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Abstract: Flavour anomalies have attracted a lot of attention over recent years as they provide
unique hints for possible New Physics. Here, we consider a supersymmetric (SUSY) extension of
the Standard Model (SM) with an additional anomaly-free gauge U(1) group. The key feature of
our model is the particular choice of non-universal charges to the gauge boson Z’, which not only
allows a relaxation of the flavour discrepancies but, contrary to previous studies, can reproduce the
SM mixing matrices both in the quark and lepton sectors. We pay special attention to the latter and
explicitly enumerate all parameters relevant for our calculation in the low-energy effective theory.
We find regions in the parameter space that satisfy experimental constraints on meson mixing and
LHC Z' searches and can alleviate the flavour anomalies. In addition, we also discuss the predictions
for lepton-flavour violating decays BT — Kyt and Bt — KTer.

Keywords: supersymmetry; flavour anomalies; New Physics

PACS: 12.60.Jv; 13.30.Ce

1. Introduction

The Standard Model (SM) is a very successful theory, explaining most experimental
results. However, there are experimental discrepancies with some of the SM predictions.
Among interesting processes there are those that receive special attention in the literature.
Most of them are Flavour-Changing-Neutral-Current (FCNC) transitions that in the SM
are loop-suppressed and have enhanced sensitivity to the New Physics (NP) effect. The
role of such kind of observable is two-fold. After being measured compatible with the SM,
it poses severe constraints on the Beyond-the-SM (BSM) scenarios. On the other hand, if
there is a tension between the SM and experiment, it stimulates various speculations on
possible solutions in the context of BSM models.

In particular, one usually discusses the b — sI™1~ transitions. The LHCb Collaboration
has made measurements of B — K*u™u~ [1] that deviate from the SM predictions [2].
The Belle Collaboration finds similar results [3]. The main discrepancy is in the angular
observable P. [4], averaged over the invariant mass g2 of the lepton pair in the ranges
7% = [4.0 — 6.0] GeV? and g% = [6.0 — 8.0] GeV?. Recent LHCb measurement [5]

P00 = 0439 +0111+0.03, P08 = 0583400900030 (1)

reports the significance of deviation to be 2.5¢ and 3¢, respectively (the significance of the
discrepancy depends on the assumptions about the theoretical hadronic uncertainties [6]).

Other important observables are ratios [7-9] in the dilepton invariant mass-squared
range 1 GeV? < q2 <6 GeV?
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Br(B* — Ktutu™)
Br(BT — Ktete™)
Br(B* — K*utu~)
Br(B* — K*ete™)

Ry = = 0.846 10080 (stat) + 0.021(syst.), @)

Ry = = 0.697) 3 (stat) = 0.05(syst.) ®3)

that test lepton flavour non-universality (see also [10]). They also deviate from the SM
predictions of RM = 1 and R = 0.996. Even though the most recent data seems to be
consistent with the SM at 2.5¢ [9], or has large error bars [11], the Rg and Rg+ puzzles still
provide very intriguing insights on possible NP.

Finally, let us mention constraints from the meson-mixing. The mass difference of the
neutral B; — Bs meson system, AM;, provides a severe constraint for any NP model aiming
at an explanation of the B-physics anomalies. For quite some time the SM value for AM;
was in perfect agreement with experimental results, see e.g., [12]. Taking however, the
most recent lattice inputs, in particular the new average provided by the Flavour Lattice
Averaging Group (FLAG) one gets a SM value AMM = (18. 4“1) g) ps~! [13] considerably
above the measurement [14]

AMSP = (17.757 +0.021) ps L. 4)

One can also consider the constraints due to the mixing in the Dy — Dy meson system.
For example, for the dimensionless ratio of the Dy mass difference Am over the averaged
decay width I (see, e.g., reference [14,15])) we have (under assumption that there is no
CP-violation)

xp = AT’” =0.51013 %. (5)

The uncertainties of SM prediction is rather large and as SM value we take a rough
estimate provided by Flavio (2.0.0) package [16] xpM = 0.4 & 0.4%.

It is interesting that all the observables for b — sl *1=, Bs — B;, and Dy — Dy can be
explained by the weak effective theory (WET) with a Hamiltonian of the form (see, e.g.,
references [16,17]),

Heff = — ZCiOi +h.c, (6)

where relevant operators are (A; = Vj; V})

Ob—)sll 4GP &)\t(gL’Y”bL)(Z_’YHl),

V2 4n

O’gbesll ﬁ&)\t(sR’)’be)(l_'Yyl)'

V2 4

for the b — sITI~ transitions, and

Oyt = OF &y (g by ) Ty asl),

V2 in

, 4GF « T
Obsll = ZZE 2 ) (5ot bR) (It ysl)  (7)

N

Ok 5. = (5u7"br) (519"br), O5f 5. = (5rRY"bR) (519"'DL),
O3 5. = (5rRY"bR) (3R Y"R) ®)
together with
Opr_p, = (ALyter) (aater), Dy—D, = (ERY'CR) (ALY L),
ngf_;jo = (ir7"cr) (AR cr), ©)

for the above-mentioned meson mixing. For further convenience we also list here the
operators that give rise to lepton-flavour violating decays of B mesons, which were studied
experimentally by BaBar Collaboration [18,19]:
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bosur _ 4GF & _ - bosut _ AGF & - -
Oy = Wﬁ/\t(sm’%)m”u)/ O " = ﬁﬁ)\t(smybﬁ(w”%#)r

"b— 4Gr « - _ _ _
Oy W= Wﬁ)\t(sR’beR)(T’)’yﬂ)/ (O = WE)H(SR’Y%R)(T’Y”’YSV)' (10)

The analyses before Moriond 2019 [17] and after Moriond 2019 [20] show that several
patterns of NP contributions explain the discrepancies significantly better than the SM. In
all cases, there should be a sizable negative contribution to Cg%sy "

A way to address the b — sIT]~ anomalies is to introduce a Z’ gauge boson which
couples to muons and down-type quarks. For instance, U(1),—r gauge symmetry is
employed to control the flavor dependent couplings of the Z’ boson [21]. It is shown in [22]
that b — sIT]~ anomalies can be successfully explained in models with a Z’ boson.

In this work, we consider a non-universal U(1)" gauge extension of the Minimal
Supersymmetric Standard Model (MSSM), with family dependent couplings to quarks
and leptons [23,24]. Such an U(1)" could emerge in GUT, superstring constructions or
dynamical electroweak breaking theories. We take this U(1)’ extended supersymmetric
model as a simple extension of MSSM, allowing more flexibility in model parameters.

We analyse this model in the context of all three SM fermion families. This al-
lows us to explicitly discuss both the Cabibbo-Kobayashi-Maskawa (CKM) and Pon-
tecorvo-Maki-Nakagawa—-Sakata (PMNS) matrices together with additional mixing al-
lowed in the model. The purpose of this paper is to demonstrate the existence of scenarios
that can relax the tension in flavour anomalies and discuss some interesting manifesta-
tions of the model. A more detailed analysis of the expected phenomenology in a wider
parameter space is delegated to future work.

The rest of this paper is organized as follows. The model is introduced in Section 2
and the relevant Wilson coefficients are computed in Section 3. In Section 4 we discuss the
results of our fit and study model predictions. Section 5 is devoted to our conclusions.

2. Model Description

Let us briefly describe our model and set up the notation. We consider a U(1)’
extension of the MSSM similar to that of reference [24]. In addition to the chiral multiplets
of the MSSM, we also introduce a singlet (strictly speaking, the field S is singlet only w.r.t.
the SM gauge group) superfield S, which allows one to break U(1)’ spontaneously and
generate mass for the corresponding Z’ boson. To account for the massive neutrinos three
right-handed chiral superfields 17 , 5 are also introduced.

The charges of the additional gauge group are not universal and, thus, potentially
allow one to accommodate for the flavour anomalies discussed in the literature. As usual,
the requirement that there should be no gauge anomalies in the model, imposes important
restrictions on the charges. While in the non-supersymmetric U (1)’ extensions one usually
takes into account only the SM fermions (see, e.g., [25,26]), with SUSY we have plenty of
half-spin superpartners, which can also contribute to the gauge anomalies.

It is known that models with charge assignments (B — L); and (L; — L;), where B;
(L;) are baryon (lepton) numbers of the i generations are free from anomalies. Due to
this, in reference [24] the model based on Q" = a(B — L)3 + b(L;, — L) witha = 3/2 and
b = —2 was considered. A key observation of reference [24] was the fact that the Higgs
superfield H; and the chiral lepton superfields L; have the same SM charges, so one can,
e.g., switch the U(1) charges of L3 and H; without spoiling the anomaly cancellation. As
a consequence, the contribution of the left-handed (LH) taus to the anomalies is replaced
by that of higgsinos. Moreover, since the right-handed (RH) neutrinos also carry the
corresponding lepton numbers, we can switch the U(1)’ charges of v° and S.

Our initial motivation was to extend the study of reference [24] and analyse the effect
of a more general mixing in both the quark and lepton sectors. However, one can show
that the lepton mass matrices compatible with U(1)’ charges of [24] turn out to be block-
diagonal. Due to this, one has unbroken global U(1);, symmetry corresponding to the
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lepton number L, and can not accommodate for the PMNS mixing in the neutrino sector.
Parameter counting based on broken flavour symmetries confirms this statement.

To circumvent this problem we modify the initial charge assignment to allow more
general Yukawa textures in the lepton sector. We started with Q' = a(B — L)3 + b(L, —
L3) +c(L; — L) and made the substitutions L3 — Hy, v§ — S. Among possible solutions
we have chosen the one witha =3,b = —2,c = —1:

Q =3B3—L;—Ly—Hy+S+ES, (11)

where B3 (L;) assigns 1/3 (1) to the top-quark (i generation lepton) superfields (both LH
and RH (we use LH charge-conjugated superfields to account for the RH particles, so in (11)
one can write L; = Ep; +vi; — Ef — vf), while Hy, S and Ef are equal to one for the higgs
Hy, the singlet S and the right-handed tau E§ superfields, respectively, and zero otherwise.
The quantum numbers corresponding to (11) can be found in Table 1.

Table 1. The anomaly-free U(1)’ charges considered in the paper.

Field Q' Field Q' Field Q’
Q1,2 0 us, 0 D¢, 0
Qs +1 U -1 DS 1
Lis -1 Eiz +1 I/iZ +1
Ls 0 E§ +1 v 0
H, -1 H, 0 S +1

One can see that (modulo 1/2, which can be absorbed into redefinition of gr) in
the quark sector we have the same charges as in reference [24]. However, the charges of
H,, S and Ej are flipped. In addition, the fields carrying L; are also coupled to Z’. The
corresponding R-parity conserving superpotential is given by

W= Y YJQiH,US +YPQsH,US — (Q3Hy) (Y3 DS + Y52 D5)
ij=1,2
+ Y WL + M§U§U§ + YR Ly H, o
ij=1,2

— (LaHg) (V2§ + Y22E5 + YPE?) + AsSHHy, (12)

where LH chiral quark (lepton) superfields are denoted by Q; (L;), and U¢, D¢, E¢, and v€
correspond to up-quark, down-quark, charged-lepton and neutrino RH fields, respectively.
Since 15 is not charged we also add a Majorana mass Mj. The two higgs superfields H,
and Hy are coupled to the singlet S, the vacuum expectation value (VEV) (S) of which
gives rise to the effective y parameter and provide a solution to the y problem.

The gauge field Z’ couples to quarks and leptons as

L> gEZ; [E"}/txb + i_")/zxt]

—8eZy| Y. (invali + Tirvavie] + Tirvavir) — Y, lirvalir |- (13)
=12 =13

Here gf corresponds to the U(1)’ gauge coupling and all fermions are written in the
weak basis. In what follows we assume that the Z’ — Z mixing is negligible [24]. The
pattern (13) allows one to evade the constraints on the Z' production cross-section from
the LHC dilepton searches (see, e.g., reference [27]). The weak eigenstates in Equation (13)
have to be rewritten in terms of mass eigenstates, which originate from the diagonalization
of the mass matrices. The latter are related by spontaneous symmetry breaking to the
(effective) Yukawa couplings. However, one can see that certain Yukawa interactions are
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not allowed at the tree level. Nevertheless, it is possible to consider the non-holomorphic
soft SUSY-breaking terms [28]

Ll = ZZEZC”1¥1 VES + CEHgads + Hyy Y. Chaide
i=1j=1 i,j=1,2

+ Hy (qlcu + qzC23) a5+ H (l}CP + i2c§3)17§ +he. (14)

which are not forbidden by the U(1)’ gauge symmetry and in which scalar superpartners of
the SM fermions couple to the “wrong” Higgs doublets. Given (14), additional contribution
to the fermion mass matrices are generated [28], which similar to reference [24] we denote
by K}] va/ V2, where v, is VEV of the “wrong” doublet for a fermion f, and «; i incorporates
the loop-induced correction.

It is convenient to combine the tree-level terms and the non-holomorphic contributions
into effective Dirac mass matrices:

Y&lvu Y&Zyu K vd % Lo, % 20, 0
Vom, = | Y2, Y20, «Bv; |,V2my = k3o, 1o, 0o |, (15)
0 0 Y33vu Y310d Y3221d K33vu

for quarks and

ko,  «l?v, «BBv, YHv, Y0, «1¥v,
V2m, = o, xPv, «3v, |, V2m, = Yflvu Yfzvu K23Ud (16)
Yo, Y3, YPy, 0 0 Y3y,

for leptons. Diagonalizing the matrices (in the case M} = 0) by (bi)unitary transformations
and rewriting (13) in the mass basis we generate the tree-level FCNC transitions, governed
by the mixing matrices. One can see that there is enough freedom to account for CKM and
PMNS mixing. Indeed, let us consider an effective low-energy model with all the SUSY
partners but the Z’ boson and Higgs fields integrated out.

We can count the number of independent “physical” parameters in the flavour sector
of our effective Z' model by the following reasoning. The SM gauge group respects the
U(3)g x U(3)L x U(3)p x U(3)u x U(3)g x U(3), flavour symmetry corresponding to
independent rotations of quark (Q) and lepton (L) LH doublets, RH up-type (U) and
down-type (D) quarks, and RH charged (E) and neutral (v) leptons. The U(1)’ coupling to
fermions (13) breaks this symmetry down to

uflavour = [U(z)le . u(l)Q3] X [U(Z)un ' u(l)U3] X [U(Z)Du . u(l)Ds]
X [U(Z)le : u(l)Lg] : [u<3)E] X [u(z)vlz : u(l)l/3]/ (17)

where, e.g., U(2)r,, corresponds to U(2) rotations of the first two generations of LH
doublets. In turn, the introduction of the effective Yukawa interactions, which give rise to
mass matrices (15) and (16), breaks Ufj4p,,r down to

|

WWWﬁ{%mxwm'MS 8)
Us(1), M; #0

The broken generators of (17) can be used to get rid of the “unphysical” parameters of
the low-energy model. Indeed, the latter is given by Nyjys = Niot — Nproken, Where Nioy is
the total number of parameters in the effective Yukawa couplings, and Np,ok., denotes the
number of broken generators.

The counting goes as follows. In the quark sector we have 3 x 3 matrices m, and
mg, which depend on 14 complex parameters. In the lepton sector there are 9 complex
parameters in m, and m, depends on 7 complex numbers. The is also a complex Majorana
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mass Mj. One can write (each U(n) factor in (17) depends on n(n — 1)/2 angles and
n(n +1)/2 phases)

k lept

N = 14ge + 141m, Nigt = 16Re + 1610 + (1re + 1m)my 0, (19)
k lept

NZZ;;«,[ = 3ungles + (12 - 1)phasesr Nbigkgz = 5angles + 14phases - (1phuses)M§:O (20)

where we indicate the parameters corresponding to Majorana M}, and negative contribu-
tion accounts for unbroken U(1)p and U(1);. As a consequence, we have

NIt = e +31m, Ny = 11ge + 31 + (Tre) s o- (21)

One can see that in the quark sector there are four additional real parameters besides
6 quark masses, 3 CKM angles and 1 CKM phase. To simplify the analysis and have some
symmetry between quarks and leptons, we assume that Majorana mass M5 = 0. In this
case, 10 out of 14 parameters correspond to 6 lepton masses, 3 angles and 1 CP-violating
phase in PMNS. Again, we are left with 4 additional parameters in the lepton sector.

It is convenient to incorporate the new parameters as angles and phases in the mixing
matrices of quarks and leptons. In our study we relate the weak and the mass eigenstates
by means of the mixing matrices (we use Dirac spinors here):

up = VJLZ/[L/ Ur = VJRZ/{R, dL = V;LDL, dR = VJRIDR/ (22)
I = Verr, IR = VerER, v = VoL N, vg = VorNR.  (23)

where the left-hand side (LHS) corresponds to the weak basis, and the fields in the right-
hand side (RHS) are in the mass basis. Since we want to reproduce the CKM and PMNS
matrices, one should require that

Vexkm = Vur Vi, Upmns = Vi VoL (24)

In addition, given the diagonal fermion mass matrices Dy, D;, D, and D, in the mass
basis, we have to reproduce textures in the weak basis, i.e.,

my = Vi DyVyr, mg=ViDgVir, me= Vo DV, my=V,1D,Vix  (25)

should have the form (15) and (16). All new mixing parameters counted in (21) are
introduced as four angles and four phases entering

d iz ad
i( C13)d d 2 e'¢;13d
— 1 — —1
Vip = | —e (P:; (P;B’ 213523 4523[1 —e~!P3cfys5, (26)
1 1
eF381323 €359, 13623
and
e _ »,—iX134€
. ' c13) 0 e 13
— 1 — e e 14 —1 € e
Vo= 1| —e ?f13 X23) 89854 (3 —e B85, |- (27)
1X13c€ A€ 1X23 q€ € €
€72 813003 €8y €13623

In (26) we use sg3 = sin(ay3), etc., while in (27) s§; = sin(B23), etc. Without loss of

generality we can set Vg = 1. The remaining mixing matrices can be parametrized in the
same way as Vj;; and V,y, but all the corresponding angles and phases are determined from
the conditions (24) and (25).
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Plugging (22) and (23) into (13), we obtain the Z’ couplings to the mass eigenstates

L3+geZy Y, [VuR,iB iR 3 URYUR) + VL iz :L,]s(aiL'erujL)}

ij=13

+8EZy Y, [VdR,iBV;R,]’S (DirvaDjr) + Vari3Vi (ﬁiL'YaDjL)}
ij=13

—8EZy Y, [Eimai + NivaNi = Vi 3iVer 3i(EiL1a€iL)]
i=13

+8eZy Y. [VirsiVorsiNiLvaNiL) + Vir3iVur 3i (N ir vaNir) |- (28)
ij=13

One can see that all the Z’ couplings to the SM fermions are determined either by the
third column of the quark mixing matrices

d i d d —i
Viriz = {—5136 913, —cf,55,e 1¢231013C23},

—mbmss%e”‘l’w, —mbmdc%s%e”‘l’%, msmdc%cgg)}

Virjs = 2( 22 2.2 V.2 2,02 ! @9
\/md(mbSZB +mgeys)cis + mymisys
- ~ ~ m V d,m V drs mt‘7td
Viris = {Vua Vea: Via}, - Varjs = —= {~ e ) - (30)
V2 Vg2 + m2 Vg 2+ m | V2
or by the third row of the leptonic ones
Versi = {*Sise_im/ —ci3s55e~ X, Cﬁscia}r (31)
) ) ) m Clll/ m CIZZI m C[l3
Vorsi = {Un, Up, Ugs}, {rmy talliy s U} (32)

Virsi = = . —
V1V 2 4 2, [ Vi 4 i3, | Vi 2

For convenience, we introduce the following shorthand notation (the similarity of qu
and Uj; is due to convenient parametrization of V;; and V1)

Voa = R (Ve — Vishoe ) — Vigsthe #0, = {uct} (69
Uy = ¢ (Unichs — Uyissze™ ) — Upysize ™3, i ={1,2,3}, (34)

where Vuid], and U,,; are matrix elements of CKM and PMNS, respectively.

Even in this effective model the total number of additional parameters is quite large.
To simplify our analysis, we neglect the CP violation in the CKM and PMNS matrices and
consider the CP-conserving cases with ¢13 = ¢3 = x13 = Xx23 = 0. Moreover, it is clear
that 13 and B13 induce FCNC involving first generation of the SM fermions and subject to
tight constraints. Due to this, our main goal is to study the scenario with a3 = B13 = 0.
Nevertheless, we also analyse the case with B3 =0, 13 # 0.

To summarize, we study a SUSY-motivated U (1) extension of the SM with the follow-
ing set of parameters: the U(1)" coupling (gE), the mass of the Z’ boson (M/,) and the two
angles, either (w3, B23) or (az3, B13). In the subsequent section various constraints on this
parameter space are obtained and interesting signatures are considered.

3. Wilson Coefficients

Tree-level exchange of massive Z' with My > m;, contributes to Wilson coefficients
of relevant effective operators. The latter can be deduced from the Lagrangian (28). In our
model we have:

c(sil’ _ L(R)

{ — —Npe -sin2aps - BERBY, )7 = NG, - sin2as - BENB,  (35)

S
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- 4o (g \? .
where the normalization factor Ny = 25— depends on the Fermi constant G,
e GFVfths MZ/
electric charge e, and the CKM matrix elements V};, Vj;. The factors
mym
Bi=1  Bi=Bj " (36)
; 2 g2
my sin” ap3 + M5 COS~ 23

correspond to LH and RH quark currents, respectively. One can see that for small

a3 K mg/my ~ 0.02 the factor BES scales as my/ms ~ 40. As a consequence, Cé,lO

can be enhanced w.r.t Cg 9. However, for larger values 0.15 < ap3 < 71/2 we have Bf}s <1.
The leptonic vector and axial-vector currents give rise to the factors

1, Il = ee 0, Il = ee
3+cos2Bo3 ’ 1—cos 2B3 ’
Bl = {3 cos2p, "= iy Bijy = 1cos2Bas 1= p (37)
3=cos2b gy — 11 SSPs ) =17
_Smiﬁzal =ty Slﬂiﬁzsl I =ty

for the case B13 = 0. It is worth noting the hierarchy

1 1
1= BB, > 2B > > B> B> BA =0 for  0<pn<n/4,

3 1 1
1= BEVEZBL’TEZzBXyzizBﬁyzZzBszBg =0 for m/4<pp<m/2.  (38)
The leptonic factors for the case B23 = 0 can be easily obtained from that of f23 = 0 by
the substitution By3 — B13, € <> U.
Heavy Z’ in the spectrum also affects meson mixing via the Wilson coefficients

2.2
LL gE sin 20(23
= it 39
i =-(i) 5 )
Cpp, =2C5 g - By, (40)
C 5, = Cpi_g, - (Biy)? (41)
in the case of Bs — Bs, and for Dy — Dy via
27172 172
clL _ — _ 8E Vcdvud (42)
Do—Do Mz/ 2
LR _ ~ALL R
CDQ*D_O — ZCDofﬁo * Buc (43)
Con 15, = Chy 1y - (Bue)* (44)

In the considered limit qu = Vjp cos a3 — Vs sinaps, and for convenience we introduce

R _ My
uc = 20 2772 27
meVig +meVe +my Vi,

(45)

Due to the hierarchy in masses of up-type quarks and the structure of CKM, one can
deduce that BR. < 1073, so the contribution of the RH currents are suppressed.

Wilson coefficients were evaluated by means of Flavio (2.0.0) [16] package at the scale
1 TeV scale. Given the Wilson coefficients we can calculate flavour observables. Let us now
discuss the analysis of the predictions in more detail.

4. Results of the Study

Taking into account all the above-mentioned experimental constraints, we find the
allowed parameter space in the U(1)’ model. We consider the log-likelihood function
incorporating the experimental measurements, and fit the three parameters My /gE, a3,
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Q23

and either B3 or B13. We assume that —71/2 < a3 < 0, since negative angles give rise to
the negative contribution to Cy favoured by model-independent studies (see, e.g., [17]).

Figure 1 demonstrates how one- and three-sigma regions for different constraints
overlap. The blue, green and purple regions depict bounds due to Rg+, P, and Ay,
respectively. In spite of large uncertainty, the constraint on the Dy — Dy mixing restricts
|azs| < 0.20 and is not shown.

Qo3

—0.4

—0.6 1

-0.8 T
0.0 0.2

0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 1.0 1.2 1.4

0.8
Ba3 B3

Q23

1 16 18 20 " 10 12 14 16 18 20 22 2
MZ//gE,TeV Mz//gE, TeV

Figure 1. Overlapping 1-3c regions due to experimental constraints on the indicated observables for 13 = 0 (left) and
B2z = 0 (right). Our benchmark points (BMPs) are marked with an asterisk.

The best-fit points are obtained by means of Iminuit package [29] that utilizes the
MINOS algorithm [30]. One can see that the quark mixing angle is tightly bounded near
a3 ~ —0.05 (B13 = 0) and ap3 ~ —0.19 (B23 = 0). The minimum of the log-likelihood
function correspond to our benchmark points (BMPs):

BMP1 : ap3 = —0.054(4), a3 = 0.66(11), My /gr = 10.55(1.60) TeV, (46)
BMP2 : ap3 = —0.190(4), 13 = 1.04(11), My /gp = 17.0(1.6) TeV, (47)

where we also indicate 1o intervals obtained from the fit.

It is clear that it is the bound on AMp_ coming from the B; — B; mixing that severely
restricts ap3. The recent lattice results [31] imply that the SM contribution to AMgp, is slightly
larger than the experimental central value. In our model we have operators involving
RH currents that can alleviate the difference. Indeed, adopting the formula from [13] to
our case

5TeV
Mgy /g

AM.SSM+NP
AMEM

2
~ ) sin?(2az3) [1 +(BR)? —9855] (48)

1+50<
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SM+NP exp
we see that for 14 (BR)? — 9B < 0it s possible to achieve A]ZIMS:A 2%5 o =~ 0.96.

Given the formulas for Rg and Ry (see Equations (14) and (17) of reference [32]), one
can show that in the considered scenarios the differences (5, VA = B B 1)

cos2By —1

(B‘XJA - Be“giA),Bw:O = > ’ (49)
—_A —_A 1 —cos 2ﬁ13
(BI‘J/V - Bé“é )523:0 = 5 ’ (50)

control the sign of the corrections to Rx and Ry. From Equation (38) we deduce that for
a3 < 0either R 2 1and Ry < Rk (B13 = 0) or Rk S 1, Ry 2 Rk (Boz = 0). Clearly,
the first scenario is disfavored by current experimental bounds. Nevertheless, we analyse
both of them and examine whether the flavour anomalies can be accounted for, or at least,
relaxed in comparison with the SM.

To get separate bounds on gr and My we consider constraints on Z' production
at the LHC (see also, reference [33]). We take into account the results of LHC searches
pp — Z' — 11[27,34] and pp — Z' — tF [35]. To estimate relevant cross-section we use the
following simplified expression:

! C/ ,M/
(f(pp—>zf_>f):K.(ZI_i_l).ZF(XN?qq)_ qq(ss Z).
74’ z

Br(Z' — f), (1)

where | = 1 is the spin of Z/, and the final states are either f = e¢, yji or f = tf. The
dimensionless factors C,

1
o= | Eawa /o)t ] e

X
M2,/
71!

are given in terms of quark distributions g(x) and are evaluated at the scale Q* = M%/

To estimate the cross-section we use the MSTW2008NLO [36] set of PDFs and the code
ManeParse [37]. For the dilepton final state we take into account the leading QCD correc-
tions by introducing a K-factor K ~ 1.26 (see e.g., reference [38]). In our study we assume
that all SUSY particles coupled to Z’ are much heavier that the boson, so Z’ can only decay
via the interactions given in (28).

In Figure 2 we present the regions in the (gg, M) plane for fixed values of the angles
corresponding to our BMPs, which are excluded by recent searches [27] pp — X — 1. The
constraints due to pp — X — tf turn out to be much weaker. It is worth noting that larger
values of the quark mixing angle a3 give rise to a more restrictive bound on the parameter
space. On the contrary, non-zero values of fy3(13) can reduce the coupling Z'up(ee) and,
thus, relax the corresponding constraints.

Let us also mention that the value of the U(1)" coupling at the weak scale can be
bounded from above by the requirement that there should be no Landau pole up to
A = 10" GeV (Planck scale). Given the one-loop beta-function

3g% 3. A\ V2
2 OE < | Z1n=
,B 167T2 Qz 272 = gE(I/l) = (7_[2 In " ) ’ (53)

one can deduce that (see also [24])
ge(1TeV) $0.3, (54)

which motivates our choice of the gr upper limit in Figure 2.
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Figure 2. Constraints on ¢ and Mz due to the searches pp — Z' — 11 [27]. The left figure corresponds to f13 = 0, while the

right one to B3 = 0. The benchmark points are indicated and the corresponding parameters are shown. The shaded region

is excluded. Straight lines correspond to different values of My /g in TeV, and the green band reflects the uncertainty of
the fitted value.

One can see that BMP1 with My, /g ~ 10.55 TeV lies just at the boundary of the
excluded region, which make this point very unnatural. On the contrary, there is some
freedom in the choice of My and gr for BMP2 with My /gr ~ 17 TeV, we assume that our
BMP2 has minimal possible value of My = 2300 GeV with the corresponding gr = 0.135.

Table 2 presents the model predictions for our benchmark points. The uncertainties
given in Table 2 for the observables are related to the variation of parameters and are
calculated using the Flavio (2.0.0) [16] package. For the LHC cross-sections at 13 and
14 TeV we give our estimates of the upper bounds since we neglect possible decays of Z’ to
non-SM particles.

Table 2. Model predictions for the best fit values. BMP1 corresponds to ap3 = —0.054, B23 = 0.66, M’Z = 3160 GeV, g = 0.3,
while BMP2 to ap3 = —0.19, B13 = 1.04, Mz = 2300 GeV, gr = 0.135. We do not give experimental bounds [27] on
0;1(v/s) = o(pp — Z' — 1) in the table since they are different for different Mz masses.

[1.0—6.0] [1.1—6.0] '[4.0—6.0] -1 BR(B— o1 (13 TeV),  0(14 TeV),
Obs Ry Ry Py AMg,, ps Ku(e)T) fb fb
Exp 0.846 (63) 0.69 (11) 0439 (111) 17757 (21)  <45x10° - -
SM [16] 1.0008 (3) 0.9964 (6) —0.76 (8) 189 (12) 0 - .
BMP1 121 (20) 0.76 (7) 043 (9) 17.4 (43) 7(6)x 1078 <0.017 <0.029
BMP2 0.65 (6) 0.87 (2) ~0.34 (9) 17.5 (8.3) 42)x 1079 <0.067 <0.099

The estimated uncertainties for AMp, are rather big, which indicates that the scenarios
are fine-tuned. Nevertheless, we see that both our benchmark points can easily account for
AMp,, and PE/) in the central qz region. As we discussed earlier, we have different predictions
for Rg and R in two considered cases. While the tension in Ry can be alleviated, Rx > 1
suggests that BMP1 is excluded. For BMP2 the U(1)" model can accommodate smaller
values of Rk. Yet we predict Ry > R, so future measurements of Rx and Ry can either
favour or exclude the scenario.

In the Table 2 we also add our predictions for BR(B*™ — K™ ut) and BR(B* — K*et).
The BaBar Collaboration give the following 90% C.L. upper limits [19]:

Br(BT — KTt u") <45x107°,  Br(Bt = K'tTu~)<28x107°,  (55)
Br(B" = Kf1t7e") <43x10°,  Br(B" - K'tte ) <15x107°.  (56)
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The computed values are far below current experimental bounds (56). Unfortunately,
the model does not produce BR(B™ — K™ p(e)7) sufficiently large to be observed at Belle
I1[39] (5 x1077).

5. Conclusions

We investigated the possibility to accommodate for the well-known flavour anomalies
in the context of a U(1)’ supersymmetric extension of the SM with non-holomorphic soft
terms. Contrary to previous studies, we extend the analysis to account not only for the
quark and lepton masses together with the CKM matrix but also for the PMNS mixing
of neutrinos. Moreover, we enumerated all relevant mixing parameters in quark and
lepton sectors and, in addition to encoded in CKM and PMNS matrices, introduce four
CP-conserving angles and four CP-violating phases.

To simplify our phenomenological analysis we restricted ourselves to the CP-conserving
scenario with two additional angles: ay3 in the quark sector and either B3 or B3 in the
lepton sector. We considered four-dimensional parameter space (g, Mz, €23, B23(13)), com-
puted relevant Wilson coefficients, and took into account experimental flavour data to fit
the ratio Mz /gg of the Z’' mass and the U(1)’ coupling ¢r together with the additional
fermion mixing angles.

Our analysis demonstrated that the most restrictive bound comes from the B; — B
mixing. Nevertheless, due to the presence of right-handed operators, it is possible to relax
the tension between the SM prediction and the experimental value. Another interesting
observation is the hierarchy between Rk and Rj. In the considered scenarios we either
have Ry > Ry (B13 = 0) or Rg < R (B23 = 0). Unfortunately, the case f13 = 0 give
rise to Rg 2 1 and it is hard to accommodate the anomaly. We took into account the
results of LHC searches and found viable points with My 2 2300 GeV and g¢ < 0.3. We
also considered lepton-flavour violating semileptonic decays of B mesons predicted in
the model. Unfortunately, the branching ratios Br(B* — K*ut) ~ 1078 and Br(BT —
KTet) ~ 1077 are far below current and future experimental limits.

Of course, our analysis is far from complete and we plan to extend it, e.g., by comput-
ing more observables and considering scenarios with CP-violation. We also expect that the
case when both B3 and B,3 are non-zero has richer phenomenology.

Finally, let us mention that the parametrization of the effective Yukawa matrices in
terms of additional angles and phases proposed in the paper can be used in comprehensive
analysis of the full model with the SARAH/SPheno toolkit [40].
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