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that the Z’ mass is close to 3 TeV.
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1 Introduction

The recently discovered Higgs boson with mass around 125 GeV creates some tension in
the Minimal Supersymmetric Standard Model (MSSM). This is because its quartic inter-
action comes only from its supersymmetric gauge interactions at tree level, resulting in the
well known result that at tree level the Higgs mass is no greater than the Z boson mass
of 91 GeV.

1
M tree = (9% + g0 cos® (28) < m3 (1.1)

Evading this constraint with minimal matter content requires significant radiative correc-
tions from stop loops, necessitating some combination of a large soft SUSY breaking mass
and large A-terms. This in turn incurs a large fine tuning penalty in the Higgs potential



due to the quadratic sensitivity of the Higgs soft mass to these parameters. It is possible
that this little hierarchy problem is resolved by extending the matter content of the MSSM
to allow for new tree level contributions to the Higgs quartic, either from F-terms as in
the NMSSM [1, 2], indicating the presence of new chiral superfields, or from new D-term
contributions as is possible in gauge extensions of the MSSM [3-5]. The latter possibility
predicts the existence of heavy gauge boson resonances that may be observable at the LHC.

With this in mind, it is intriguing that a number of small anomalies with local signifi-
cance of up to 3.40 have been reported by the ATLAS and CMS experiments which might
speculatively be interpreted as resulting from a new resonance with mass 1.8-2TeV. The
most significant excess is in an ATLAS search for resonances decaying in pairs of SM vec-
tor bosons (either W or Z) which in turn decay hadronically [6], finding a maximum local
significance of 3.40 and limits weaker than expected for diboson resonances with masses
between 1.8 and 2.2 TeV.! However, their leptonic and semileptonic searches for diboson
resonances which have a similar sensitivity in this mass range saw no deviation from SM
expectations [9, 10]. A combination of these ATLAS searches finds a maximum significance
of 2.50, with limits weaker than expected in the mass window 1.9-2.1TeV [11]. A CMS
search for hadronically decaying diboson resonances saw a much smaller excess of 1-1.5¢0
in the mass window 1.8-2.0 TeV [12], and their semileptonic search for a leptonically de-
caying Z and a hadronically decaying vector boson found a 1.5¢0 excess in the mass window
1.7-1.9 TeV [13]. A CMS search for W H resonances decaying into [vbb found a 1.90 excess
in the mass window 1.8-2 TeV. In addition, CMS and ATLAS find modest excesses in their
dijet mass distributions in the window 1.7-1.9 TeV with significance 2.20 and 1o respec-
tively [14, 15]. Finally, a CMS search in the eejj final state found a 2.80 excess consistent
with being produced by a resonance in the mass range 1.8-2.2 TeV [16].

It has been pointed out that a compelling candidate to explain these anomalies, if
they are indeed a first hint of new physics, is a W’ from a broken gauge symmetry which
couples to right handed (RH) currents [17-28], as in models with Left-Right symmetry
(LRS) [29, 30]. Firstly, such a particle is not constrained by the strong limits on [*]~ or lv
resonances if it is charged and does not have a significant coupling to LH leptons. Secondly,
the eejj excess might be explained by a decay chain via RH neutrinos, Wr — ervp —
ererjj [31]. The possibility of a new gauge symmetry is exciting in and of itself, but it
could have a very special significance in the context of a supersymmetric theory due to the
interplay between gauge symmetries and the Higgs mass. The purpose of this paper is to
explore the possibility that these anomalies could be directly related to the Higgs mass.
We therefore consider a model with 1.9 TeV Wgx with properties necessary to explain the
anomalies.

The simplest possibility for electroweak symmetry breaking (EWSB) in these models
is that it is generated by the vevs of a bidoublet under SU(2);, x SU(2)g, which contains
the H,, Hy fields of the MSSM with vevs vy, vq. This provides the W;—Wpg mixing that is
necessary for the diboson decay signature. As we shall review in more detail in section 2,

!See also [7, 8] for a detailed discussion of this excess.



the D-term contribution to the Higgs mass in these models is given by [32, 33]

1
M e < 7 (97 + 9R) v7 cos? (28), (1.2)

where tan 8 = v, /vg as in the MSSM. Large contributions to the Higgs mass therefore
require large gr and large tan 8. In a minimal model this is not possible to reconcile with
the anomalies. This is because the partial width I'(W’' — W Z) is suppressed by a factor
sin?(23)/24 compared to the partial width into dijets. A recent paper [17] fitted the cross
sections for the dijet and diboson signatures, and found that

o x BR(W —» WZ) sin?283 24 fb (1.3)
ox BR(W’' — jj) 24 144 fb° '

Satisfying this inequality requires tan § ~ 1. Furthermore, fitting the overall signal cross
section requires gr/g < 0.8 in minimal models [17-28], since oy o g%. Fitting the excess
with larger tan 8 and gr therefore requires a departure from minimality. This might be
possible by suppressing the Wx coupling to the RH quark doublets, which would modify
the Drell-Yan production cross section and the inequality of eq. (1.3). In this paper we
achieve this by introducing a vector-like charge —1/3 quark for each generation which
mixes with the SU(2)r quark doublets after that gauge symmetry is broken. The right
handed down-type quarks of the SM are then admixtures from the SU(2)g doublets and
the singlets, with some mixing angle 6;. The Wgrurdr coupling is then suppressed by
a factor of cosfy. Varying this mixing angle allows the freedom to fit the data with a
larger value of tan 3, and since oy g%% cos? 04, a smaller cosfy also allows the excess
to be fit with a larger gr. It is worth noting that while we introduce these new fields for
purely phenomenological purposes, they are expected in E6 GUTs [34]. We do not explore
the neutrino sector in this paper, and therefore do not discuss the eejj signature in any
detail. The collider phenomenology of the right handed neutrinos might be modified by
light electroweak SUSY states such as Higgsinos as has been discussed in some detail in a
recent paper [24].

We describe the model in section 2, where we also review non-decoupling D-terms and
the relevant experimental data. The main results of our paper — the implications for the
Higgs mass in our model — are presented in section 3. The couplings associated with
the new quark fields are strongly constrained by flavour changing neutral current (FCNC)
observables, which we discuss in section 4. Finally, we review the main conclusions of this
work in section 5.

2 The model

We work with the gauge group SU(3). x SU(2)r x SU(2)r x U(1)x, with a symmetry
breaking SU(2)g x U(1)x — U(1)y at ~ 2 TeV. The chiral superfields of the model are
summarized in table 1. In general, the RH gauge symmetry might be broken by some
combination of doublet and triplet vevs

H* A+ A+t - 1A~ va . A
HR = vD R 0 ) A - UAQ 0 1A+ 5 A - 3__ \/5 t_ . (21)
N & TAT A A 1A



SUB). SU@2), SU@2)r UQ)x
Qri = (ur;,dy;) O O 1 1/6
i = (A uR;) D 1 D —1/6
D’; U 1 1 -1/3
D¢ ad 1 1 1/3
LLi = (VLiagLi) 1 Il 1 —1/2
LRi:(ERiayRi) 1 1 [l 1/2
® = (H,, Hy) 1 O ] 0
A A 1 1 3 +1
Hp 1 1 (] 1/2

Table 1. Chiral superfields.

The Hp might be identified with a RH lepton doublet, or else must come with a conjugate
superfield with opposite X charge for anomaly cancellation. For simplicity we assume such
a field does not acquire a significant vev, though this would not significantly alter our
conclusions. The unbroken hypercharge generator is given by

Y=Th+X, ¢ 7°=g5"+95" (2:2)
Writing v2 = v + UQA, the W’ and Z’ masses are given by
miy, = lg% (207 + ) (1+0 L (2.3)
4 22}% + v%
2
my = = (gh+ g%) (0 +03) (140 (2 (2.4)
4 41}% + fu%

with v = 246 GeV the EWSB vev. By analogy with EWSB, the relation between the W’
and Z’ masses can be parametrized in terms of a new Weinberg angle, 6,,/, and p’ parameter

m,
Z =L (25)
My Cw’
with ) 5 o
_ gR Sw9
1<p <2 =20 =1 2w (2.6)
T gh 4+ g% g%

For pure doublet breaking p’ = 1 as in the SM, while for pure triplet breaking p’ = 2.
If EWSB is achieved with by a bidoublet ® = (H,, Hy) with vevs v,/v/2,v4/v/2 and
v? = v2 4 v3 then the W;-Wg mass matrix is given by

1 g*v? —2ggRUy U
My r== d . 2.7
W.LR = 4 (29931}22}(1 g}% (21}% + v% + 112) 27)

This matrix is diagonalised with a rotation angle

2

sing ~ I8 TW g 98, (2.8)
g My




with tan 8 = v, /vg. The decay responsible for the diboson signature, W/ — WZ, has a
width given by
m5 / 92
T(W —WZ) ~ %—2 sin? ¢
192mmi,m7, ¢,
mW/ 2 .

= 102, R sin? 23, (2.9)

which can be calculated from the kinetic terms of the Lagrangian [17, 35]. The diboson
signature is therefore maximised for v, ~ v4 and hence sin 25 ~ 1.

2.1 Non-decoupling D-terms

In this model, the D-terms in the Higgs sector are given by
g 2 7 NP 2
Vo =% |00, + %L |}, Hr +2810,0 + 28 0,8 + 00,01

2 —_—
+ %X ‘2ATA —9AA + Hi,Hy (2.10)

‘2
Substituting in the vevs of eq. (2.1) and focussing on the terms relevant for the calculation
of the potential for the neutral EWSB Higgses, we arrive at

1 2
Vo ¢ (o* + ) (110" - [H3P?)

2
+ %Re (20080 — 2038" + op ) (|HE|" - |HI[") - (2.11)

The effective D-term for the MSSM-like Higgs fields is obtained by adding the first term
from the equation above with the term obtained by integrating out the linear combination
Re(2uaA? —2v AZO +vpHY). This field is the scalar superpartner of the Goldstone which is
eaten by the Z’, and in the supersymmetric limit in which this symmetry breaking occurs far
above the scale of supersymmetry breaking the mass of this field is the same as that of the Z’
and integrating it out returns the classic MSSM result, Vp = (g%+¢")(|H2|*—|HJ|?)/8 [3-5].

In the case that mgusy ~ myz that we will be considering in this paper, this scalar will
gain an additional SUSY breaking contribution to its mass that is important for calculating
the effective quartic for the EWSB Higgses. The general result is that the tree level Higgs
mass contribution from D-terms is given by

9%

2 2 2 2
g~ +&gR) v°cos” 28, E=1— — 2.12
( 7) gh+ 9% +6 (2.12)

=~ =

2 _
mh,tree -

Any model dependence is encoded in the parameter §, which interpolates between the
decoupling limit (6 — 0) and the non-decoupling limit (§ — 00).2 The relation between §
and the paramers of the scalar potential is generically of the form § ~ m3/ ’UI%L, where my is
the typical scale of the SUSY breaking parameters in the SU(2)z Higgs sector. The precise
form of this relationship will be model dependent, but larger values of § will generically

2We have implicitly assumed that the decoupling limit exists in this discussion.



correspond to a greater degree of tuning in the SU(2)r breaking potential. We discuss a
simple model of triplet breaking in appendix B which illustrates the main points. For our
numerical work in the next section, we take as benchmark points the values é = oo and
0 = 2.5 to describe tuned and untuned scenarios respectively.

As in the MSSM, the D-term contribution to the Higgs mass is maximised for cos 23 =
1, while the diboson signature is maximised is for sin 23 = 1, eq. (2.9). This is a key tension
in trying to reconcile the diboson signature with large non-decoupling D-terms.

2.2 Exotic quarks
The couplings of the quarks to the Higgses are given by the superpotential
W 2 yQr®Q% + 2D'HrQ% + M D' D' (2.13)

where y, z, M are matrices in flavour-space. After the breaking of SU(2)r but before
EWSB, a linear combination of d’§, D' marries the field D" and obtain a large Dirac mass,

mp ~ +/(2vp)2/2 + M2, with the remaining linear combination remaining massless and
which can be identified with the RH down-type quarks of the SM, d%. We can write

d% cd d’s Sd D¢
sh | ~ 4 s |+ Sd S'e (2.14)
b% Ch b5 Sp B¢

with cq = cos 64, 54 = sinf, and tan 63 ~ z11v4/(v/2Mi1). In the limit M — oo we recover
the structure of a minimal left-right symmetric model, in which the RH down-type quarks
are SU(2) r partners of the RH up-type quarks and s4, s, — 0. In order to evade constraints
from FCNCs, we have assumed that the upper left 2 x 2 block of the rotation matrix is
close to the identity matrix and the mixing between the third and first two generations are
small. This structure might be enforced by an approximate U(2) x U(1) flavour symmetry.
We will explore the constraints on this flavour structure in more detail in section 4.

Because the up and down type quarks couple to the bidoublet with the same Yukawa
matrix y, the expectation from eqgs. (2.13) and (2.14) is that their masses have the rela-
tionship

~

my | me tanf o omy  tanf (2.15)

)

mq ms Cd mp Cp
The mass relationships for the light quarks might easily be modified without introducing
large FCNCs either as a result of additional loop contributions from the squark sector [36],
or from additional small sources of EWSB which couple to the first and second generation
quarks via non-renormalizable operators [37]. However, it is difficult to account for the
mass ratio for the third generation quarks with small tan 8 and ¢, = 1 by altering the
EWSB sector without also suppressing the diboson signature. On the other hand, this
mass ratio is well accounted for if ¢, ~ tgmy/my =~ tg/35. We will assume this relationship
in this paper. This means that b% is mostly an SU(2)g singlet and the partial width for
W' — tb is suppressed by a factor c%. On the other hand, due to the potential sensitivity
of the light quark masses to other small corrections we do not use these mass ratios to

constrain cg.



As a consequence of this mixing, the production cross section of the W’ and its partial
width into dijets are modified:

oW X 4 gh, (2.16)
.. mw
r (W' — ]j) = c?lg%%, (2.17)

(W —=WZ) sin?23 (2.18)
LW —jj)  24¢%° ‘

A smaller ¢4 allows for a larger diboson branching fraction, providing the freedom to

lower sin? 24, due to eq. (2.18). It also allows the same W' cross section to be achieved
with a larger gr due to eq. (2.16). The combination of these factors is what allows for
an enhancement of the tree level Higgs mass in eq. (2.12) compared to the minimal model
which corresponds to cg = 1. It is worth bearing in mind that while we are mainly driven by
the relation between the experimental excesses and the Higgs mass, the region of parameter
space near c¢q ~ tgms/m. ~ tg/14 might be particularly interesting for flavour physics.

It is expected that the first and second generation exotic quarks D, S would decay via
D — Zj, D — Wj with significant branching fractions via W/-W and Z’-Z mixing. Only
one dedicated LHC search exists for this scenario, a search for Q — Wq by the ATLAS
experiment [38]. They found a broad 20 excess, and excluded the mass range 320 GeV to
690 GeV for BR(Q — W¢q) = 100%. There are no exclusions if this branching ratio is less
than 40%. On the other hand, there are a variety of searches by both the ATLAS and CMS
collaborations for bottom quark partners decaying via B — hb, B — Zb, B — Wt [39-43].
The strongest bounds were set by CMS, which found upper limits on the mass of the bottom
partner ranging between 750 GeV and 900 GeV depending on its branching ratios. Giving
the bottom partner a sufficiently large mass to evade these limits requires vp 2 1 TeV if the
theory is weakly coupled. Since we are allowing for a dominantly triplet-breaking scenario
with p’ ~ 2 in our analysis, it needs to be checked that this is compatible with a TeV scale
doublet vev. Indeed, setting gg = g and vp = 1 TeV results in p’ = 1.97 and vy = 4.0 TeV,
while for ggr = 1.4 g we get p’ = 1.94 and vy = 2.8 TeV. It is therefore compatible to take
p =~ 2 while assuming the vector-like quarks are heavy and mix significantly with the
doublet quarks.

3 Results and discussion

In this section we explore the parameter space of the model in order to find regions that
can explain 2 TeV anomalies and generate a large D-term contribution for the Higgs mass
without being excluded by other searches. The main parameters controlling the W' sig-
nature in the diboson and dijet channels are gg, cg, tan 8. In this section we choose to
set BR(W’' — SM) = 100% for simplicity of the analysis. Additional decays are possible
into /rvr (which might be responsible for the eejj excess), into exotic quarks, squarks
and other SUSY states, and to additional states in the Higgs sector.> We provide a brief
discussion of these effects in section A and figure 6.

3Tt is worth noting that it is possible that decays via new Higgs bosons into three body states might also
contribute to the ATLAS hadronic diboson excess [44].



Experimental Input Theoretical Input Eq.

myy = 1.9 GeV IR > g Sw/Cw
2.4 fb < oz < 10.2 fb 0<ci<1 (2.14)
46 tb < 0j; < 144 1b tan g > 1
1<p <2 (2.5)
§=00,25 (2.12)

BR (Z' — SM) = 100%, 66%
BR (W' — SM) = 100%

Table 2. Parameter ranges considered in this analysis.

Important constraints on the parameter space will come from limits on the mass and
couplings of the Z' due to LHC resonance searches and due to electroweak precision con-
straints. This makes the parameter p’ relevant to the analysis. Additionally, the Higgs
mass depends on the parameter § which we will take as either 2.5 or co. We use the fits
to the W’ diboson and dijet signatures provided in [17]. The W’ and Z’ cross sections and
branching ratios are calculated using the couplings listed in appendix A and the NNPDF2.3
NLO PDF set [45], multiplied by NLO K-factors of 1.15 and 1.16 for the W’ and Z’ respec-
tively [6, 46]. The dominant uncertainty in the production cross sections comes from the
uncertainties in the PDF data sets at large x, and we find them to vary between 10-40% for
Drell-Yan production of vector bosons with masses between 2 and 3TeV at /s = 8 TeV,
consistent with the results of [22]. The parameter ranges considered in this analysis are
summarized in table 2.

In the case that the right handed leptons are embedded in SU(2)gr multiplets, the
7' will be strongly constrained by dilepton resonance searches for sufficiently large gg.
ATLAS and CMS have set limits on sequential Z’ resonances (which are assumed to have
the same couplings to fermions as the SM Z boson) at ~ 2.8 TeV [47, 48], and the limit in
our model will generically be comparable. Dijet resonance searches are far less constraining
for this scenario. There are also important limits on Z’ masses and couplings coming from
electroweak precision tests, especially those constraining the oblique parameters, four-fermi
operators involving at least two leptons, and from measurements of the Zbb couplings. In
order to assess these constraints we use the formalism and results of [49]. That analysis
neglects the constraints coming from four-fermi operators involving right handed quarks
as these are generically weaker. However, in the limit of large gr these might provide
important constraints, and so we separately consider the limits on these effective operators
derived in [50]. We find that these indirect constraints are always weaker than the ones
coming from dilepton resonance searches for the standard lepton embedding.

We also consider the leptophobic case in which the right handed leptons are not charged
under SU(2)r. One possible implementation of this possibility which does not introduce
gauge anomalies is to introduce three generations of SU(2) g singlet charged leptons which
mix with those in the SU(2)g doublets, in the same fashion as for the down-type quarks.
In this scenario the direct constraints coming from dijet and dilepton resonance searches
turn out to be comparable and weak. The limits coming from corrections to the oblique
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Figure 1. Maximum tree level Higgs mass from D-terms consistent with W’ data and limits on
Z' — 44, for 6 = 2.5 and BR(Z' — SM) = 100% with the standard lepton embedding. In
each plot we have optimised over all remaining parameters, as explained in the text. Dark grey:
incompatible with the 2 TeV anomalies. Light grey: excluded by Z’ — ££. Contours: maximum
tree level Higgs mass from D-terms compatible with the above requirements, in GeV. In the region
shaded green, it is possible to exceed the MSSM tree level Higgs mass bound of 91 GeV. The blue
line is ¢3/c; = mZ/m3, near which the charm/strange mass ratio might be explained by the exotic
quark mixing.

parameters then turn out to be the most constraining, which are a consequence of the tree

level Z—Z' mixing given by
. 9gR WQZ
Sin HZZ/ ~ — m2 CyCoy' - (31)
Z/

The constraints from four-fermi operators are weak due to the small coupling of the Z’
to leptons, and the corrections to Z — bb are small due to the fact that by is mostly an
SU(2) g singlet.

In figure 1 we set 6 = 2.5 and BR(Z' — SM) = 100% and take the RH leptons to
be charged under SU(2)g. In the left plot, we scan the cfl, tan 8 plane. In the dark grey
region in the top right of the plot, it is not possible to explain the diboson excess without
being excluded by dijet resonance searches. This can be seen by noting the ratio between
these two widths depends only on tan 8 and cg

owz sin?(28)
O‘jj N 24 C?l

(3.2)

Similarly, the dark grey region in the bottom left of the plot cannot explain the dijet excess
without being excluded by the upper limits on the diboson cross section. The remaining
region of parameter space is a funnel which can simultaneously explain both excesses.
At a generic point in this region, there are a range of values for ggr compatible with the
excesses. For small 03, gr is required to be large to generate a sufficiently large W’ cross



section due to the relationship o(W') o g%%c?l. On the other hand, large gr reduces the

mass splitting between the Z’ and the W’ and increases the Z’' production cross section,
while the dominant production channel for this Z’ at the LHC is ugrtig — Z’ which is
not suppressed by a small mixing angle. The Z’ has a significant dilepton branching ratio
of 8-18% and so this region of parameter space is constrained by the dilepton resonance
searches. In the light grey region in the top left of the plot, it is not possible to evade the
7' limits while explaining the W' excesses.

In the surviving region of parameter space we calculate the maximum value of ggr
compatible with the constraints and use this to calculate the maximum D-term contribution
to the Higgs mass, which is shown in GeV by the labelled contours. The region of parameter
space compatible with 1my, {rce larger than the MSSM tree level bound is highlighted in green.
The blue contour highlights the part of parameter space in which the charm/strange mass
ratio might be explained by the mixing with the exotic quarks. In the right plot we perform
a similar scan in the gg, tan S plane, this time optimising over cfl. In both plots we have also
optimised over p’ and over the parton luminosities within the 1o uncertainties calculated
from the NNPDF ensemble, assuming that the uncertainties on W’ and Z’ production are
completely correlated. In practise, this means setting p’ = 2 and using the lower prediction
for the parton luminosities, except for a narrow band at large tan 5 where higher estimates
are preferred. In figure 2 we perform a similar scan for § = oo and BR(Z' — SM) = 66%.
This would be the enhancement in the Z’ width if, for example, every SM fermion had
a light SUSY partner. In figure 3 we consider a leptophobic scenario with § = 2.5 and
BR(Z" — SM) = 100%. This time the paramer space is constrained by indirect constraints
on the Z’ in the regions labelled ‘EWPT’. In all other respects the procedure is the same
as for the previous plots.

We see that there is a region of parameter space with 0.1 < ¢2 < 0.5, 2.5 Stan3 <6
and 0.8 < gr/g < 1.2 with a D-term contribution to the Higgs mass at least as large as the
MSSM tree level bound consistent with requirement of explaining the 2 TeV and evading
Z' limits. Fine tuning considerations are model dependent, but a tree level Higgs mass
of 110 GeV is compatible with é = 2.5 which need not be associated with significant fine
tuning. Allowing the Z’ to have a significant branching fraction into non SM states allows
for a broader region of parameter space to explain the excess, as illustrated in figure 2,
though the main impact on the Higgs mass in this scan (which may exceed 120 GeV) comes
from taking the decoupling limit § — oo which would come with a significant fine tuning
penalty. Due to the weaker Z’ bounds, the leptophobic model allows for the greatest D-
term Higgs quartic as larger values of gr and tan S are permitted. A tree level Higgs
mass of 120 GeV is possible in this model with 6 = 2.5. Note that the line c?i = 1 which
corresponds to the model without the exotic quarks cannot accomadate a tree level Higgs
mass larger than 70 GeV while explaining the excess.

3.1 Implications for the Z’ and stops

Due to the constraints on gg, there is a close relation between the Z’ mass and the possible
enhancement to the Higgs mass. In the left of figure 4 we plot the maximum possible
tree level Higgs mass compatible with all constraints as a function of mys in each of the

~10 -
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Figure 2. Maximum tree level Higgs mass from D-terms consistent with W’ data and limits
on Z' — T4~ for § = co and BR(Z' — SM) = 66% with the standard lepton embedding. In
each plot we have optimised over all remaining parameters, as explained in the text. Dark grey:
incompatible with the 2 TeV anomalies. Light grey: excluded by Z’ — ££. Contours: maximum
tree level Higgs mass from D-terms compatible with the above requirements, in GeV. In the region
shaded green, it is possible to exceed the MSSM tree level Higgs mass bound of 91 GeV. The blue
line is ¢3/c; = mZ/m3, near which the charm/strange mass ratio might be explained by the exotic
quark mixing.

three scenarios described above. For large mys the size of gg is limited by eq. (2.5) and
the requirement p’ < 2, and this is the main constraint on the Higgs mass for my >
3 TeV. Converseley, small myz corresponds to larger values of gr. In this case, the main
constraint on the Higgs mass are the direct or indirect limits on the Z’. The kinks represent
the transition between these scenarios. We see that the requirement my yree > 100 GeV
can be satisfied only for 2.6 TeV < myz < 3.3 TeV, assuming the right handed leptons
have SU(2)g charge. The Higgs mass is maximized for my ~ 2.95 TeV. This result is
especially interesting in light of the anomalous 2.9 TeV dilepton event observed by the
CMS experiment with 65 pb~! of integrated luminosity [51]. In the case of a leptophobic
7', its mass might be as low as 2.2 TeV while still permitting a large D-term contribution
to the Higgs mass.

We now turn to a brief discussion of the radiative corrections to the Higgs mass.
In the MSSM, the Higgs mass might be raised to 125GeV by a large stop mass, but
this loop contribution grows more slowly than log(mtg /m?), requiring m; ~ 10 TeV in
the absence of large mixing between the LH and RH stops. This might be reduced to
~ (2-5) TeV for sufficiently large mixing in the stop sector. A comparison of results using
diagrammatic and effective field theory techniques can be found in [52], which compares
the codes SUSYHD [52], FeynHiggs [53], and SuSpect [54]. In our model the requirements
on the stop sector will be significantly relaxed due to the increased tree level contribution
to the Higgs mass. There will also be additional radiative corrections due to the new
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Figure 3. Maximum tree level Higgs mass from D-terms in the leptophobic model consistent with
W' data and EWPT, for § = 2.5. In each plot we have optimised over all remaining parameters,
as explained in the text. Dark grey: incompatible with the 2 TeV anomalies. Light grey: excluded
by EWPT. Contours: maximum tree level Higgs mass from D-terms compatible with the above
requirements, in GeV. In the region shaded green, it is possible to exceed the MSSM tree level
Higgs mass bound of 91 GeV. The blue line is t% /c% =m?2/m?, near which the charm/strange mass
ratio might be explained by the exotic quark mixing.

130F ] 10l ]
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Figure 4. Left: maximum D-term contribution to the tree level Higgs mass for a given value of m 2/
in three scenarios. Orange: § = 2.5, BR(Z' — SM) = 100%. Green: § = co, BR(Z' — SM) = 66%.
Blue: leptophobic, § = 2.5. Each line stops at small mz:, at the limit from direct searches for
dilepton resonances, or electroweak precision constraints in the case of the leptophobic model.
Right: stop mass required to raise the Higgs mass to 125 GeV without left-right stop mixing.

(s)quark states in the third generation, but these will not be log enhanced if there is not
a large splitting between the exotic quark and squark masses and so are expected to be
subdominant compared to the stop contributions. In lieu of a complete calculation of the
radiative corrections in this model, we use the following approximation to estimate the
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relaxed requirements on the stop sector. We consider the MSSM contribution in the limit
of no left-right mixing and large tan 8 and define the function

A(m3) = mj, (sswy (mF) — m. (3.3)
This function can be taken from the SUSYHD, FeynHiggs, and SuSpect calculations. We
then estimate the Higgs mass with the new tree level contributions as:

m%(m%) = mlzz,tree + A(m%) (34)

This approximation neglects additional wavefunction renormalization effects due to the
enhanced Higgs quartic, and threshold effects from the exotic states. In figure 4 right we
plot the stop mass required to achieve a Higgs mass of 125 GeV using this approximation.

We see that stops may be lighter than 1 TeV in this model, alleviating their contribution
to the little hierarchy problem of the MSSM. In this case, as in other such models which
address the tension between the MSSM and the Higgs mass, the main direct constraint on
the level of tuning comes from the limits on the gluino mass [55]. A heavy gluino contributes
to Higgs mass parameter at two loops and to the stop mass at one loop, making a large
hierarchy between the stop and gluino masses unnatural. Nonetheless, the channel Z' — tt
could be interesting to explore in run 2, with a branching fraction ~ 10% if the kinematic
suppression from the stop mass can be neglected. This would correspond to ¢ x BR ~ 4 fb
at /s = 13 TeV for my =3 TeV and gg = g.

4 Flavour constraints

There have been numerous studies of flavour constraints on generic LRS models [56-60]
and on models with vector-like down-type quarks [61, 62]. However, certain features of
our model prevent direct application of the existing constraints, and hence necessitates
a separate analysis. First, most constraints on LRS do not consider the effects of large
mixings with vector-like quarks in the RH sector, which reduces the coupling of the physical
light quarks to the RH gauge bosons. Second, the strongest constraints on most vector-
like quark extensions to the SM typically comes from tree-level Z FCNCs involving LH
quarks due to violation of the Glashow-Weinberg-Paschos condition [63, 64]. However,
this constraint is much weaker in our model since terms of the form HyQD’ are now
forbidden by the RH gauge symmetry, as a result of which there is an additional Yukawa
suppression in the mixing between d; and D’. Besides the above constraints, we also have
contributions to FCNCs that involve the superpartners, in particular new box diagrams
involving gluinos and the exotic squarks. On the other hand, these depend on parameters
such as soft squark masses which are not closely related to the phenomenology discussed
in the previous sections. There is also the possibility of cancellations between gauge boson
and supersymmetric diagrams as suggested in [65].

Since the complete analysis of all flavour constraints on the model is a rather formidable
task, we have restricted our attention to mainly tree-level and a small subset of one-loop
|AF| = 2 FCNC processes that are directly related to the new quarks. We postpone a
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more complete analysis, including CP violation and other FCNC processes such as b — sy
to future work. We find that the strongest constraints come from tree-level Z' FCNCs
involving the RH quarks, which we discuss in this section. Details of the conventions used
and constraints from other FCNC diagrams are presented in the appendix.

4.1 Tree-level Z' FCNCs

The interaction basis d5 and D¢ can be written in terms of the mass basis as

d's = (cRU%)* % + terms involving D€, (41)
D¢ = (SRUIC_%)* % + terms involving D°. '

Here, cg and sgr are matrices that describe the mixing between the d’ﬁ and D¢ as discussed
in section 2.2, except that we no longer assume cgr to be a diagonal matrix with elements
cqgand ¢p. U % is the RH unitary transformation that diagonalises the light down-type mass
matrix obtained from the pre-diagonalisation with cp and sr. For convenience, we also
define the RH equivalent of the CKM matrix

Further details of the definitions above can be found in the appendix.
Since d§ and D'® couple to Z’ differently, the Z'-coupling to the mass basis dp is
non-universal and given by the matrix CtZriedL, defined as

W jc potree = gc
ﬁ D) Z dCRCZ/—d%O-H R

T
ciee _9R [Lomy vp 1o (4.3)

Z'—ds, — cw |2 CKM

We now consider |AF| = 2 processes, in particular K — K mixing. While there is a large
mass suppression from myz in the propagator, if we simply regard cr as a completely
generic matrix of order O(cy), the contribution to Amg ends up being much larger than
the experimental constraints. Instead, we require that

2 /(R R 2
gr/g\ (0.9 (3 TeV (Veru Veka)12 < 0.001 (4.4)
1.2 ) \ew) \ myz 0.2

in order to satisfy bounds on Amg [66]. (Note that gr/g and ¢,y should not be regarded as

independent parameters.) In other words, the 12 elements of VéﬂMVé%KM should be much
smaller than typical values of O(c3).

To achieve a small (VgéMVé%KM)lz, one possibility is to consider an analogue of the
Glashow-Iliopoulos-Maiani (GIM) mechanism. We recall that VCRIEMVé%KM = (UIC_%)TCJJF%CRUI%,
and that Uf% is unitary. Therefore, should c}r%cR be proportional to the identity matrix, the
same will be true for VC%IMVCRKM so off-diagonal elements become zero. One could impose
an approximate U(3) flavour symmetry such that all the couplings are universal, in which
case cp is itself proportional to the identity. However, this is inconsistent with the down-
type mass spectrum which requires that the third diagonal element ¢; be somewhat smaller
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Figure 5. Regions in parameter space allowed by the tree-level Z/ FCNC constraints. 612 gives
the characteristic size of 12 alignment angles, while 635 does so for the 13 and 23 angles. J quantifies
the breaking of the universality in the first two generations.

than the first two elements c4. Instead, we impose an approximate U(2) symmetry for the
first two generations, and further require that the mixings with the third generation be
small. This ensures that cg remain approximately diagonal, while also suppressing the 31
and 32 elements of U]‘é. The suppression is required since the GIM cancellation is now
incomplete.

To quantify the constraints on z and M, we work in a D’ — D’® basis such that M
is diagonal. We then parameterise z as Uz%28V, where U and V are arbitrary unitary
matrices. For simplicity, we assume the 12 rotation angles in both matrices be of the
same order O(f;2), and the 13 and 23 rotation angles be of order O(f#3). We also define
a parameter ¢ that quantifies the breaking of the universality in the first two generations,
i.e. we expect that Mao/My; and (24198)9s /(2488)1; are both 1 + O(5). In view of the
requirements on cg, we expect a strong constraint on 3, and a possibly weaker constraint
on 615 that depends on §.

Figure 5 shows regions of 615 and 03 for different ¢ allowed by the tree-level Z’ FCNC
constraint. For each choice of the three parameters 615, 613 and 4, 1000 sets of mixing
angles, M and 2928 are then randomly generated with characteristic sizes specified by the
parameters. A parameter choice is “allowed” if at least half of the corresponding 1000
random sets are found to satisfy the Z’ constraints. We see from the plot that 63 should
be at most O(0.05 rad) which is comparable to (V)13 and (Vi )as, suggesting an
alignment similar to what is already in the SM. Meanwhile, the constraints on 65 are as
expected much weaker should the extent of universality breaking be small. For example, a
5% breaking will allow for a alignment angle of more than 1 rad.
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5 Conclusions

We have explored the possibility that an SU(2)r gauge extention of the MSSM which is
compatible with an explanation of the recent diboson, eejj and dijet resonance excesses in
terms of a 1.9 TeV Wx might also give rise to a significant non-decoupling D-term enhance-
ment to the Higgs mass. This requirement, combined with the limits coming from LHC
constraints on dijet resonances, requires a departure from minimality. We have therefore
been lead to an extended model which also includes a charge —1/3 vector-like quark for
each generation which mixes significantly with the SU(2)r doublets, suppressing the W’
coupling to quarks and allowing the excesses to be fit with larger gr and tan S. The mixing
angle for the third generation quarks suppresses the mass ratio my/m; and the branching
fraction of the W' into tb. Without this suppression, the absence of a signature in this
channel so far is a leading constraint on gg.

The additional quark fields raise many questions related to flavour physics, and we
have addressed some of these questions in this paper. We have argued that the strongest
constraints on the flavour structure of this new sector will come from FCNCs induced at tree
level by the flavour-violating couplings of the Z’. Nonetheless, an approximate universality
among the first two generations combined with an alignment of the mixing angles with
the third generation comparable in size with that already present in the SM CKM matrix
allows us to evade those constraints. Additional contributions to FCNC observables in the
quark and lepton sectors are expected to come from the extended Higgs sector and from
squark and gaugino loops. Furthermore, we have not yet provided a complete account of
the generation of the full flavour structure of the quark sector in the SM. On the other hand,
we have found that the region of parameter space which maximises the Higgs mass is also
compatible with the naive expectation for the charm/strange mass ratio if this is purely a
consequence of tan § and the mixing with the exotic quarks. We leave a complete analysis
of the flavour structure of this model to future work. While our analysis places no direct
constraints on the masses of the exotic quarks, it is possible that they are sufficiently light
to be directly pair-produced and observed at run 2 of the LHC. A natural expectation is
that they will decay into D — jZ with a significant branching fraction via the Z—Z’ mixing,
which would provide an opportunity to directly measure their mass from the invariant mass
of the j and Z.

The essential result of our analysis is that we have identified a region of parameter
space in a model with right handed leptons charged under SU(2) g with my, tree > 100 GeV
for 0.1 < c?l < 04,3 <tanf <6, and 1 < gr/g < 1.2 without imposing an irreducible
fine tuning. This region is broadened by relaxing the assumption BR (Z' — SM) = 100%
and by taking the extreme decoupling limit for the D-terms. The leptophobic scenario in
which the right handed leptons are not embedded in SU(2) g multiplets is also more weakly
constrained and allows for a larger contribution to the Higgs mass.

A key finding of this analysis is that the possible D-term enhancement of the Higgs
mass is closely related to the Z’ mass. A light Z’ is favoured for raising the Higgs mass, as
this corresponds to larger gg. On the other hand the Z’ is quite constrained by dilepton
resonance searches from LHC run 1 or electroweak precision measurements for my <
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3 TeV. We find that with the standard lepton embedding, the range 2.6 TeV < mz <
3.3 TeV is compatible with mp, tree > 100 GeV, while the Higgs mass bound is optimised for
my =~ 2.95 TeV. This scenario should result in a clear dilepton resonance at run 2 of the
LHC. On the other hand, the leptophobic scenario is compatible with large contributions
to the Higgs mass and is not excluded for myz > 2.2 TeV. This Z’ is more challenging to
discover at the LHC. Looking forward we should be paying close attention to any hints of
a 2TeV resonance in the new data from the LHC, but we should bear in mind that the
broader and potentially quite significant implications of such a resonance might depend
sensitively on the results of searches for related particles like a Z’, vector-like quarks and
leptons, massive neutrinos, etc.
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A W’ and Z’ couplings and partial widths

The partial widths for the W’ are taken as

2.2

.. &
T(W' = jj) = ggﬂdmwu (A.1)
g2 m2
D(W' — tb) = ZE Ly, (1 +0 ( . )) , (A.2)
167 mW’
/ 9k .2 myy
/ 9% 2 my
r = / . .
(W' — Wh) Too, W €os (a+B) <1+O(m12/v/>> (A4)

We take the decoupling or alignment limit for the Higgs, with o = S+ /2. Calculating the

W' production cross section requires the the coupling £ D gy W~ ugrd% + h.c. which

uRdR
is given by

IW'ugdp = YRCd- (A.5)

The Z' couplings to SM fermions, defined by £ D gz ¢pZ'f ', are given in the flavour

conserving limit by
9R
Gz ff =" (CZ,T}% — si/Y) (A.6)

Cy’
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where cq is the cosine of the mixing angle of the SM quark into an SU(2)g state. In
particular, the couplings are

9Z'uus, = cgj (—; + §Si/> 9Z'upup = ézw, IR (A7)
97'd%,ds, = % (Cj - ;8120/> 9z'drdr, = —ézq:: (A-8)
975,05, = cgj/ (; - 8%) 9200, = —;zi}: IR (A.9)
9z'vevg = —;ng 9z'vpvy = ;Zw IR (A.10)

The partial width to fermions is then given by (up to corrections of order mfc / mQZ,)

N
The partial widths into SM bosons, again up to corrections suppressed by mQZ/, are given by
7
L(Z —-WW)= lngZ/cw/ sin? 23 (A.12)
7
['(Z'— Zh) = meZ'Cw’ cos® (a+ B) . (A.13)

The width into WW' is suppressed by mW / mW compared to those above.

In figure 6 we explore the effect of allowing the W’ and Z’ to decay into right handed
neutrinos or first and second generation vector-like quark. In each case we assume that
the new particles are very light, and neglect any kinematic suppression from their masses.
There are two main effects at work. Firstly, the additional channels dilute the W’ diboson
signature, requiring a larger value of sin” 23 and a smaller value of tan 3. Secondly, these
channels also dilute the constraining Z’ — £¢ signature, allowing for larger values of gg.
The net effect is a small reduction in the allowed size of the tree level Higgs mass from
D-terms.

B Non-decoupling D-terms and fine tuning

We consider a simple model to illustrate the main features in the relationship between the
decoupling parameter § and the parameters of the SU(2) g breaking potential. Suppose that
U% < v% so that we have a triplet breaking scenario, and the triplet has the superpotential

W =\S (AA - f?), (B.1)

where we have introduced a singlet S. We also introduce soft masses
Viort = m%STS + mAATA + miAATA 4 By (AA+h.c). (B.2)
2

A
satisfies the minimization condition

For m4 = m% and m% > 0, there is a potential minimum with va = vz, (S) = 0, which

1
§A%2A = \f? —mA — Ba. (B.3)
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Figure 6. Allowed parameter space when considering additional BSM decays for W’ and Z’. In
each case, the region above and to the right of the coloured line is excluded. Case A: only decays
to SM states. Case B: include decays of the W’ and Z’ involving a single light generation of RH
neutrino with m,,, < mj;,. Case C: inlcude decays of the W' and Z’ to the first two generations
of exotic quark, with mp < my~. In all other respects the plot is generated as described in the
caption to figure 1 and the related text in section 3.

Integrating out the heavy field now results in

1., 2 012 11012\? 1 932
VD,eft D g (9° + €9R) (‘Hul |Hy| ) ; §=1 o, (B.4)
9R+9X7L72AA

This interpolates between the decoupling and non-decoupling limits, g% < 59%3 < 912%. We
see that the non-decoupling limit, m2A /’UZ — 00, can only be achieved at the expense of
a fine-tuned cancellation between terms on the r.h.s. of eq. (B.3). A crude fine tuning
measure can be defined by Apr = 2m3 /(A?v]). For A2 ~ 1, m% /va ~ 2.5 is compatible
with App ~ 5. There will also be a fine tuning associated with the sensitivity of the EWSB
Higgs soft masses to ma, but this arises only at two loops [67]

4
dmg ~ IR 2
dlogp 1674 2
This contribution to the fine tuning of the EWSB Higgs potential is usually subdominant

(DR). (B.5)

compared to that associated with the RH gauge symmetry scale, and so we will neglect
it here.

C Flavour constraints: additional details

In this appendix, we provide more details of the convention used in our flavour analysis,
and also present the constraints from other FCNC contributions that we have analysed.
Note that these constraints are significantly weaker than that from tree-level Z’ presented
in the main text.
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C.1 Down-type quark masses and mixing

Here, we introduce the conventions we have adopted for down-type quark masses and
mixing. The full 6 x 6 down-type quark mass matrix is given by M, where

£~ (dg D) M (dD’L,> +he,

y/’UD
M= fﬂ.
0 M

We have introduced a new Yukawa matrix ¢y which in general differs from y. This is

(C.1)

motivated by the need to modify the tree-level mass matrix as suggested in section 2.2 to
obtain the correct light quark mass relations. The origin of such a modification will be
discussed later.

We first perform block-diagonalisation of the mass matrix before EWSB, i.e. with
vg = 0. No transformation of the LH quarks is required, while the RH quarks transform as

d's CrR —3R * d'c

where d¢ and D"¢ are intermediate basis. In this basis, the full mass matrix becomes

0 0
M = ,
(0 MD> (C.3)

Mp =— UDst—I— TM

V2

We reintroduce the EWSB masses, so M’ is no longer block-diagonal

”dcT’ 0
M = ( Ly MD) (C.4)
V2R

Due to the hierarchy between the EWSB masses and Mp, we can use the see-saw formula
for block-diagonalisation. We define € = |vg4|/mp, where mp is the characteristic eigenvalue
size of Mp. The LH quarks now transform as

&\ _ (en st (d
D'  \sp ér D"

« C.5
(s (MDMT) Sy — Sy tsp(Mf) ! dj o
\”/‘LM sRy 1-— |vd|M sRyy’TsR(]sz)*1 D"’

with mixing angles of order O(¢). The RH quarks also transform but with much smaller
mixing angles of order O(€?), which we ignore for now. The full 6 x 6 mass matrix becomes

My 0
MII ~ ( > ,
0 Mp (C.6)

Vd
Md = ECTRy,.
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M, can be thought of as the 3 x 3 mass matrix for d} and df, and Mp for D” and D"¢. We
now perform 3 x 3 unitary transformations U¢, (U%)*, UP and (UE)* on the intermediate
basis to diagonalise these mass matrices. Combining all the transformations, we find the
following relation between the interaction basis and the mass basis:

d; _ (e —sTL UgdL

D/ ST, 6L Ui) ’

di\ _ (er —3r\ (U d5
D' SR CR (UR)De)"

For example, cLUg can be identified with the usual CKM matrix VCLKM, and cRUj‘% with

(C.7)

the RH analogue VCRKM.

We now discuss the quark mass spectrum. Generic LRS models require that the quarks
couple through two sets of Yukawa couplings to the bidoublet Higgs ® and its conjugate
®, to generate the correct up- and down-type mass spectrum. In our model however, the
coupling to ® is forbidden by the holomorphy of the superpotential, so we only have a single
set of couplings y. In the up-type mass basis, we expect that y = V2MI /v, where Mg
is the diagonalised up-type mass matrix. Meanwhile, due to the mixing between d% and
D¢, the down-type mass matrix becomes C}L{yvd /v/2, so a suitable choice of the matrix cg
should in principle reproduce the correct down-type mass matrix. For example, one can

reproduce the correct strange and bottom masses mg and my given cr of the form

cqg 00
cr~|0¢c 0|, (C.8)
0 ch

with the appropriate values of ¢4 and tan 3 taken from, say, figure 4. We have chosen the
first two diagonal elements of ci to be the same to avoid flavour issues, which we elaborate
later. However, the down quark mass my always ends up too small, even if we now increase
the first diagonal element from ¢4 to 1. As mentioned in section 2.2, one solution is to
introduce nonrenormalisable operators that can contribute to the down-type mass matrix,
analogous to the approach used in [37] for up-type quarks. This is equivalent to adding
to y a generic matrix of size O (\/ﬁm; / vu), where we have defined m), = m.mg/ms. The
modified matrix, which we denote as 7/, remains approximately diagonal and hierarchical:

Y~ 22 O(ml) me O(mZ) . (C.9)

We leave the feasibility study of such a modification to future work. We note that it may
also be possible to obtain the correct quark mass spectrum through loop effects involving
the SUSY-breaking terms [36].

There are various attractive features associated with having 3 of the form given in
eq. (C.9). First, as we shall see later, it helps to alleviate some of the FCNC constraints on
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the model. Second, since U g is the transformation that diagonalises 3/'Tc Rc}%y’ , and since ¢y,

deviates from identity only by O(e?), the form of 3 also ensures that Ug and hence Vé:KM is
close to identity with only small mixing angles, in agreement with measurements. Finally,
we note that the strongest constraint on CKM unitarity comes from the experimental
measurements [68]

Ackm = |(Vékm)ual” + [(Vindus” + (Vi w[* =1 = (=1£6) x 107" (C.10)

In the model, Ackn is suppressed both by a factor of O(e?) as well as the small elements
of 1/ and so satisfy the unitarity constraints.

C.2 Tree-level FCNCs

C.2.1 Higgses

In generic LRS models, due to the quarks coupling to both ® and CiJ, one linear combination
of the neutral Higgs can generate tree-level FCNCs, which in turn constrains its mass
to more than 10 TeV. In supersymmetric model, the coupling to ® is forbidden due to
holomorphy; however, the issue of tree-level Higgs FCNC still lingers in the down-type
sector due to the mixing with vector-like quarks. In particular, we consider the quark

tree

coupling C;'7¢ to the neutral down-type Higgs

1

LD \/id}%y’d'th +h.c
= —d%C}tlfieedth + (terms involving D and D) 4 h.c., (1)
Ciy® = V(]:%}IMy/VCLKM
1

. ’l)* .
= My™e — MUy 3R (Mp M)~ 3y U,
where Mgiag is the 3 x 3 diagonal matrix of down-type quark masses. Besides the overall
mass suppression of order O(e?), the off-diagonal terms of C}L’;ee are further suppressed by
the fact that Mgiag, y' and Ug are diagonal and/or hierarchical. As a result, the |AF| =2
FCNC contributions from this coupling turns out to be negligible.

Another source of tree-level FCNC is the down-type quark coupling to the neutral
component of the RH Higgs doublet Hgr

1
LD ——=dzdih% +he
V2

= —dRCi*°dh + (terms involving D and D°) + h.c., (C.12)
Ciee = Vé%IIMzsLU‘Li

= vaVaion#(Mp) ' 3ky'UY.

There is again a mass suppression of order O(e), while y' and U‘Li further suppresses off-
diagonal couplings except for dybr, and sibr. Therefore, the strongest constraints comes
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from B; — By mixing. Assuming experimental bounds on the operator (clisz)2 to be
comparable to that of (d%br)(drb%,), we find that [66]

<3 Tev>2 (2 TeV>2 ( 4 )2 ((V(?IIMZ(MD)lgTR)B)Q < 0.03, (C.13)

MHE mp tan 8 0.4

where we have defined Mp = Mp/mp so that it is a generic O(1) matrix. The reference
value of 0.4 for (VéﬂMz(]\ZfD)_lég)lg assumes cr to be a generic matrix of order O(cq),
and all other matrices of order O(1).

The constraint above seems to imply the need for some suppression of the relevant 13
element. However, one finds from numerical simulations with generic z and M that this
element is almost always already smaller than what is required above. A brief explanation
goes as follows: first, since UI% and Ug diagonalises Mp, we have Vé%}iMy’ Ug = Mjiag,
which implies that the 12 and 13 elements of Vé?‘IIM are necessarily small. Second, the
O(eq) hierarchy between ”—\/%z and M results in the combination z(M D)*léTR being roughly
diagonal. Combining both effects, we find the relevant 13 element to be much smaller than
the generic size.

C.2.2 Neutral gauge bosons

We now consider tree-level FCNCs from Z and Z’. We work in the basis before Z — Z’
mixing and regard the mixing as a perturbative mass insertion, in which case the couplings
to Z and Z' are simply (g9/cy)(T; — Qrms2) and (gsw/cw)(Ts/tw — Qxty) respectively,
where t,v = gx/gRr-

Since D’ and d) have different Z-couplings, the Z-coupling to the mass basis dj, is
non-universal and given by the matrix CtzriedL, defined as

LD Z'LLECtZrEGdLa'#dL,

ee _ 9 Lo lory o1
Cz%a, = Cw [3% - §VCKMVCKM (C.14)

Cg [l 1l ar s t\—1zt, /77d
== |zsw— 5+ — ULy Sr(MpMp)~ Spy'Ur| .
cw |3 2 4
Besides the mass suppression of order O(€?), the off-diagonal terms in CtZrEedL is further
suppressed by vy’ and Ug. As a result, their contributions to |AF| = 2 processes turns out
to be negligible. A similar argument can be made for Z’-couplings to d,.

We now move on to d. Since both d§ and D'® have the same couplings to Z, there is
no tree-level FCNC mediated by Z. The FCNC mediated by Z’ has already been discussed

in the main text.

C.3 One-loop FCNCs

Numerous box diagrams in our model can contribute to |AF| = 2 processes. Besides
those from LRS and vector-like quarks, we also have additional diagrams involving the
superpartners. A complete analysis of all such box diagrams and interference lies beyond
the scope of this work, and we will only consider a small subset of diagrams involving the

new quarks as shown in figure 7.
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Figure 7. Examples of |AF| = 2 box diagrams for D — D and K — K mixings.

C.3.1 Wp/r— Wi r box diagrams for D — D mixing
The W, g gauge couplings of interest are given by

Lo %W;*‘@(—SEUE)@D — %Wg“ﬁ%(—éRUg)Tﬁuu% +he. (C.15)

Due to the factors of O(e) and 3/ present in sy, it turns out that the Wy — Wy and W, —Wp
contributions are highly suppressed, so only the Wr — Wg contributions are of interest.

The box diagram can in principle be evaluated using the Inami-Lim formula [69]. However,
we will make a pessimistic approximation, from which we obtain the effective Hamiltonian

gr mh
4
12872 m,,

2
iy, (|AC| = 2) ~ <m?x[(§RU£)m(§RU§);]> (Gouuk)* +he.  (C.16)

To satisfy the bounds on Amp, we require that

(gf./zg>4 (277;5\/)2 (m?x[(gRUg)ui(gRU}g);i])Q < 0.0L. (C.17)

We see that we only require a small suppression of the off-diagonal spU g elements since
they appear here to the fourth power.

C.3.2 Box diagrams involving Hp

We have chosen to consider box diagrams involving Hp instead of those involving &, since
we expect constraints from the latter to be weaker due to 3/ being hierarchical and nearly
diagonal. The relevant couplings are given by

1

V2

The formula for the loop integral can be obtained from [70], although we will again make

LD ——=d4{(VAL 26, VL) DRY, + hec. (C.18)

a pessimistic approximations. We then obtain the effective Hamiltonian

1

eff
AS|=2)~ s —
Hir, (145] =2) 51272 mj,

2
(Vs UP ) VsVl ) (@0, + D

(C.19)
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for K — K mixing, from which we require that [66]

2 - ~ N 2
<3 TeV) <maXi[(VCRKMZCLUf))si(VCRKMZCLUE)di]) <1 (C.20)

m%R 0.2

The reference value of 0.2 is again based on regarding cp as a generic matrix of order O(cy),
and all other matrices of order O(1). We see that the constraint is satisfied without any
suppression of the off-diagonal terms. The same holds for box diagrams for By, — Bd(s)
mixing.

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