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also comment on the model’s capability to explain current anomalies observed at the LHC.
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1 Introduction

Supersymmetry (SUSY) has been the leading candidate for physics beyond the Standard
Model (SM) for many years. Amongst many other appealing features, the minimal super-
symmetric Standard Model (MSSM) predicts the existence of gauge coupling unification
in the vicinity of the Planck scale [1-7]. This has been considered as a clear hint that
SUSY is the next step towards a grand unified theory (GUT), see for instance ref. [8] and
references therein.

In the past the Ansatz has often been made that all additional states beyond the
MSSM, which are present in the GUT model, are superheavy and subsequently do not
play any role below the GUT scale. However, relaxing this condition and including ei-
ther threshold effects of these states [9-11], or allowing some states to be ligher by orders
of magnitude [12-15] could conceivably yield some insights into the GUT model even if
TeV scale physics is still described by the MSSM, potentially extended by the Weinberg
operator. However, the MSSM is facing increasing pressure over the last years: minimal
SUSY has problems explaining the size of the measured Higgs mass without losing attrac-
tiveness in terms of naturalness, see e.g. ref. [16] and references therein, or being forced
into regions with possibly dangerous charge- and colour-breaking minima of the scalar
potential [17, 18]. Recently, the most minimal model, the constrained minimal supersym-
metric standard model (CMSSM), has been ruled out at the 95% confidence level [19].



Furthermore, minimal SUSY models require additional mechanisms in order to explain the
measured neutrino mixings.

In the presence of additional gauge symmetries the Higgs mass can be increased at
tree-level leading to enhanced naturalness [20, 21]. Additionally the presence of right-
handed neutrinos, as predicted by SO(10) GUT theories, allows for natural seesaw-like
mechanisms [22]. A well motivated scenario which has not yet been studied is an SO(10)
GUT model which predicts left-right symmetry close to the TeV scale.

Lately, left-right-symmetric theories have received increased interest. This is due to
the observation of anomalies in the 8 TeV LHC data occurring around 2 TeV [23-25] as
they can be interpreted as decays of a heavy W' boson, see refs. [26-28] and references
therein. However, there has not yet been any attempt to embed these ideas in a top-down
approach as it would be a natural candidate to originate from a GUT model.

There are many different realisations of left-right models proposed in the literature.
The most striking difference among different left-right theories can be found in the sector
that eventually breaks the larger gauge group down to the SM gauge group. The most ap-
pealing choice would be the introduction of SU(2)g triplets which allow for an automatic
seesaw-mechanism of type I after left-right symmetry breaking, see, e.g., refs. [29-31].
However, besides being heavily constrained from vacuum stability arguments [32], the re-
quirement of gauge coupling unification usually requires the addition of extra intermediate
supermultiplets [33]. In the presence of doublets, instead of triplets, supersymmetric mod-
els consistent with gauge coupling unification and a TeV-scale spectrum can be easily
found [34, 35], while in the non-supersymmetric case models with triplets are also possi-
ble [36]. In the supersymmetric variants special care has to be taken not to destroy the
gauge coupling unification which already works well in the MSSM. The resulting conditions
on the particle content of the models, called the “sliding scale” mechanism in these papers,
have been discussed in refs. [34, 35].

In this work, we present a left-right supersymmetric model consistent with gauge cou-
pling unification and a minimal set of boundary conditions at the unification scale which
maintains left-right symmetry down to energies accessible by the LHC without the need
of an intermediate scale. This paper is organised as follows: first, we discuss the basic
model features and the necessary conditions for successful gauge coupling unification as
well as radiative symmetry breaking. We then present the quark and lepton sectors in
some detail. In section 3, we address the Higgs mass and mixing as well as the expected
squark hierarchies which differ from the CMSSM expectations. We close by commenting
on two of the current LHC excesses.

2 The model

2.1 Particle content, superpotential and gauge symmetry breaking

We assume that SO(10) is broken at the GUT scale and below this scale the remaining
gauge group is left-right symmetric down to the SUSY scale, i.e. G = SU(3)¢ x SU(2)1, x
SU(2)r x U(1)p—r. The particle content of the model under consideration is given in
table 1. Here, ® is a bi-doublet which comes in two generations



Field Multiplicity G S0(10) 4,
Origin
Q 3 (3,2,1,+3) 16 -1
Q. 3 (3,1,2,—3) 16 -1
L 3 (1,2,1,-1) 16 -1
Le 3 (1,1,2,+1) 16 -1
S 3 (1,1,1,0) 1 -1
Sd 1 (3,1,1,-2) 10 -1
da 1 (3,1,1,+2) 10 -1
U, 0, 2 (1,1,1,+2) 120 -1
P 2 (1,2,2,0) 10,120 1
Xes Xe 1 (1,1,2,¥1) 16,16 1

Table 1. The matter sector and Higgs sector field content of the supersymetric left-right model.
Generation indices have been suppressed and the index c refers to the equivalent SM field which
transforms under SU(2) g. The gauge group is such that G = SU(3)¢c xSU(2) xSU(2)r xU(1)p_1.
Note that We also assume the usual matter parity.

HaO Ha+
Pr=|( 4 "o, (2.1)
H;” H,

The SM-like Higgs will be in general a superposition of the four neutral components of
these bi-doublets. The conventions for the fields which will be responsible for the breaking

of SU(2)g x U(1)p_y, are:
0 _+
Xe = ( XC_) . Xe= (XC()) (2.2)
—Xec —Xe

Using this field content the renormalizable superpotential allowed under both the gauge

symmetries G and matter parity [37, 38] is
W =Y0,Q®'Qc+ Y, LO®"L.+ Y5,QcXc0a+ YsLexeS + Yo LexeVe (2.3)
+ %52 + ,u%bq)a‘l)b + Ly XeXe + M65d5d + Mg¥V¥,..

Here, all generation, SU(3) and SU(2) indices are suppressed.
Spontaneous symmetry breaking occurs when the neutral components of ® and y-fields

receive vacuum expectation values (VEVs)

HY = \}5 (af; +ipg + vg;’) , (2.4a)
H = \2 (o8 +ipl +vg®) , (2.4b)
Xe = \2 (Oxe T iPxe T 0x) 5 (2.4c)
W= s (Or i+ (2.40)



We make use of the following definitions of the VEVs

UIQ% = Uic + U)QZC ) (25&)
vi = (vg)" + () + (vg))? + (v3), (2.5b)

where we use three angles to parametrise the VEVs

vg' = v sin fBsin By, vgl = vy, cos Bsin By, (2.6a)
Vg? = v, sin [ cos By, vgf = vy, cos (3 cos fy. (2.6b)

In this parametrisation vy, is the electroweak VEV and g is the usual mixing angle pro-
jecting out the SU(2);, would-be-Goldstone bosons as in the MSSM. In general, the gauge
symmetries are broken in two steps

G =SU(3)c x SU2)L x SU@2)r x U(1)p_1,
28, SU@3)e x SU2) x U(1)y, (2.7)

However, if vp does not exceed the TeV range, one can assume to a good approximation a
one-step breaking G — Ggpr which also occurs close to the SUSY breaking scale Mgysy =
M My, , where t1 and to are the two mostly stop-like up-type squarks.

We show in figure 1 the running of the gauge couplings in this model. This shows, the
assumption of a left-right breaking close to the TeV scale is consistent with gauge coupling
unification. We find that the unification scale is significantly larger than in the MSSM, lying
in the range (1-4) x 10’7 GeV. The increased scale of unification arises for two reasons.
Firstly, the one-loop threshold corrections are large. This is due to the mass spectrum
being spread over several TeV leading to large logarithms in the threshold corrections.
Secondly, the beta coefficient of the U(1)p_1 gauge coupling is large, taking the value
29/2. Consequently the unification scale becomes extremely sensitive on the initial value
of gpr,, which also generically receives large corrections due to the thresholds. Subsequently,
maintaining gauge coupling unification requires that the mass spectrum of the theory
remain as light as possible, leading to the prediction of a small SU(2)r breaking scale.
Finally, the running values of the new couplings at Msysy are ggr, ~ 0.44 and ggr ~ 0.59.

As a consequence of the symmetry breaking, there are two additional massive gauge

boson. Their masses can be approximated by

1 gt
1
Myyrs = 297 (VI + vR) - (2.8b)

Beside the Weinberg angle, two additional rotation angles for the neutral gauge bosons are
required, while only one extra angle is required for the charged gauge bosons. The mixing
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Figure 1. Running of the gauge couplings at one-loop (dashed lines) and two-loop (solid lines) in
the left-right phase of the model. The two-loop results includes the one-loop threshold corrections
arising at both the electroweak and SUSY scales. Additionally the running of the couplings is shown
from the SUSY scale rather than the SU(2) g breaking scale vg. In this figure the GUT normalised

gpr is plotted. The normalisation is given by gp; = \/ggggT. The parameters for the two-loop

running are tg = 5, tg, = 6.5, tg, = 0.85, mg = 1.5TeV, M;,, = 750GeV, A9 = 1TeV, Y(;id =0.15
and vg = 6 TeV.

angles between the mass eigenstates of the new gauge bosons are given by

20303\ /9b 9% + 93 (9B + 93)
(951, + 9R)*vR
4gLgrv} tg(1+ts,t5.)

(9% (02 +v}) — giv?) (1 + 23),/(+8,)(1+) ’

sin 2®ZZ’ >~ s (29)

tan QGWW/ =

where we have used the abbreviations tg = tan 3, tg, = tan 3, and tg, = tan 34.

There are a number of choices for which parameters to solve the six minimisation
conditions for the vacuum. Here we solve for the following parameters

1,1
(2, BLY B2 B2 B, ). (2.11)

This set of parameters allows for unified soft-masses at the GUT scale while also allowing
the minimisation conditions to be solved analytically. The second advantage of this set of
parameters is that both p,, and By,  appear in only two of the six tadpole equations and



can therefore be solved independently of the remaining parameters. We obtain

2 1 2 194 1+t 2 1., 2y .2
o= L (am2 Ly eos28) e S e L i),
2 4 1-— tﬁR 4
o1 242 _ 2 L (2.12b)
Tt My tBr = My ) = 5M2r, :
1 2 Lo 2t Ly 2y 2 2ts
B, = 2( (—Amxc + J9RVL cos 2B> - tg +1 (951 + 9%) VR t]; . (2.12¢)
Br Br
where tg, = tan fir = vy, fug,, Am, = mid, — ik and T, =  (m, +u). We

assume that SUSY breaking in the visible sector is triggered by gravity and therefore make
use of mSugra-like boundary conditions at the GUT scale, i.e. subsequently we impose the
unification of the following soft-parameters:

28 02 8. — 02 S 0285 2 S 025,
myoi; = mQéz] = chéw =miliy; = mLch] = mg0;;

X Xc ?
Mijy = Mp_p = Mg = My, = Mj. (2.13b)

2 2 2 2,2 2 2
= mydy; = my, 0 = m5, = ms mgdi; = my =m (2.13a)

The trilinear soft-breaking couplings are related to the superpotential couplings by an
univeral parameter Ag

T, =A)Y;, i=Q,L,6,%,S5. (2.14)

The resulting free parameters at the GUT scale that are of interest for phenomenological
studies! are mo, My /2, Ao, g, t, s tags (ug’2))2,§{;dYg, Yy and M.
Using these boundary conditions, the running of the soft masses appearing in eq. (2.12)

can be approximated analytically at the one-loop level. This yields the results

1 Mgut
Am2 ~ — (A2 + 3m2 [3YTY _Tryly: TYTY} | 2.15
Mxe = g2 <( 0 +3mp) |3Y5, Y5, IYg¥s 4 lry,Yy| |in Msusy )’ (2.152)

1
> my, = —2mi+ 2 ( (A3 +3mp) [3Y52Y5d +TrYdYs + TI"YJYw]

M,
— (393, +69%) Mf/2> In < M;Zi) . (2.15b)

In order to obtain spontaneous symmetry breaking one requires uic > 0, namely the
r.h.s. of eq. (2.12a) must be greater than or equal to zero. This constraint excludes an
area of the parameter space as a function of the couplings Y;,, Yy, Y, the soft-breaking
parameters mg, Ag and the SU(2)r VEV vg. As the large SU(2)r D-terms in eq. (2.12a)

add negatively to |,uic|, the contribution from the soft masses has to account for the

2 2
xc>m*

. as long as AY? =

positivity requirement. From eq. (2.15a) one sees that m

"We consider here the vector-like leptons W,¥. and their scalar superpartners as spectator fields only
necessary for gauge coupling unification. As such in all numerical studies we chose My = 1TeV and set the
corresponding B, term to zero. Relaxing this assumption could have interesting consequences for collider
phenomenology as well as flavour observables [39].
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Figure 2. Tlustration of the constraints on the parameter space arising through the requirement
of consistent solutions of the tadpole equations. The figures show contours of the ,uic values as
function of either, Y5, and tg, (left) or my and tg, (right). Here, we have chosen the couplings
Y5 and Y, to be zero in order to reduce the dimensionality of the parameter space, for a detailed
discussion of the effect of these parameters see the text. The red contour corresponds to where
,uic = 0, therefore the parameter space underneath this contour is excluded as uic < 0 in this
region. The parameter values chosen correspond to left: vg = 7TeV, my = 750 GeV and right:
vp = TTeV, Ys, = 0.25. Other parameter values are, tg = 10, Ag = 500 GeV and M/, = 1 TeV.

3Tr Y(;[ZY(;d + Tr YJYj —Tr YS]:YS > 0, so that eq. (2.12b) requires tg,, close to, but smaller

2
Xc?

which can be achieved by increasing mg, Ao or AY?2. We exemplify this behaviour in

than one. Values of {g, significantly smaller than unity require a large splitting Am

figure 2 where we show the contours of different uic values as functions of tg,, mg and
Ys,,2 highlighting the |u.|? = 0 contour in red.

2.2 Running of first and second generation Sfermions and gauginos

In the CMSSM, which contains similar boundary conditions, one can obtain simple expres-
sions at the one-loop level for the first and second generation sfermion soft-masses relating
their size at Mgysy to the high-scale parameters mq and M 5 [40]:

m2(Msusy) ~ mg + 5.2M s (2.16a)
mg(Msusy) = mj + 4.8My (2.16b)
ma(Msusy) 2 mg + 4.8Mj 5 (2.16¢)
mi (Msusy) =~ mg + 0.50M /o (2.16d)
me(Msusy) = mg + 0.15M 5 (2.16e)

2The approximations applied in figure 2 do not include the running of Y;s .- Generically, this running
increases the size of the couplings, but does not qualitatively modify the behaviour shown in the figure.



Using the same Ansatz in our model, assuming Mgysy ~ vg, we obtain:

mg(Msusy) = m§ + 3.6M; /o (2.17a)
mye(Msusy) ~ m§ + 3.5M; /o (2.17b)
m7 (Msusy) ~ m§ + 0.44M o (2.17c)
mie(Msusy) = mg + 0.36M; 5 (2.17d)

Even if one must bear in mind that the correct coefficients get modified at the two-loop
level, one can already see two main differences: (i) the mass splitting between left- and
right-sleptons and squarks respectively is comparatively smaller than in the CMSSM, (ii)
the squark masses don’t grow so rapidly with increasing M /o as they do in the CMSSM.

For the running gaugino masses one can obtain a rough estimate of the expectations
of the CMSSM against this model at one-loop using the relation M, = g2/g2,+M; s2- In
the CMSSM, one obtains

M1 ~ 0.4M1/2, M2 ~ 0.75M1/2, Mg ~ 215M1/2 y (218)
while this model predicts
MB—L =~ O.5M1/2, ML =~ 0.7M1/2, MR =~ 0.6M1/2, M3 >~ 185M1/2 . (219)

Thus, the lightest gaugino is the one of the U(1)p_1, gauge group. Moreover, the gluino is
also lighter for the same value of M /5 as in the CMSSM despite the increased GUT scale.

2.3 Quark masses and mixing

In the simplest left-right model with only one generation of bi-doublets and no vector-like
quarks, the quark mixing is trivial and the CKM matrix can’t be generated. An Ansatz
often used in literature to cure this problem is to add vector-like quarks which generate the
CKM matrix via the mixing with the SM quarks. In the case of vector-like states which
mix with the d-quarks and only one generation of bi-doublets, the two mass matrices read

YLy ey,
M, =5y, M= (V2 V270 (2.20)
V2 m  Ms,

To be very general, we kept a term m which is actually absent in our model. M, is
diagonalised by two 3 x 3 matrices U, U dL, and My by 4 x 4 matrices U dR, UC{*. The
measured CKM matrix Veogy must be reproduced by the 3 x 3 block related to the usual
SM-quarks of the matrix

Vi = ULUE)T, (2.21)
where U" is U" enlarged artificially by a row and column of zeros apart from the (4,4)
entry which is set to 1. One can always assume a basis, where U" is diagonal and the
entire quark mixing is encoded in U‘Li. In this case and for My, > my,, one finds the seesaw

condition ;
2
’U)ZC }%d }/:;d

M= eyt (2.22)



with

V3V

M = VSKMdiag<m?la m? mg)VcTKM T (2.23&)
vuYoml + M} vy Y5
j=—2 4 Xo 4 (2.23b)

2(|mf* — Mg,

Using det(A4 4+ uv”) = (1 + vT A~ u)det(A) for an invertible matrix A and vectors u,v,
one finds that the determinant of the r.h.s. of eq. (2.22) always vanishes. This observation
together with the extension of the same lemma where u,v are n X m matrices yields the

condition )

1- %YQ (VéKMdiag(m?lamim%)VCTKM)il YQS =0, (2.24)
for the Lh.s. . Keeping in mind that Yy is diagonal in the chosen basis, we finally find

2
%dYQZ = Véxmdiag(mg, m?, mg) Vi - (2.25)

Thus, there is only a solution to eq. (2.22) if quark mixing vanishes, otherwise the system
is over constrained. We checked numerically that this conclusion holds also independently
of the seesaw matrix and that the inclusion of radiative corrections does not alleviate this
problem if one demands that all interactions are perturbative. Therefore, the best way to
incorporate correct quark mixing in left-right models is to include a second generation of
bi-doublets. However, the vector-like quarks in this model play still a crucial role because
they are needed for radiative symmetry breaking as discussed below.

In the presence of two generations of bi-doublets, the Yukawa coupling in the left-right
phase is related to the usual up- and down-type MSSM Yukawas Y, Yy via

,/1+t2 z“/1+tgu 5,=0 Yy —Yu/1+15
Yo (2.26a)

= — T VA ; ,
Bu Bu

tﬁqu 1 —|—t -Y, tﬁd 1+ t2 t5,=0
Yo, = v v Yo, = —Yy. (2.26b)

To keep Yéz’g) perturbative up to the GUT scale, either tg, or ig, is restricted to very

small values. Therefore we choose to always take tg, = 0.

Our Ansatz to calculate Yy numerically is as follows: we derive values for Yy and Y,
to reproduce the known CKM matrix and quark masses. Here, two difficulties have to be
taken into account: (i) the mixing with the vector-like quarks which is inevitable because
we need a non-vanishing Y;,, and (ii) the full one-loop radiative corrections to all quarks.
From the obtained values of Y; and Y,,, Yg is calculated. Since Y( affects the one-loop
corrections to the quarks entering the calculation of Yy and Y,,, this procedure is iterated
until a convergence has been reached.

We now briefly comment on the constraints arising from introducing vector-like quarks.
Firstly, let us consider the constraints arising from quark flavour observables due to mixing



between the vector-like and down-type quarks. The key point to note is that the introduced
vector-like quarks only mix with the right-handed SM quarks due to the superpotential term
Ys,QcXc0q. The strongest bound stems from the kaon mixing where one also has to include
the mixing of heavy vector bosons which scale as v% /v%, see eq. (2.9) and (2.10). Recent
collider data requires that the W' mass be at least approximately 2 TeV [41]. Apart from
that, it has also been shown that kaon mixing constraints require the W’ boson in left-
right models to be at least approximately 3 TeV in the non-supersymmetric case, [42] and
at least 2 TeV in supersymmetric models due to gluino contributions [43]. Both of these
bounds must be recast for the specific model in question; however, they do not change
the conclusion that both the W — W' and Z — Z’ mixing should be highly suppressed.
As discussed in section 3.3.1, the vector boson mixing is at most 10~2 in our model. The
mixing in the right-handed d-quark sector is at most m,/Ms; < 1072, In the kaon mixing,
both the squares of the quark and vector boson mixing enters, implying that we can easily
avoid this bound.

Lastly, one must consider the impact of the vector-like quarks on the electroweak
precision observables. Due to the tree-level coupling of the vector-like quarks to Z-bosons,
there will in general be a non-negligible contribution. The corresponding bounds have been
obtained in ref. [44]: while the masses of the vector-like quarks should be > 600 GeV, the

mixing with the SM quarks is constrained to |V 54] < 0.04.3

2.4 Lepton sector

In the lepton sector, we find equivalent relations between Y7, Y7, and both the lepton
Yukawa coupling Y, as well as neutrino Yukawa coupling Y, as egs. (2.26a) and (2.26b) for
the quark sector. Because of the additional gauge singlet S as well as the two generations
of extra vector-like leptons ¥, W., there are more free parameters in the lepton sector as
in the quark sector. Thus, the calculation of Y, and Y, = V2mp /vy is in general more
complicated. In the limit vy, YoMy ' 0, the SM charged leptons decouple from the
vector-like states and correspondingly, vgYe = — >, vg;‘ Y7, can be diagonalized as usual,
which fixes one linear combination of Y7, and Y7,. The other necessary combination of
Y7, and Y7, can be obtained from neutrino data.

The neutrino masses can be calculated in the the seesaw approximation, which give
the following expressions for light (heavy) neutrinos [45]:

. 2 B _
m}/lght = —S-mp (Yg) 1NSY5 1m£7
Xe
my, ~ Xeyg. (2.27)

n \/5

While the light neutrinos are Majorana states, the six heavy states form three quasi-
Dirac pairs.

Since the right-handed neutrinos are part of the L. doublets, it is in general not

possible to simultaneously diagonalize Y. and Yg, as opposed to inverse seesaw models

3Interestingly, the bounds from the hadronic ratio R, are stronger than those arising from the oblique
parameters for the considered case of down-type vector-like quarks.

~10 -



with the SM gauge group or with U(1)r x U(1)p_r. However, one can always choose a
basis with diagonal Y., us and Myg. Therefore, the PMNS matrix can be fitted by the
linear combination — ), %vg"YLE = mp. Alternatively, one can work with diagonal mp
and use Yy to fit neutrino data, or allow off-diagonals in both terms.

3 Phenomenology

In this section we discuss various phenomenological features of the model, focusing on
aspects of the mass spectrum that differ compared to the MSSM, as well as on current
excesses reported by the LHC experiments. A discussion of the rich flavour phenomenology
of this model which provides several new sources for lepton and quark flavour violation,
as well as of the dark matter scenarios is beyond the scope if this work and will be given
elsewhere.

The numerical results of the model have been calculated using SPheno [46, 47], while
the implementation of the model into SPheno was performed using the mathematica code
SARAH [48-53]. This allows one to calculate the full one-loop spectrum as well as the
dominant two-loop contributions to the CP-even Higgs masses [54, 55].

3.1 Higgs sector

After the would-be Goldstone bosons are rotated out, the Higgs sector comprises six neutral
CP-even states (0, see egs. (2.4a)—(2.4d)), four neutral C'P-odd and four charged states
which each mix among themselves to form the mass eigenstates h;, A; and HZjE In the
following discussion, we will denote the lightest mostly electroweak Higgs state as h and
the lightest mostly right-doublet Higgs as hg. In the limit ¢35, — 1, hg becomes massless
at the tree level. In this case, the SU(2) - and the electroweak Higgs states decouple from
each other and the second-lightest Higgs is purely SU(2)z-doublet-like. The tree-level mass
of h is enhanced with respect to the MSSM prediction due to the effect of the extra D-
terms from the enlarged gauge sector. The absolute upper bound on this mass can be
evaluated in the limits tg, — 1,3 — oo, tan 3, — oo and is given by

tg,,—1 1
M} treo| 7 Si(g%Jrg?a)v%, (3.1)

which is the generic upper limit for supersymmetric left-right theories where electroweak
symmetry is broken by bidoublets [56, 57] as well as in model variants where only the
subgroup U(1)r x U(1)p—_y, survives down to the TeV scale [58, 59].

As soon as tg, departs from one, a mixing between h and hg sets in which rises with
increasing A = 1 — tg,,. This mixing also pushes up the heavier mass of both eigenstates.
Treating A as a small perturbation, one can evaluate the corresponding 2 x 2 mass matrix
of said states which reads in the basis (h, hg):

2 2
v3(D (g2 +g%)—ghvh) ~MapAIRVLUR

2 _ 4D D
Mhhp = —m%RAg%:ULvR 9 9 ) (32)
e m45 A
D AR
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Figure 3. Masses of the two lightest Higgs states as a function of tan 8gz. The results are shown
at the tree level (dotted) as well as at the one/two loop level (dashed/solid lines). The grey band
depicts the approximate mass required for a SM-like Higgs. The remaining parameters have been
fixed to my = My, = 1.2TeV, Ag = 1TeV, u$? = —2TeV, vg = 7TeV, ty = 15, t5, = 10,
Ms=1TeV, Yy =0.09.

where D ~ 4(m?4R + M2,) and mQAR = —2B,,  /sin28gp ~ —2B,  is the mass of the
pseudoscalar Higgs boson of the SU(2) g sector. After the level crossing of the eigenstates,
hg continues getting more massive whereas the mass of the electroweak eigenstate converges
towards . s o
m%z,tree}tBRﬁo = 4 <g% " ngﬁz) v =Mz, (33)
which is exactly the same as in the MSSM. The last equality follows because of the relation
between the hypercharge coupling gy and the ‘new’ couplings: 1/¢g% = 1/¢g%, + 1/g%.
Taking into account the measured Higgs properties, the mixing between the Higgs
states of the different SU(2) sectors has to be small. Hence, there are two possibilities in

our model:

e values of tg, close to one, resulting in a light SU(2) g-doublet Higgs and a second-
lightest Higgs with SM properties and an enhanced tree-level mass

e significant departure from ¢g, = 1, in which case the lightest Higgs has SM properties
but no D-term enhancement of the tree-level mass with respect to the MSSM.

In figure 3, we show the masses as well as admixtures of the two lightest C'P-even
Higgs states at the tree level as well as the one- and two-loop level as a function of tan Sg.
Apart from the usual large corrections of several ten per-cent for the SM-like Higgs, the
most apparent feature in the loop corrections is the dependence on tan Sr which is altered
at the loop level due to the coupling of x. to the vector-like coloured sector via Ys,: since
the average of the scalar masses can be smaller than the corresponding fermion mass,
the loop corrections are negative in contrast to the well known feature of large positive
(s)quark corrections in the MSSM. In figure 3 we have chosen Ms; = 1TeV as well as a
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relatively large coupling Y5, = 0.09 (corresponding to Y5, = 0.26 at Mgysy) to maximise
these corrections.

As a consequence of those radiative corrections, a second-lightest SM-like Higgs can
be accompanied by a very light hgr state of O(10GeV), in contrast to the constrained
U(1)r x U(1)p_r, model where the loop corrections in the absence of vector-like states
always enhance my,,,, i.e. one finds O(50 GeV) even for tan Sr — 1 [59, 60]. We remark
that the branching ratio for the decay ho — hihq is below a percent for these points even
when the h — hp mixing is of O(10%).

3.2 Squark sector

The down-squark mass matrix is enlarged to an 8 x 8 matrix. The additional entries
correspond to the vector-like quarks’ scalar superpartners. The addition of these vector-
like squarks modifies the expected hierarchy of the light-squark masses in comparison to
the MSSM. Namely, we observe that the lightest down-squark is generically lighter than
the lightest up-squark which is always the light stop #;. This behaviour arises as the vector-
like quarks modify the RGE running of the quark soft-masses, and have a potentially large
mixing with the standard down-type squarks.

To illustrate this behaviour we consider for the moment only the third-generation of left
and right down-type squarks as well as the vector-like squarks. In the basis {EL, ER, Sd, Sd}
the mass matrix reads

2
(mg”?’)) 0 0 0
3,3)) 2 3) 3) 3) 3
m%g ~ 0 (méQc ) + %U%%‘Yé(d ]2 —%UR (T)(,ad + MXC}%(d ) —%’URMJY(S(d)
5 3 3 3
0 —gor (1) Y) MG m + RRIVPP 0
0 —3orM,Y,Y 0 M52+ m2,

(3.4)

Here, the electroweak VEVs have been neglected and we have assumed ¢g, — 1 as these
quantities give only a shift to the diagonal elements, but play a negligible role in the mixing
with the vector-like states. From the form of the mass matrix we arrive at the following
conclusions:

e There is no mixing between the left-sbottoms and the vector-like squarks based on
these assumptions.

e For fixed values of My, the relative size of the mixing between the right-sbottoms
and the vector-like states is determined by three parameters, namely Yj,, Ay and
vgr. Typically one requires these parameters to take large values in order to arrive
at a phenomenologically viable model.* Therefore the right-sbottoms are typically
strongly mixed with the vector-like states. This mixing reduces their mass compared
to pure b L/R eigenstates.

“Here we refer to the constraint that Y5, must be sufficiently large to allow for spontaneous SU(2)r
symmetry breaking and vg must be of order of several TeV to produce a sufficiently heavy W'.
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Figure 4. The mixing of the lightest down-type squarks (left) and the splitting of both the
lightest stop and down-squark masses (right) as functions of Yy, and Ty5d at Mgyusy respectively.
Here all input parameters are scanned over randomly for fixed values of Ms. The ranges of the
parameters scanned over at the GUT scale are vg € [6.5,9] TeV, tg,t5, € [1,30], tg, € [0.8,1],
mo, My /3 € [200,2000] GeV, Ay € [0,3] TeV, ul? € [~3,3] TeV and Y5, € [-0.15,0.15].

In figure 4 on the left-hand panel the mixing of the lightest sbottom with the vector-like
states is shown as a function of Yj,, where a value of 1.0 corresponds to a purely vector-
like squark and zero corresponds to a pure MSSM sbottom state. Here we observe that
depending on Mjs there exists a minimum value of Y, required for significant mixing with
the vector-like states. In the right-hand panel we show the effect of Ty;,, on the splitting of
the squark masses. As eq. (3.4) suggests, Tyéd contributes strongly to this splitting. One
should note that the value of this trilinear coupling is strongly correlated with M /5 due
to RGE running, increasing with larger M /,.

RGE running effects result in a splitting of the quark soft masses where (mg”g))2 >
(mgf))Q. This splitting arises through two main sources. Firstly, the running of the

gaugino masses in the left-right sector is asymmetric. This results in the splitting being a
function of M5 which can be analytically estimated at the one-loop level:

Amé = (mg”g))2 — (771(3’3))2

c

~ i 141672 8 3

- 4 2 2
872 = 3g¢yr In (AJ@SSS;{)) (_4772 +g4urIn (AA{[SSUS;))

~ 8.2 x 1072M7), (3.5)

Here, gout ~ 0.8, MguT ~ 1.5 x 107 GeV and Mgygy ~ 2.5 TeV. In figure 5 the results of
the fully numerical scan are shown. The bold red line corresponds to the above function,
whereby we see that this function provides an adequate approximation to the minimal
splitting of the soft-masses. Secondly, as is also illustrated by figure 5, additional splitting
occurs due to Ys, # 0. The precise value of this contribution depends strongly upon

numerous parameters in the model.
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Figure 5. A random scan which illustrates the splitting of the squark soft-masses. Also shown
in red is the analytic expression based on the asymmetry of the left-right gaugino mass terms.
Here all input parameters are scanned over randomly for fixed values of Ms. The ranges of the
parameters scanned over at the GUT scale are vg € [6.5,9] TeV, tg,t5, € [1,30], tg, € [0.8,1],
mo, My /5 € [200,2000] GeV, Ay € [0,3] TeV, ul? € [~3,3] TeV and Y5, € [-0.15,0.15].

3.3 Comments on recent LHC excesses

3.3.1 ATAS diboson excess

The ATLAS collaboration observed an excess with a local significance of 3.4 o at an
invariant mass of around 2 TeV in their search for diboson events in the W Z channel [23].
Many models have been proposed to explain that excess, in particular left-right symmetric
models where a W’ decays into W Z caused by a significant W — W’ mixing. The best-fit
point for the amount of mixing that needs to be present in minimal non-SUSY left-right
models lies around Oy =~ 1.4 x 1073, while gr/gr, ~ 0.6 [27]. The ratio gr/g; cannot
be much larger than this value in the minimal model as the bounds from dijet searches are
otherwise too constraining [61]. In our model gg is not a free parameters, but predicted to
be gr/gr ~ 0.9. This is still consistent with observation because of the extra decay modes of
W' into supersymmetric particles which increase its width and accordingly reduce its dijet
production cross section. Parameterising the process in the narrow width approximation
as o(pp — W') x BR(W' — W Z), with o(pp — W’) x g% and to a first approximation
BR(W' = W Z)= I'wz/Tior xx Oy /(£ g%), where £ > 1 parameterises the increased
width due to the supersymmetric final states, we see that, to first order, gr drops out of
those considerations and we actually need somewhat larger values of Oy than in the
simplest model due to the influence of &.

Using eq. (2.10), we see that Oy is maximised for tg = 1 and tg, = tg, reaching
the required size of Oy ~ 1.4 x 1073. However, this suffers from several problems: the
former condition corresponds to a saddle point of the potential and predicts a tiny tree-
level Higgs mass, while the latter condition leads to non-perturbative Yukawa couplings,
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cf. eq. (2.26b), which makes it impossible to achieve the required size of W — W’ mixing.

Thus far we have neglected the impact of the extended (s)quark sector and the effect of
mixing with the vector-like states. In ref. [62], the Ansatz was made that the light quarks
are predominantly comprised by extra vector-like quark states which considerably reduces
the W’ coupling to light quarks. The excess can then be fit with a W’ — ¢ — ¢ coupling
smaller by a factor of 5 compared to the SM value and tan 8 < 5 for gr/gr ~ 0.9. The
latter is still clearly disfavoured in light of Higgs data keeping in mind the limit on the mass
spectrum coming from gauge coupling unification, whereas the huge mixing is very hard to
realize: casting aside all problems of inducing large flavour changing neutral currents and
just focusing on the feasibility of this possibility in our model, we would need a hierarchy
of vy, Ys,/(vV/2 M;s,) ~ 5 , which is in principle achievable for Mjs, of O(100 GeV).

However, the problem is expected to occur in the down-squark mixing where the ab-
sence of a reasonably large Ms, typically leads to tachyonic states. In order to easily see
this, we apply a few approximations. The soft SUSY-breaking masses méc and mgd will be
of similar size even after RGE running as the contributions from the gluino are the same.
Therefore we will set both to the common squared mass m?. Furthermore, if we write T} g
as ApY;, and consider the limit Ms, — 0, the diagonalization of eq. (3.4) leads to the mass
eigenstates

1 1
m? + ZUJQ%D%JQ + §Y5d vR(Ao + iy, ) (3.6)

which leads to a negative state for typical GUT-scale values of mg, Ay because of the
strong running of AgYs, and accordingly Ag > p,, at Msyusy unless the value of Ag at
the GUT scale is tuned to approximately cancel p,.. In light of the numerous essential
tunings required to obtain the necessary conditions, we conclude that our model cannot fit
the excess and simultaneously remain a consistent high-scale model.

3.3.2 CMS eejj excess

In the seach for dilepton plus dijet events in the 8 TeV data, CMS has announced an excess
of signal events with a local significance of 2.8 ¢ [24]. This excess can be interpreted as the
on-shell production of a Wg with My, ~ 2.1 TeV and its subsequent decay into v, ¢, with
vp, — £55. The comparatively low pp — €¢jj cross-section which fits the excess cannot be
explained in the framework of simplified left-right-symmetric models which only introduce
a W' and three copies of right-handed neutrinos, predicting a cross-section which is higher
by a factor of 3 — 4 if gp ~ ¢gr. Furthermore, as the excess features dileptons of differing
signs, it cannot be explained by heavy neutrinos of Majorana nature which would predict
(E¢* final states at the same rate as ¢*¢F. As discussed in section 2.4, the heavy neutrinos
in the present model form quasi-Dirac pairs because of the inverse seesaw mechanism at
work. As a consequence, the lepton appearing in the v, decay will have the opposite sign
as the one in the W’ decay to v/, in agreement with the measured effect. Additionally, a
reduction of the cross section is achieved by the interplay with the lightest charged Higgs
state ch, analogously to ref. [63]: the mass of the mostly Hé_—like state is, to a good

2
approximation, miﬁ ~ gTR(v%C — vic), which is usually in the range of a few hundred GeV
1
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for the typical values of tan Sg. Heavy neutrinos couple to this state by the admixture
of xz. Consequently, with m,, of O(1TeV), the two-body decays v, — ¢ H fc reduce the
branching ratio of v, — £jj by several tens of percent and hence also the €55 cross section
by the right amount.

A further reduction is possible due to the mixing of the light neutrinos with the heavy
states which opens the additional decay modes v, — (W/vh/vZ. As the mixing only
depends on the ratio %Ys_l but the light neutrino masses scale with ug m%, neutrino
data also allows the possibility that ug is very small and mp sizeable. Hence, while the
effect of the mixing is still small for values of ug of O(10~4 GeV), it already gets important
for ug = 107> GeV, where for the required masses of My ~ 2m,, ~ 2TeV those decays
are already of the same size as the W’-mediated three-body decay. Should the excess be
confirmed, this could be the main source of cross section reduction in the case of a large
deviation of tan Sg from one and the associated heavier charged Higgs state.

4 Conclusion

We have presented a constrained left-right supersymmetric model which predicts a low
SU(2)r x U(1)p_r, breaking scale. The model is constructed in a manner where gauge
coupling unification is maintained, based on the requirement that SU(2)r x U(1)p—_y, is
broken purely through SU(2)r doublets. As the left-right breaking scale is assumed to be
close to the SUSY scale, gauge coupling unification dictates that additional matter must
be introduced. This extra matter takes the form of vector-like quarks and leptons charged
under U(1)p_1, but being singlets with respect to the SU(2) factors.

Due to the fast running of the U(1)p_1 gauge coupling and large one-loop threshold
corrections, the model predicts a unification scale close to the string scale. These large
threshold corrections are a product of large values of the gauge coupling beta functions in
conjunction with a large spread in the mass spectrum. For unification to remain unspoilt
by threshold corrections, one naturally predicts the SU(2)z breaking scale to lie close to
Mgusy. Finally, the presence of vector-like quarks are an essential ingredient in driving
spontaneous symmetry breaking in the left-right phase: under the assumption of mSUGRA-
like boundary conditions, the couplings of these quarks must be non-vanishing to trigger
radiative gauge symmetry breaking.

We have demonstrated why the usual paradigm of using vector-like quarks in con-
junction with the seesaw mechanism provides insufficient degrees of freedom to fit both
the quark masses and mixings simultaneously. Subsequently, we have implemented both
the quark masses and mixing through the introduction of an additional Higgs bi-doublet,
raising the total number of electroweak VEVs to four.

The phenomenology of this model contains a number of interesting features. Here,
we have focused on the mass spectrum. Firstly the CP-even Higgs sector displays two
distinctive tendencies. For tg, — 1, the lightest CP-even Higgs mass tends to O(10) GeV
values while the second lightest Higgs becomes SM-like. For sufficient deviation from
tg, = 1, the MSSM-like limit is produced. Note, that the lightest state is essentially a
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SM gauge singlet. In the squark sector due to both the RGE running and the enlarged
down-squark sector the lightest down squark is always lighter than the lightest stop.

Finally we comment on two of the recently observed excesses seen at the LHC. We
show that due to constraints arising from RGE running sufficient mixing of the W-bosons
cannot be achieved to naturally explain the diboson excess. Even if one can make use of
the vector-like quarks to weaken this conclusion, we consider a concrete realisation of that
idea in this model to be very unlikely. However, the CMS eejj excess can be successfully
explained due to the model incorporating an inverse seesaw and the presence of extra
two-body decays.
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