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ABSTRACT: Motivated by the recent findings that the ratio /e in the Standard Model
(SM) appears to be significantly below the data we investigate whether the necessary
enhancement of ¢’ /e can be obtained in 331 models, based on the gauge group SU(3)¢c x
SU(3)r x U(1)x. In these models new physics (NP) contributions to £’ /e and other flavour
observables are dominated by tree-level exchanges of a Z’ with non-negligible contributions
from tree-level Z exchanges generated through the Z — Z’' mixing. NP contributions to &’/
in these models are governed by the electroweak penguin operator Qg for which the hadronic
matrix element is already rather well known so that our analysis of NP contributions is
subject to much smaller theoretical uncertainties than within the SM. In particular strong
cancelations between different contributions do not take place. The size of NP effects
depends not only on My but in particular on a parameter 3, which distinguishes between
various 331 models. Also a parameter tan 3 present in the Z — Z’ mixing plays a role. We
perform the analysis in seven 331 models characterized by different $, tan 3 and fermion
representations under the gauge group that have been selected in our earlier analysis on
the basis of electroweak precision data. Imposing the constraints from AF = 2 transitions
we find that only three of these models can provide a significant positive shift in &'/
up to 6 x 1074 for My = 3TeV. Two of them allow simultaneously a supression of the
rate for B, — ptpu~ by 20% thereby bringing the theory closer to the data without any
significant impact on the Wilson coefficient Cy. The third model provides simultaneous
shift ACy = —0.6, softening the anomalies in B — K*u* i~ , without any significant impact
on By — utpu~. NP effects in rare K decays, in particular in K+ — 77, turn out to be
small. This is also the case of B — K(K*)vv. Both predictions could be challenged by
NAG62 experiment and Belle IT in this decade. The special flavour structure of 331 models
implies that even for My = 30 TeV a shift of ¢’/ up to 8 x 10~* and a significant shift in
€k can be obtained, while the effects in other flavour observables are small. In this manner
¢’ /e and ex appear to be unique flavour observables in these models which provide the
possibility of accessing masses of My far beyond the LHC reach.
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1 Introduction

The recent findings that the ratio €’/e predicted by the Standard Model (SM) appears to
be significantly below the experimental data [1] poses a natural question what kind of new
physics (NP) could be responsible for this new anomaly. In the present paper we will ad-
dress this question in 331 models based on the gauge group SU(3)c xSU(3), xU(1)x [2, 3].
These models display several appealing features. The first one is that the requirement of
asymptotic freedom of QCD together with that of anomaly cancelation constrains the
number of generations to be necessarily equal to the number of colours, providing an ex-
planation for the existence of three generations. Moreover, under the action of SU(3),
two quark generations should transform as triplets, one as an antitriplet. Adopting the
choice that the third generation is the one transforming as an antitriplet, this different
treatment could be at the origin of the large top mass. It should be recalled that some of
the generators of the group are connected by the relation () = T35+ 815+ X where @ is the
electric charge, T3 and Ty are two of the SU(3) generators and X the generator of U(1)x.
B is a parameter that defines a specific variant of the model.

Several new particles are present in these models, their features depending on the
chosen variant. However, in all the variants a new neutral gauge boson Z’ exists that can
mediate tree level flavour changing neutral currents (FCNC) in the quark sector.

In the framework of 331 models, the ratio £’/ has been studied in our earlier analy-
sis [4]. Here we update it and improve it.



Recent analyses addressing the implications of new value of ¢’ /e within the SM for NP
in the Littlest Higgs model with T-parity and simplified Z and Z’ models can be found
in [5] and [6], respectively.

The present status of €’ /¢ in the SM has been reviewed recently in [1], where references
to rich literature can be found. After the new results for the hadronic matrix elements of
QCD penguin and electroweak penguin (V —A)® (V + A) operators from RBC-UKQCD lat-
tice collaboration [7, 8] and the extraction of the corresponding matrix elements of penguin
(V—A)® (V — A) operators from the CP-conserving K — 77 amplitudes one finds [1]

€'/e = (1.944.5) x 1071, (1.1)

This result differs with 2.9 o significance from the experimental world average from NA48 [9]
and KTeV [10, 11] collaborations,

('/€)exp = (16.6 £2.3) x 107, (1.2)

suggesting evidence for NP in K decays.

But even discarding the lattice results and using instead newly derived upper bounds
on the matrix elements of the dominant penguin operators from large N approach [12], one
finds at most [1]

(e'/e)sm = (8.6 £ 3.2) x 1074, (1.3)

still 20 below the experimental data.
The dominant uncertainty in the SM prediction for ¢’/e originates from the partial
cancellation between QCD penguin contributions and electroweak penguin contributions

that depend sensitively on the parameters B((sl/ 2 and BS/ 2)

, respectively. QCD penguins
give a positive contribution while electroweak penguins a negative one. Fortunately a new
insight in the values of these parameters has been obtained recently through the results
from the RBC-UKQCD collaboration on the relevant hadronic matrix elements of the
operators Qg [8] and Qg [7] and upper bounds on both Bél/ ? and Bé3/ 2 which can be
derived from large N approach [12].

The results from the RBC-UKQCD collaboration imply the following values for Bél/ 2)

and BY? [1, 13]
B =057+019,  B¥? =076+005, (RBC-UKQCD) (1.4)
and the bounds from large N approach read [12]
Bél/z) < B§3/2) <1 (large-N). (1.5)

While one finds in this approach Bég/ 2) (m.) = 0.80 £ 0.10, the result for Bél/ 2 is less
precise but there is a strong indication that Bél/ 2 < Bés/ 2 in agreement with (1.4). For
further details, see [12].

In 331 models we have
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with the A(g'/e) resulting from tree-level Z' and Z exchanges. In this paper we will
concentrate exclusively on this shift in ¢’/e, which as we will see has significantly smaller
theoretical uncertainties than the SM part.

Indeed, as demonstrated by us in [4], the shift in £/ in question is in 331 models
governed by the electroweak (V' — A) x (V + A) penguin operator

Q8:g<<§ad6)V—A > eq(@sg0)via (L.7)

q:u7d7s7c7b7t

with only small contributions of other operators that we will neglect in what follows.
As the relevant non-perturbative parameter Bég/ 2 is much better known than Bél/ 2),
the non-perturbative uncertainty in NP contributions in (1.6) is significantly smaller than

)

independent from the SM one. Consequently we can fully concentrate on the these new

in the SM term. Moreover, except for the value of Bé(gg/ 2 , the NP contributions are fully
contributions and investigate which 331 models can bring theory closer to data. It will
also be interesting to see what this implies for other flavour observables, in particular
branching ratios for Bgy — putu~, B - K(K*)vo, KT — ntvi, K, — 7vp and the
Wilson coefficient Cg that enters the discussion of B — K*u™ ™ anomalies.

In this context our detailed analyses of FCNC processes in 331 models in [14, 15] will
turn out to be useful. References to earlier analysis of flavour physics in 331 models can
be found there and in [16, 17]. But the ratio &’/e has been analyzed in 331 models only
in [4]. However, in that paper values of Bél/ 2 as high as 1.25 and thus violating the bounds
in (1.5) have been considered. As seen in figure 14 of that paper in this case the resulting
¢’ /e in the SM can even be larger than the data so that dependently on the chosen value
of Bél/ 2 both enhancements and suppressions of ¢’ /e in a given model were required to fit
the data in (1.2) with different implications for K — 7%v». With the new results in (1.4)
and (1.5) the situation changed drastically and one needs a significant enhancement relative
to the SM prediction.

The main new aspects of the present paper relative to [4] are as follows:

e We update our analysis of A(¢’/e) by taking new result on Bég/ ? into account.

We also include in the discussion second fermion representation (F>) which was not
considered by us in the context of ¢’/e previously.

e After the constraints from AF = 2 transitions have been taken into account the size
of the possible enhancement of ¢’ /e depends on a given model and in certain models
it is too small to be relevant. Such models are then disfavoured.

e Further selection of the models is provided through the correlation of ¢’/e with other
flavour observables, in particular the decays By — pu*pu~, B — K*utpu~—, Kp — m'uvp,
Kt — nfvvand B — K(K*)vv. While a definite selection is not possible at present,
because the data is not sufficiently precise, it will be possible in the coming years.

In [4] we have considered several 331 models corresponding to four different values of
3, three values of tan § related to Z — Z’ mixing and two fermion representations F; and



F5. 24 models in total. Among them 7 have been favoured by electroweak precision tests
and we will concentrate our analysis on them. The important result of the present paper
is that the requirement of significant enhancement of ¢’/e reduces the number of favourite
models to 3.

Our paper is organized as follows. In section 2 we present the general formula for
¢’ /e in 331 models which is now valid for both fermion representations considered in [4].
In section 3 we first briefly introduce the 7 favourite 331 models that have been selected
in [4] on the basis of electroweak precision data. Subsequently, imposing the constraints
from AF = 2 transitions in K and B, 4 systems, we find that only three models are of
interest for ¢/ /e. Subsequently we demonstrate that the correlations of A(¢’/e) with rare
decays in these three models can provide further selection between them when the data
on flavour observables considered by us improves. In section 4 we consider the case of a
7' outside the reach of the LHC. The particular flavour structure of 331 models implies
that for Mz > 10 TeV, NP effects in rare Bgg decays, KT — ntvi and K, — n%vi are
very small, while the ones in ex and ¢’'/e can be significant even for My = 30TeV. We
conclude in section 5. Except for the formulae for ¢’ /e, all other expressions for observables
considered by us can be found in [4, 14, 15] and we will not repeat them here. But in
table 3 we give all relevant input parameters which occassionaly differ from the ones used
in [4, 14, 15].

2 Basic formula for €’/e in 331 Models

2.1 Preliminaries

In 331 models €’ /e receives the dominant new contribution from tree-level Z’ exchanges but
through Z — Z’ mixing, analyzed in detail in [4], contributions from tree-level Z exchanges
in certain models and for certain values of new parameters cannot be neglected. We begin
with general expressions valid for both Z’ and Z contributions which will allow us to
recall all the relevant parameters of the 331 models. Subsequently we will specify these
expressions to Z' and Z cases which differ only by the value of the Wilson coefficient of
the Qg operator at the low renormalization scale at which the relevant hadronic matrix
element of (Jg is calculated.
The basic expression for V = (Z’, Z) contribution to ¢’ /e is given by

(5') _ w ImAy(V) w—ReA2
9 V_|5K|\/§ ReA2 ’ _RGA()

The factor w differs by 10% from the corresponding factor w; in [4] as discussed in [1].

= (4.46) x 1072, (2.1)

In evaluating (2.1) we use, as in the case of the SM, the experimental values for Re Ao
and ex:

Red; = 1.210(2) x 107® GeV, ler| = 2.228(11) x 1073 . (2.2)

The amplitude A3(V) is dominated by the contribution of the Qg operator and is
given by

Az (V) = Cs(me, V)(@s(me))2 (2.3)

with Cg(me, V') given below.



The hadronic matrix element is given by

2
MK

(Qs(me))2 = V2

2
F, BY*? = 0862 B*/? Gev®.  (24)

ms(me) + mg(me)

The normalization of our amplitudes is such that (Qg(m.))2 is by a factor of \/g smaller
than the one in [1]. Correspondingly the value of ReAy in (2.2) is by this factor smaller
than in [1]. The choice of the scale ;1 = m, is convenient as it is used in analytic formulae
for ¢/ /e in [1]. In our numerical calculations we will use Bé3/ ?) = 0.76 and the values [18, 19]

F
my = 497.614 MeV, F, = 130.41(20) MeV, F—K =1.194(5), (2.5)

™

ms(me) = 109.1(2.8) MeV, mg(me) = 5.44(19) MeV . (2.6)

New sources of flavour and CP violation in 331 models are parametrized by new mixing
parameters and phases
513, 523, o1, d2 (2.7)

with 513 and 523 positive definite and 0 < 612 < 27. They can be constrained by flavour
observables as demonstrated in detail in [14].

Noticeably, constraints deriving from AF = 2 observables do not depend on the choice
of the fermion representation. We recall here that, as already mentioned, the choice of
the transformation properties of the fermions under the gauge group of 331 models, and
in particular under the action of SU(3), is not unique. Following [4] we denote by F} the
fermion representation in which the first two generations of quarks transform as triplets
under SU(3), while the third one as well as leptons transform as antitriplets. On the other
hand, F5 corresponds to the case in which the choice of triplets and antitriplets is reversed.
Right-handed fermions are always singlets.

2.2 Z’ contribution
For the fermion representation F} we find

A(Z)
M2,

A 2)

=4.09 x 10726+/f(B) IE
ZI

2
Cs(me, Z') = 1.35 [QQSW} 8V F(B) (2.8)
My

GCW

with 1.35 being renormalization group factor calculated for My = 3TeV in [4]. Cs(me, Z')
depends through /() on the 331 model considered where
1

= > 0. 2.9
We have indicated that the values of go and 5%/[/ should be evaluated at My with s%v =
sin? Oy = 0.249 and go(Mz:) = 0.633 corresponding to Mz = 3 TeV.

The coupling A3¢(Z’) is given in terms of the parameters in (2.7) as follows
92(Mz)

Aid(Z,) = TCW f(,@)§13§236i(52_61) . (210)




The formulae (2.8)—(2.10) are valid for the fermion representation Fj. For a given [,
the formulae for the fermion representation F, are obtained by reversing the sign in front
of 8. We note that A3?(Z’) is independent of the fermion representation as f(53) depends
only on (2.

Combining all these formulae we find

BE/?)

0.76

(2.11)

3TeV]?
My

<8,> = =+1.10 [ﬁf(ﬂ)] 5135923 Sin(52 - 51)
€ VA

with the upper sign for F; and the lower for F3
We observe that the contribution of Z’ to &'/¢ is invariant under the transformation

p— -5 Fi1—F. (2.12)

This invariance is in fact valid for other flavour observables in the absence of Z — Z’ mixing.
But as pointed out in [4] in the presence of this mixing it is broken as we will see soon.

2.3 Z contribution

In the case of tree-level Z contribution also the operator (Js dominates but its Wilson
coefficient is given first by [20]

(2.13)

2 Asd 7
Cs(me, Z) = —0.76 {WW] Ll2)
M

60W M%

Here go = g2(Myz) = 0.652 is the SU(2) 1, gauge coupling and the factor 0.76 is the outcome
of the RG evolution.
In the 331 models the flavour violating couplings of Z are generated through Z — 7’
mixing. They are given by [4]
AV(Z)=sineAY(Z) (i #)) (2.14)

with

c? s2 M?2 M?2
siné = Y.\ /7(B) <3ﬁ§v - \/§a> [ QZ] = B(f,a) [ 22] (2.15)
3 Ciy Mz, Mz,
describing the Z — Z' mixing, where S%V = 0.23126. It should be stressed that this mixing
is independent of the fermion representation. Here

1 —tan? 3 ~ v

aziﬁ, tan § = 2. (2.16)
1+ tan- g Uy

As the vacuum expectation values of the Higgs triplets p and n are responsible for the

masses of up-quarks and down-quarks, respectively, we expressed the parameter a in terms

of the usual tan 3 where we introduced a bar to distinguish the usual angle 8 from the

parameter 3 in 331 models. See [4] for further details.

We thus find
A(Z)

2
928y
M2,

Cs(me, Z) = —0.76 { b ]M B(B,a) (2.17)



38 2 1 1 2

V3 V3| V3 V3
. (tan B = 0.2) | £0.066 | +0.25 | ¥0.50 | F0.31

R
R. (tan3 =1.0) | F0.12 | £0.12 | ¥0.12 | F0.12
R (tan B =5.0) | F0.31 | F0.50 | £0.25 | +0.066

Table 1. R, for different 8 and tan 3. The upper sign is for F, the lower for F.

Combining these formulae allows to derive a simple relation

(£),%(0),

_ Cs(me, 2) 0.53 ¢y
- Cs(me,Z2") T B 3

The upper sign in the expression (2.19) is valid for fermion representation Fj, the lower

where

2
R. 36°W 4+ \/§a] . (2.19)
C

w

for 5. The values of R. are listed in table 1 for various values of 3, tan/ and the
representations Fy and Fy. Evidently Z’ dominates NP contributions to €’/e implying that
7 — 7' mixing effects are small in this ratio. The two exceptions are the case of 8 = —1/1/3
and tan 3 = 5 and the case of 3 =1/ v/3 and tan 8 = 0.2 for which Z contribution reaches
50% of the Z' one. However, as seen in table 2 both models are not among favourits and
the largest Z — Z' effect of 25% among the chosen models in that table is found in M6.

It should be noted that whereas the Z’ contribution to &’/e for the representation Fb
differs from the one for F; by sign, the contribution of Z to €’/e is independent of the
fermion representation. This disparity breaks the invariance in (2.12). Analogous feature
is observed in several other flavour observables.

2.4 Final formula

The final expression for the shift of £/ in 331 models is given by

£

A(e'/e) = (1 + R.) <€/)Z : (2.20)

In the next section we will investigate, which 331 models can provide a significant shift
A(g'/e) for My = 3TeV and how this shift is correlated with other flavour observables.

3 Implications of enhanced €’/e in 331 models

3.1 Favourite 331 models

The favourite 331 models selected in [4] on the basis of their perfomance in electroweak
precision tests are listed in the notation of that paper in table 2. In addition to the
fermion representation and the values of 3 and tan 3 in a given model we indicate how in
that model NP effects in the branching ratio for B, — u+u~ are correlated with the ones
in Cy. For B(Bs — pt ™) the signs 4+ denote the enhancement and suppression of it with



MI | scen. B tan3 | B(Bs — ptu~) | Co | sin(dy — 61)
M3 | Fy | —-1/V3 | 1 + + -1
M6 | Fy | 1/V3 5 + 0 +1
MS | F | 2/V3 5 + F +1
M9 | B | -2/vV3] 1 + ¥ +1
MIl| F | —-1/V3| 1 + 0 +1
M4 | F» | 1/V3 5 + + ~1
M6 | Fy | 2/V/3 5 + + -1

Table 2. Definition of the favourite 331 models. See text for explanation of the columns for
Bs, — ptp~ and Cy. In the last column we list the values of sin(dy — 61) for which the maximal
positive shifts of € /e in a given model can be obtained.

respect to its SM value, respectively. Cg in the SM is positive and + also here denote the
enhancements and suppressions with respect to its SM value, respectively. In M6 and M11
NP contributions to Cy are fully negligible. These correlations are shown in figure 15 of [4].

Before entering the discussion of ¢’/e let us recall that the present data favour simul-
taneous suppressions of B(Bs — pTp~) and Cy. From figure 15 in [4] and table 2 we reach
the following conclusions.

e Qualitatively models M3, M14 and M16 can provide simultaneous suppression of
B(Bs — ptp~) and a negative shift ReC)'Y but the suppression of B(Bs — pu*u~)
is not significant.

e For softening the By — K*u™p~ anomaly the most interesting is the model M16. If
the anomaly in question remains but decreases with time also models M3 and M14
would be of interest.

e The remaining four models, in fact the four top models on our list of favourites
in (3.1) below, as far as electroweak precision tests are concerned, do not provide any
explanation of By — K*up~ anomaly but are interesting for By, — u*p~ decay.
These are M6, M8, M9 and M11, the first two with F; and the last two with Fb
fermion representation. It turns out that the strongest suppression of the rate for
Bs — putu~ can be achieved in M8 and M9. In fact these two models are the two
leaders on the list of favourites in (3.1). But in these models Cy is enhanced and not
suppressed as presently observed in the data. The suppression of the By — pu™u~
rate is smaller in M6 and M11 but there the shift in Cy can be neglected.

We conclude that when the data for B(Bs — p* ™) and Cg improve we will be able to
reduce the number of favourite models. But if both will be significantly suppressed none
of the models considered here will be able to describe the data. In fact model M2 with
F, g=-2/ V3 and tan 3 = 5 could in principle do this work here but it is disfavoured
through electroweak precision tests.



Concerning these tests the ranking is given as follows
M9, M8, M6, M11, M3, M16, M1l4, (favoured) (3.1)

with the first five performing better than the SM while the last two basically as the SM.
The models with odd index I correspond to tan 3 = 1.0 and the ones with even one to
tan 3 = 5.0. None of the models with tan 3 = 0.2 made this list implying reduced impact
of Z — Z' mixing on &’/ and small NP effects in decays with neutrinos in the final state.

3.2 Predictions for ¢’/e in favourite models

After the recollection of the correlations among B physics observables in the seven models
in questions we are in the position to investigate which of these models allow for significant
enhancement of ¢’ /e.

To this end we set the CKM parameters to

V| = 3.6 x 1073, [Vip| = 42.0 x 1073, v = T0°. (3.2)

This choice is in the ballpark of present best values for these three parameters but is also
motivated by the fact that NP contributions to ex in 331 models are rather small for M
of a few TeV and SM should perform well in this case. Indeed for this choice of CKM
parameters we find

lex|sy = 2.14 x 1073, (AMg)sy = 0.467 - 10 2 ps? (3.3)

and |ex| in the SM only 4% below the data. Due to the presence of long distance effects
in AMg also this value is compatible with the data. Moreover, the resulting ImA; =
1.42 x 10~% is very close to the central value Im)\; = 1.40 x 10~* used in [1]. While our
choice of CKM parameters is irrelevant for the shift in &’/e it matters in the predictions
for NP contributions to rare K and B decays due to the their intereference with SM
contributions.

Next, as in [14], we perform a simplified analysis of AMy s, Sykg and Sye in order
to identify oases in the space of four parameters in (2.7) for which these four observables
are consistent with experiment. To this end we use the formulae for AF = 2 observables
in [4, 14] and set all input parameters listed in table 3 at their central values. But in order
to take partially hadronic and experimental uncertainties into account we require the 331
models to reproduce the data for AM; 4 within 10%(£5%) and the data on Syx and Sy
within experimental 20. As seen in table 3 the present uncertainties in hadronic parameters
relevant for AM; 4 are larger than 10% but we anticipate progress in the coming years.
The accuracy of £5% should be achieved at the end of this decade.

Specifically, our search is governed by the following allowed ranges:

16.0 (16.9) /ps < AM, < 19.5(18.7)/ps, —0.055 < Sy < 0.085, (3.4)
0.46 (0.48) /ps < AMy < 0.56 (0.53)/ps,  0.657 < Syy < 0.725, (3.5)



Gr = 1.16638(1) - 107> GeV 2 [18] | mp, = 5279.58(17) MeV 18]
My = 80.385(15) GeV [18] | mp, = 5366.8(2) MeV [18]
sin? By = 0.23126(13) [18] | Fp, = 190.5(42) MeV [19]
a(Mz) =1/127.9 [18] | Fp, = 227.7(45) MeV [19]
as(My) = 0.1185(6) (18] | Bp, = 1.27(10), Bp, = 1.33(6) [19]
mg(2GeV) = 4.68(16) MeV  [19] | Bp,/Bp, = 1.06(11) [19]
ms(2GeV) = 93.8(24) MeV  [19] FBM@ = 216(15) MeV [19]
me(me) = 1.275(25) GeV (18] | Fi,\/Bs, = 266(18)MeV  [19]
my(myp) = 4.18(3) GeV [18] | € = 1.268(63) [19]
m¢(my) = 163(1) GeV [21] | np = 0.55(1) [22, 23]
my = 497.614(24) MeV [18] | AM; = 0.510(3) ps~! [24]
Fi /Fy = 1.194(5) (18] | AM, = 17.757(21) ps~! [24]
F, = 130.41(20) MeV [18] | Syrs = 0.691(17) [24]
By = 0.750(15) [19, 25] | Sye = 0.015(35) [24]
ke = 0.94(2) (26, 27] | AT, /T = 0.122(9) [24]
Nee = 1.87(76) 28] | 7B, = 1.509(4) ps [24]
e = 0.5765(65) [22] | 75, = 1.520(4) ps [24]
Net = 0.496(47) [29] | Tp= = 1.638(4) ps [24]
AMpg = 0.5293(9) - 102 ps™!  [18] | |Vaus| = 0.2253(8) [18]
lexc| = 2.228(11) - 1073 [18] | v = (73.2753)° [30]

Table 3. Values of the experimental and theoretical quantities used as input parameters as of June
2015. For future updates see PDG [18], FLAG [19] and HFAG [24].

where the values in parentheses correspond to decreased uncertainty. For the central pa-

rameters we find in the SM
(AM)sm = 18.45/ps,  (AMg)sm = 0.558/ps, Sy = 0.037, SN, =0.688. (3.6)

In the case of ex the status of hadronic parameters is better than for AM; 4 but the
CKM uncertainties are larger and the result depends on whether inclusive or exclusive
determinations of |V,,;| and |Vg| are used. As we keep these parameters fixed we include
this uncertainty by choosing the allowed range for |ex| below to be roughly the range
one would get in the SM by varying |V,;| and |V| in their ranges known from tree-level
determinations.

The uncertainties in AMg are very large both due to the presence of long distance
effects and large uncertainty in 7... We could in principle ignore this constraint but as
we will see in the next section it plays a role for My above 30 TeV not allowing for large
shifts in €’/e in 331 models for such high values of Mys. In fact as we will explain in the
next section it is AMp and not e which is most constraining the maximal values of &' /e.
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Figure 1. A(g'/e) versus ex for M8, M9 and M16. Mz = 3TeV. Darker regions correspond to
present constraints on AM, 4 and lighter ones to future projection.

But at the LHC scales and even at Mz = 10TeV the AMg constraint is irrelevant. Only
for scales above Mz = 30TeV it starts to play an important role bounding the maximal
values of €’/e. Once the knowledge of long distance effects improves and the error on 7.
decreases it will be possible to improve our analysis in this part.

We will then impose the ranges
(AMg)?

- <0.30. (3.7)

1.60 x 1073 < |eg| < 2.50 x 1073, —0.30 <

The search for the oases in question is simplified by the fact that the pair (AM,, Sye)
depends only on (323, 02), while the pair (AMg, Syk) only on (313,01). The result of this
search is similar to the one found in figures 5 and 6 in [14] but the oases differ in details
because of slight changes in input parameters and the reduced allowed range on Sys by
about a factor of three.

Having determined the ranges for the parameters (2.7) we can calculate all the remain-
ing flavour observables of interest. In particular we can eliminate those models listed in
table 2 which are not capable of providing a shift in &’/e larger than say 4 x 10~*. To this
end we show in figure 1 this shift as a function of ex for models M8, M9 and M16 and in
figure 2 this shift for the remaining models. On the basis of these results we observe the
following;:

e Only models M8, M9 and M16 are of interest to us as far as &’/e is concerned and in
what follows we will concentrate our numerical analysis on these three models.
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Figure 2. A(e'/e) versus e for M3, M6, M11 and M14. Mz = 3TeV. Darker regions correspond
to present constraints on AM; 4 and lighter ones to future projection.

e Interestingly, as mentioned above, the strongest suppression of the rate for By —
T~ can be achieved in M8 and M9 although they have presently difficulties with the
LHCb anomalies. Using the formulae in [4] this can be expressed in terms of the rela-
tions between the coefficients C’é\IP and C%P which are independent of Mz and read

CoF =051C0 (M8) O =042C) (M9). (3.8)

They differ significantly from the favourite relations CYF = —CRF or C)'F > CIF
[31, 32].

e On the other hand M16 is the most interesting model for softening the By — K*u™ ™
anomaly but cannot help by much in suppressing B; — . One finds in this case

O = —461CN  (M16) (3.9)

which is much closer to one of the favourite solutions in which NP resides dominantly
in the coefficient Cy.

e Thus already on the basis of B physics observables we should be able to distinguish
between (M8M9) and M16. But the common feature of the three models is that
they provide a bigger shift in &’/e when the SM value of i is below the data and a
positive shift in e is required. This is in particular seen in the case of lighter colours
describing decreased uncertainties in AMj 4.
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Figure 3. Correlations of A(g’/e) with various observables for M8 at Mz = 3 TeV. Colour coding
as in figure 1.

e Most importantly positive shifts in €’/c in the ballpark of 6 x 10~* are possible in
these three models, but they are somewhat reduced when the allowed range for AM;, 4
is reduced. Such shifts could be in principle sufficient to describe the data for &/e.

The question then arises whether the models M8 and M9 while enhancing ¢’/e can
simultaneously suppress the rate for B; — u™p~ and whether M16 while enhancing &’/¢e
can simultaneously suppress ReCy. Moreover correlation of A(e’/e) with the branching
ratios for Kt — ntvw and K; — 7luvi is of great interest in view of NA62 and KOPIO
experiments.

In order to answer these questions we used the formulae for B4 — puTu~, Co, K+ —
ntvi and Kj — 7% presented in [4] together with the formulae for &'/e collected in
the previous section to calculate for M8, M9 and M16 models correlation of A(e’/e) with
B(Bs — utu™), ReCy?, B(KT — ntwp) and B(K — 7). The result is shown in
figures 3, 4 and 5, respectively.

We observe:

e Models M8 and M9 have similar pattern of deviations from the SM with NP effects
only relevant in ¢’/ and B; — pp~ and in fact positive shift of ¢’/ up to 6 x 10~*
and simultaneous suppression of the rate for Bs — p*u™ up to (15—20)% are possible
in both models. NP effects in Cy, K+ — 7tv and K, — 700 are very small.

e In M16 NP effects are only relevant in €'/e, Co and K — 7'vir. A positive shift of
¢'/e up to 5 x 10~ and simultaneous negative shift of Cy up to —0.55 is possible in
this model. But then the rate for K; — mvv is predicted to be suppressed by 15%
and the one for K™ — 7w by roughly 5%.
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My | 3TeV | 6TeV | 10TeV | 20TeV | 50 TeV | 100 TeV
Ter 1.00 1.08 1.15 1.24 1.36 1.45

Table 4. The Mz dependence of r.:.

We conclude therefore that the distinction between M8 and M9 will be very difficult
on the basis of observables considered by us but the distinction between these models
and M16 should be possible with improved measurements of B, — p*u~ and improved
determination of NP contribution to Cy which is expected in the flavour precision era. But
if NA62 collaboration finds the rate for K+ — 7Tvi significantly above its SM value all
these models will fail in describing the data. The same applies to the models in figure 2.

4 7' outside the reach of the LHC

We will next investigate how the pattern of NP effects changes if M is above 5 TeV and out
of the reach of the LHC. As already pointed out in [14], with increased My NP effects in e
and AMp increase relative to the ones in AM; 4 in 331 models due to particular structure
of flavour violating couplings in these models. While the coupling A3¥(Z’) in (2.10) is
proportional to the product 513523, the corresponding couplings relevant for B 4 system
are given by

A7) = 92(\]}4;00141 f(B)s1ze ™" (4.1)
AP(Z') = MCW f(B)3aze ", (4.2)

V3

each involving only one small parameter 5;;. AM; and the CP asymmetry Sy specify the
allowed ranges for si13 and d1, while AM, and the CP asymmetry Sy4 specify the allowed
ranges for so3 and 9. In this manner for a given My the allowed ranges of the four
parameters entering the K meson system are determined. But, can be further constrained
by ex and in particular by AMp for sufficiently large My as explained below. We refer
to the plots in [14].

In order to proceed we would like to point out that with increasing M, the RG analysis
leading to (2.11) has to be improved modifying this formula to

B
0.76

: [3 Te\/} 2 (43)

<6> = :|:7“g/1.1 [ﬁf(ﬁ)] 513523 Sin(52 — 51) a
zZ' -

with the upper sign for F; and the lower for F». The parameter r., takes into account
additional RG evolution above y = Mz = 3TeV into account and reaches r., = 1.45
for Mz = 100TeV. This could turn out to be useful in models in which the AF = 2
constraints could be eliminated, for instance in the presence of other operators. But in
331 models this is not possible and as we will see for Mz > 50 TeV NP effects in &/e are
suppressed in all 331 models. In table 4 we give the values of r.s for different M.

In order to analyze NP effects beyond the LHC scales we recall the formulae for the
shifts due to NP in AF = 2 observables.
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In the K meson system we have

! 2 2
(Aeg)? =1.76 x 1017, F’Tev} Im [Aid(z’)*} . (4.4)
My
AMg)? TeV]? 2
M — 5.29 x 10% 7. F’sz} Re [Aid(z’)*} : (4.5)
exp

where r. describes RG effects above My = 3TeV. These effects are much smaller than in
the case of ¢’/ and in fact suppress slightly NP contribution to ex, AMg and also AMj 4.
But even for Mz = 100 TeV this factor amounts to 7. ~ 0.95 in the NP contributions to
these observables and for Mz < 50TeV this effect can be fully neglected. But we keep
this factor in formulae below for the future in case various uncertainties decrease.

From (4.3) and (4.4) we find

) 2(Mg)c? r 0.76 g
Ae)? = #9205 o cos(sy — 6 | o 1.07 x 10* (= 4.6
(Aek) T 5 813893 cos(d2 — 61) re ] | BB x e ), (4.6)
with — for F} and + for F». From (4.3) and (4.5) we have on the other hand
(AMg)? G (Mg, [008(2(52—51))] [7’5 ] 0.76 4 <E/>
=+ 813523 | —————=| | — | | =375 | 1.60x 107 | — 4.7
(AMK)exp B 1o Sln(52 - 51) Te B§3/2) €/ ( )

with + for F; and — for F5. The SM contribution to AMg is subject to much larger
hadronic uncertainties than is the case of i and it is harder to find out what is the room
left for NP contributions. In fact we do not even know the required sign of this contribution.
But as we will see soon this constraint could become relevant with improved theory for
high values of Mz and we will impose the constraint in (3.7). For the present discussion
we neglect the effects of Z — Z’' mixing which will be included in the numerics.

The formula (4.6) represents a correlation between AM, 4, Syky and Sy which for a
given 8 determine all parameters on its r.h.s. and the ratio of ¢'/e and (Aeg)?’. Even if
My does not enter explicitly this expression, the allowed values for $13 and 593 depend on
it. Similar comments apply to (4.7).

The relation between the Z’ effects in AF = 2 master functions S; are related as
follows [14]

ASk L [ ARz T
s XMz e
AS,AS AW (7)) AL (7))

Indeed NP contributions to AMj 4 are proportional to AS, 4 and in ex to ASk. This

o M2, (1— (14 3%)s%). (4.8)

relation follows then from the fact that

~ 2 ~ 2 ~ o~ 2
593 513 513523
. . 4.
AS, x [MZ’:| , AS; x |:MZ’:| ASy x [ A, ] (4.9)

Presently the strongest constraints on the parameters 3;; come from AF' = 2 processes.
With increasing value of Mz the maximal values of 5;; allowed by these constraints increase
with increasing Mz:. This in turn has impact on the My dependence of maximal values
of NP contributions to AF = 1 observables that in addition to explicit My dependence
through Z’ propagator depend sensitively on §;;.
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Now if the BS q— BS 4 Mixing constraints dominate, which turns out still the case for
Mz < 30TeV, one has

S18% oc My, SonX o< My, (AM; 4 constraints), (4.10)
where we neglect RG effects. In this case with increasing My::
e Maximal NP effects in ¢’/e increase slowly with RG effects represented by 7.

e Maximal NP effects in B, 4 decays decrease like 1/My when their intereference with
SM contribution dominates the modifications in the branching ratios.

e Maximal NP effects in K™ — ntvi and K7, — 7% are independent of M.

e Maximal NP effects in e and AMp increase quadratically with Mz up to the point
at which §13 and S93 reach maximal values allowed by the unitarity of the new mixing
matrix. But this point is never reached as in particular AMg constraint becomes
important with increasing Mz much earlier.

As maximal NP contributions to e x and A Mg allowed by Bg d—Bg 4 ixing constraints
increase fast with increasing Mz these two observables will dominate the allowed ranges for
5;; at sufficiently high value of Mz and the pattern of Mz dependences changes. Assuming
for simplicity that the maximal values of §13 and So3 have the same My dependence we
have this time at fixed d2 — 7

S18% o< \/ My, SonX oc /My, (ex, AMp constraints). (4.11)
In this case with increasing M y::
e Maximal NP effects in ¢’/e decrease up to RG effects represented by r. as 1/My:.

e Maximal NP effects in B; 4 decays decrease like 1/M é‘,‘:’ when the intereference with
SM contribution dominates the modifications in the branching ratios.

e Maximal NP effects in K™ — 71w and K, — 7vv decrease as 1/Mz:.
e Maximal NP effects in AM; 4 decrease as 1/My.

A closer inspection of formulae (4.3), (4.6) and (4.7) shows that it is the AM con-
straint that is most important. Indeed, in order to have NP in &'/ to be significant, we
need sin(dg — d1) ~ +1 with the sign dependent on the model considered as listed in the
last column in table 2. This is allowed by Bgy q— Bg’ 4 mixing constraints. But then as seen
in (4.6) the shift in ex can be kept small in the presence of a significant shift in ¢’ /e by
having cos(da — 01) very small. However, in the case of AMg this is not possible as in this
limit (4.7) reduces to

6J

0.76 > (4.12)
3 !

BO

AMg)? 2(Mghed, . . <
((AM;:)) EEYAl BZ) W.513503 sin (8 — 61) [T]
exp

Ter

1.49 x 104 (
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with — for F; and and + for F5. From the signs of 8 and sin(d2 — d1) in table 2 we find
therefore that for large values of My significant enhancement of €’ /e in 331 models implies
uniquely suppression of AMp for all 331 models considered and for sufficiently large values
of My this suppression will be too large to agree with data and this in turn will imply
suppression of ¢’ /e. This suppression of AM is not accidental and is valid in any Z’ model
in which flavour violating couplings of Z’ to quarks are dominantly imaginary as one can
easily derive from (4.5). For sin(d2 — 1) &~ +1 as required in 331 models to get large shift in
¢’ /e the relevant couplings must indeed be dominantly imaginary but in general Z’ models
this could not necessarily be the case and also enhancements of AMp could be possible.

When AM; 4, ex and AMy constraints are equally important the pattern is more
involved but these dependences indicate what we should roughly expect. The main message
from this analysis is that with increasing My the importance of NP effects in K meson
system is likely to increase relative to the one in B, 4 systems. But one should be cautioned
that this depends also on other parameters and on the size of departures of SM predictions
for various observables from the data.

Therefore, a detailed quantitative analysis of this pattern will only be possible when
the room left for NP in the quantities in question will be better known. But, the message
is clear: possible tensions in ’/¢ and ek can be removed in 331 models for values of My
beyond the LHC easier than in rare B, g decays.

As an example we show in figure 6 A(e’/e) versus e for the favourite models M8,
M9 and M16 at My = 10 TeV. We observe in accordance with our arguments that at this
mass the maximal effects in ¢’/e found at Mz = 3 TeV are still possible and the range for
possible values of ek is significant increased. NP contributions to AMg at these scales at
Mz = 10TeV are still at most of £4% and the AMg constraint begins to play a role only
for MZ’ > 30TeV.

In figure 7 we show the correlation of A(¢’/e) with By — ptu~ for My = 10TeV
in models M8 and M9 and the correlations of A(e’/¢) with Cg and K — 7vv in M16.
To this end we imposed the constraints in (3.4), (3.5) and (3.7). As expected from My
dependences discussed above, we observe that when the Bg = Bg 4 Mixing constraints still
dominate, NP effects in By — putu~ and Cy are significantly decreased while they remain
0

practically unchanged in the case of ¢’/¢ and K, — n°vi.

With further increase of My NP effects in By — putu~ and Cy further decrease but

Y0 are unchanged. In ¢’/e they even increase due to

the maximal effects in K;, — «
the increase of r. so that for My = 30TeV the shift in ¢/e can reach approximately
8 x 10~ in all three models. But for higher values of Mz the AM constraint becomes
important and NP effects in both &’ /e and K}, — 7’vi are suppressed relative to the region
My < 30TeV as expected from our discussion of the Mz dependence. We illustrate this
in the case of M16 in figure 8 for Mz = 50 TeV. The suppression is slightly stronger in the
case of K1 — mvi because in the case of ¢’/¢ it is compansated by roughly 10% by the
increase of r.. The result for the first correlation in M8 and M9 is similar but NP effects

in K7 — 7%vv are tiny in these models.
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Colour coding as in figure 1.

~ 19 —



Ml6 Ml6

o™
o™

A(

14 1.6 1.8 20 22 24 26 24 2.6 28 3.0 3.2 3.4 3.6
€[1077] Bik;— =" v#) [107'1]
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coding as in figure 1.

5 Summary

In this paper we have updated and improved our analysis of ¢’/¢ in 331 models presented
in [4]. The new analysis has been motivated by the new results for this ratio from [1, 7, 8, 12]
which show that &’/e within the SM is significantly below the data.

Considering first seven 331 models selected by us in [4] by electroweak precision tests
and requiring a shift A(e’/e) > 4.0 x 10~* by NP, we reduced the number of 331 models to
three: M8, M9 and M16 in the terminology of [4]. All three can provide for My = 3 TeV
a shift in &’/ of (5 — 6) - 1072 and this could in principle be sufficient to bring the theory

(1/2)
6

to agree with data if B increases towards its upper bound in the future. Moreover:

e Models M8 and M9 can simultaneously suppress Bs — pu™p~ but do not offer the
explanation of the suppression of the Wilson coefficient Cy in B — K*utu~ (the
so-called LHCb anomaly).

e On the contrary M16 offers an explanation of this anomaly simultaneously enhancing
¢’ /e but does not provide suppression of B; — ptu~ which could be required when
the data improves and the inclusive value of |V;| will be favoured.

e NP effects in K+ — 7ntvo, K — 70 and B — K(K*)vv are small which can

be regarded as prediction of these models to be confronted in the future with NA62,
KOPIO and Belle II results.

o Interestingly for values of My well above the LHC scales our favourite 331 models
can still successfully face the &’/e anomaly and also possible tensions in e can easier
be removed than for Mz in the reach of the LHC. This is clearly seen in figure 6
obtained for Mz = 10 TeV and similar behaviour is found for Mz up to 30 TeV with
maximal NP contribution to &’/e increased by RG effects up to 8 x 1074, On the
other hand, as seen in figure 7, the effects in By — putu~ and Cy are found above
Mz = 10TeV to be very small. For Mz = 50TeV also effects in &’/e become too
small to be able to explain the &’/¢ anomaly.
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The possibility of accessing masses of My far beyond the LHC reach in 331 models
with the help of ¢/ /e and ek is very appealing but one should keep in mind that the future
of 331 models will crucially depend on the improved theory for &’/ and AF = 2 observables
and improved data on rare B, 4 and K decays as we have stressed at various places of this
writing, in particular when presenting numerous plots.
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