484a)v+Aa (A.4)
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e QED penguins

3 3

Qr = Q(QC)VfA > eq(@@)vsa Qs = §(aacﬁ)VfA >_eql@saa)va  (AD)
7 q

Qo = g(ﬁC)V—A D oe@@v-a Qo= g(ﬂacﬁ)V—A >_ei(@sga)v-a  (AG)
q q

e chromomagnetic operator

Qsg = 5meiiac™ (1+15)esTeGl, (A7)
« scalar and tensor operators
Qs1 = ('ELPLD)(DPLC) Qg2 = (ﬂaPLDﬁ)(D/BPLCa) (AS)

QTl = (ﬂO’MVPLD)(DO'/WPLC) QTQ = (ﬂaO'MVPLDB)(Bgo”LWPLCa). (Ag)

The operators Q; are obtained exchanging L <+ R. In the SM only QP is present at
tree level; the operators Q¥ the QCD penguins and Ogg are generated at O(ay); the
QED penguins are negligible because of their small coefficients, and the scalar and tensor
operators are absent. In 331 models, at the scale My the tree-level Z’ exchange produces
the operators @3 and Q7. When evolved at the low scale p. ~ m. other operators are
generated. Neglecting the scalar and tensor operators (absent in SM and in 331 model), the
RG evolution can be done separately for the 10 operators in eqs. (A.2), (A.3)—(A.4), (A.5)—
(A.6) and for Qgy. The anomalous dimension matrix (ADM) for the set of 10 operators is:

—2

—6 —2 2 2
N 6 3N, 3 3N, 3 0 0 00
6 ]—V—f 0 0 0 0 0 0 0 0
—22 22 —4 4
. T VR O T
3N, N. T3 3N 3
o 00 0 0 < —6 0 0 00 (A.10)
M,.010 = —2N 2N —2N;  6(1-N2) | 2N ; :
00 =yt 3t v SN, ot 0 0 00
0 0 0 0 0 0 N% -6 0 0
0 0 ng;]\iNu 2Nu3_2Nd NdS—Qj\iNu 2N113—2N,1 0 6(1;[?[3) 06 0
! 0 N@N 2N_§N N?T\QCN 2N_§N 0 0 Ne 66
0 0 =55 =5 =455 I 0 0 6 N,

where N. = 3 is the number of colors, Ny, N, and N; are the number of active quark
flavors, active up- and active down-type quarks, respectively. For the chromomagnetic
operator Qélg), the LO anomalous dimension reads

4N?2 — 8
~0 c
=< A1l
V89 N, ( )
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The result of the evolution of the 331 operators leads to the generation of the operators
having the structure of Q3 — QJs, with coefficients given by:

C3(,uc) = 1.456 C3<MZ/) 4+ 0.012 C7(MZ/) (A12)
Calpe) = —0.7909 C3(M /) — 0.026 C7(M ) (A.13)
Co(pte) = —0.1107 C5(Mz/) — 0.0349 Cr (M) (A.15)
O7(/JC) = RC7(MZ/) ~ (0.8244 C7(MZ/) (Alﬁ)
1-R?
Cs(pe) = SRS C7(Myg) ~1.2879C7(My), (A.17)
where R = r(p, Mz )7 r(up, 16)¥ 1 (e, pp)** and r(p, po) = ZSEZQ; C3(Mz) and
s\M1

C7(My) are those in egs. (3.49)—(3.50).
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