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We study and compare various Z' models arising from SO(10), focusing in particular on the Abelian
subgroup U(1)g x U(1)z_,, broken at the TeV scale to Standard Model hypercharge U(1),. The gauge
group U(1)g x U(1)p_z, which is equivalent to the U(1)y x U(1), in a different basis, is well motivated

from SO(10) breaking and allows neutrino mass via the linear seesaw mechanism. Assuming
supersymmetry, we first consider single step gauge unification to predict the gauge couplings, then we
consider the detection and characterization prospects of the resulting Z’ at the LHC by studying its possible
decay modes into di-leptons as well as into Higgs bosons. The main new result here is to analyse in detail
the expected leptonic forward-backward asymmetry at the high luminosity LHC and show that it may be
used to discriminate the U(1); x U(1)g_, model from the usual B — L model based on U(1), x U(1)4_;.
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I. INTRODUCTION

SO(10) grand unified theories (GUTSs) are very attractive
since they predict right-handed neutrinos and make neu-
trino mass inevitable. Supersymmetry (SUSY) allows for a
single step unification of the gauge couplings. Being a rank
5 gauge group, SO(10) also naturally accommodates an
additional Z’ gauge boson, which may have a mass at the
TeV scale within the range of the Large Hadron Collider
(LHC). Such Z’ models are attractive since, apart from the
three right-handed neutrinos, they do not require any new
exotic particles to make the theory anomaly free.

There are two main symmetry-breaking patterns of
SO(10) leading to the Standard Model (SM) gauge group.
First, there is the SU(5) embedding,

§0(10) - SU(5) x U(1),
= SU(3)c x SU(2), x U(1)y x U(1),, (1)

where the U(1), is broken at the TeV scale, yielding
a massive Z,,. For recent examples of models based on such
aZ, seee.g., [1].

Secondly there is the Pati-Salam gauge group embedding,

SO(10) —» SU(4)ps x SU(2), x SUR)z.  (2)
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The Pati-Salam color group SU(4)p¢ may be broken to
SU3)e x U(1)g_,, leading to the left-right symmetric
model gauge group. The SU(2), group may be broken
to the gauge group U(1), associated with the diagonal
generator T3p. It is, thus, possible to break SO(10) in
a single step at the GUT scale without reducing the rank,

SO(10) » SUB)e x SUR2), xU()g x U(1)g_,.  (3)

The resulting gauge group in Eq. (3) does not predict any
new charged currents and is not very tightly constrained
phenomenologically. It may, therefore, survive down to the
TeV scale before being broken to the SM gauge group,
leading to the prediction of a massive Zj; , accessible to
the Large Hadron Collider (LHC).

In this paper, we shall focus on SO(10) broken at the
GUT scale in a single step, as in Eq. (3). In order to allow
for gauge coupling unification, we shall assume supersym-
metry (SUSY) which is broken close to the TeV scale, but
at a high enough scale to enable the superpartners to have
evaded detection at the LHC. We shall be interested in
the Zy g which emerges when the Abelian subgroup
U(1)g x U(1)p_, is broken down to the SM hypercharge
gauge group U(1), near the TeV scale (for brevity we refer
to this scenario as the BLR model). We study the discovery
prospects of such a Zj;  at the LHC, its possible decay
mode into Higgs bosons, and the expected forward-
backward asymmetry, comparing the predictions to the well
studied B — L model based on U(1), x U(1),_, [2-6]. We
comment on the U(1), x U(1), model [7,8] below.

The Abelian gauge group U(1)z x U(1),_; has quite
a long history in the literature as reviewed in [8,9]. It was
recently realized that SUSY SO(10) models which break
down to this gauge group may allow for a new type of
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seesaw model, namely the linear seesaw model [10,11].
Subsequently, the phenomenology of the SUSY U(1)gx
U(1)g_; model has been studied in a number of works
[12—18]. Indeed, it has been demonstrated that the Abelian
BLR gauge group U(l)g x U(1)g_, is equivalent to
U(l)y x U(1), [arising from the breaking chain in
Eq. (1)] by a basis transformation and furthermore that
this equivalence is preserved under RGE running, when
kinetic mixing is consistently taken into account [18].
Therefore, the physics of the TeV scale Zg; p considered
here should be identical to that of the Z)’( [18].

We emphasize that there are several new aspects of our
study including: the statistical significance of producing a
Zpr at the LHC including finite width and interference
effects (the LHC uses a narrow width approximation); the
study of Higgs final states in the U(1),_; x U(1)g model;
and the study of forward-backward asymmetry at the high
luminosity LHC as a discriminator between the U(1), X
U(1)p_;, model (or equivalently the U(1), x U(1), model)
and the usual Zj, based on U(1l)y x U(1),_,, ie., the
commonly studied B — L model [2-6].

The layout of the remainder of the paper is as follows. In
Sec. II, we discuss the BLR model. In Sec. III, we give the
Zp1  couplings to fermions in this model, while in Sec. IV
we give the Z; p couplings to Higgs. In Sec. V, we present
a renormalization group analysis of the BLR model. In
Sec. VI, we present the results for the Drell-Yan production
of the Z' in the BLR model, assessing the discovery
potential at the LHC, present the leptonic forward-
backward asymmetry as a discriminator of different models,
and discuss the Higgs final state branching fractions of Z;
decays. Section VII concludes the paper.

II. MODEL

We shall not consider the high-energy SO(10) breaking
here, so the starting point of the considered model is to
assume that, below the GUT scale, we have the gauge
group as on the right-hand side of Eq. (3), namely,

SUB)ex SUR2), x U(1)g x U(1)p_y (4)

Note that in this basis the hypercharge gauge group U(1),
of the SM is not explicitly present, instead it is “unified”
into U(1)g x U(1)p_,. Note that, although the Abelian
factors are equivalent to the U(1)y x U(1), model by a basis
transformation, we shall work in the U(1)xxU(1)gz_,
basis. In order to allow gauge coupling unification, we
need SUSY, but we shall assume it is broken above the
Zj r mass scale so that SUSY particles are not present in
the decays of the Z; . Note that such SUSY decays have
been considered extensively in [12—18].

At the Zp; p mass scale (typically a few TeV), hyper-
charge emerges from the breaking,

U)g x U(1)p_ = U(1)y, (5)
where the hypercharge generator is identified as
Y =T +Tp 1. (6)
where
Ty =(B-L)/2. (7)

The symmetry breaking in Eq. (5) requires two Higgs
superfields y; , whose scalar components develop vacuum
expectation values (VEVs) which carry nonzero T3z and
opposite T'p_; so that they are neutral under hypercharge. If
they arise from an SU(2), doublet then this fixes their
charges to be T3 = £1/2 and hence Tp_; = F1/2. Two
of them with opposite quantum numbers are required by
SUSY to cancel anomalies (and for holomorphicity). They
must be singlets under both SU(3) and SU(2), in order to
preserve these gauge groups.

Finally, at the electroweak (EW) scale we have the usual
Standard Model (SM) breaking

SUQ2), x U(1)y = U(l)y, (8)
where the electric charge generator is identified as
Q=T;5 +7. 9)

As in usual SUSY models, the EW symmetry breaking is
accomplished by two Higgs doublets H,, of SU(2),
which have B— L =0. If the two Higgs doublets of
SU(2), were embedded into a single SU(2); doublet,
then we expect that H, ; will have T3 = £1/2, respec-
tively. In addition, in order to accomplish neutrino masses
via the linear seesaw model, we need to add three complete
singlet superfields S, as discussed in Appendix A. The
particle content of the model (henceforth denoted as BLR)
is then summarized in Table I.

III. Z’ COUPLINGS TO FERMIONS

In this work, numerically, we use the SARAH program
[19] to determine the vector and axial couplings of the
fermions with the Zy; . This includes the full impact
of gauge-kinetic mixing (GKM) as done in [14,18].
Considering this effect in full leads to ~O(1)% differences
in vector and axial couplings. In this section, for simplicity,
we neglect the impact of GKM but stress that all impli-
cations are considered in our final results.

We begin by examining the low-energy breaking of the
gauge group in Eq. (5). The coupling of a fermion f to the
U(1)g and U(1),_; fields are obtained from
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TABLE 1. The particle content and generators of the SU(3). x SU(2), x U(1)g x U(1)p_; model.

PaI‘tiCle T3L T3R TB—L TX Y = T3R —+ TB—L Q = T3L —+ Y
u +1/2 0 +1/6 +1/4 +1/6 +2/3
d), -1/2 0 +1/6 +1/4 +1/6 -1/3

g 0 +1/2 +1/6 —1/4 +2/3 +2/3

dp 0 -1/2 +1/6 +3/4 -1/3 -1/3
v, +1/2 0 -1/2 -3/4 -1/2 0
e ), -1/2 0 -1/2 —3/4 -1/2 -1

Vi 0 +1/2 -1/2 —5/4 0 0

er 0 -1/2 -1/2 ~1/4 -1 -1

xk 0 -1/2 +1/2 +5/4 0 0

e 0 +1/2 -1/2 —5/4 0 0

S 0 0 0 0 0 0

g (o +1/2 +1/2 0 -1/2 +1/2 +1
=g ), -1/2 +1/2 0 -1/2 +1/2 0
H ( g) +1/2 -1/2 0 11/2 ~1)2 0
H,= é _ _ — —
=\ g5 ), 12 1/2 0 +1/2 1/2 1
—Lgir = /7" (9-T3r W;34R +9p. T B")f,  (10) . .
TABLE II. Chiral couplings for the U(1l)g and U(1)g_,
where Tp_; = %. models.
After symmetry breaking, these two fields will mix to Model ¢ el el e € € e e
become the. SMlmassless hypercharge ga}lge boson, B, T 0 12 0 —1/2 0 -1/2 0 1/2
and a massive Z,, (corresponding to the Zy ), T, 1/6 1/6 1/6 1/6 —1/2 —1/2 —1/2 —1/2

<B£L>(00593L —sin93L><BM> (an
Wik ~ \sinfg  cosfp z,)

So, the Zg, p has the following coupling to fermions:

_EgLR = Z;l]_c 7 (QR cos 0p; T3g — gpr Sin HBLTB—L)f .
(12)

Since

grsinfp = gpg cosbp = gy, (13)
we may rewrite the Z' couplings of the BLR model in
a more compact form,

—LEi g = Z, /7" 9y Qrr S
Orr = (cotOp; Tsg —tanbp; Tp_; ),

tan 0z, = gpL/ k- (14)

We shall be interested in comparing the Z' couplings in
the BLR model above to those in related models where the
SM gauge group (including hypercharge) is augmented by
an Abelian gauge group U(1)’, identified with the generator
Tg;., resulting in the Z' couplings

_EgL = Z/ny”gBLTB—Lf7 (15)

which may be compared to the BLR couplings in Eq. (14).
We shall find to one-loop the non-GUT normalized
couplings (i.e., in the conventions of this section).'
gr = 0.448, gpr = 0.459. (16)
In general, the Zp; x couples to a fermion f which may
be either left- or right-handed and the above couplings sum
over both chiral components of all the fermions. For
analyzing the couplings of different models, it is useful
to decompose the couplings into either left-chiral or right-
chiral components, leading to the vector and axial cou-
plings in the BLR model as follows,

—LEr = QYZLJCYM(GZPL + €1§PR)f

-1
= 9y Z,fr 5 (a) = ghr°)f. (17)
where Pp; = (1 £y5)/2 and the vector/axial couplings
are defined as g{, 4= e{ + e{e. Similar decompositions can

be made for the Z' couplings of the other models in
Eq. (15). Table II shows the chiral couplings for the relevant
generators T and Tz_; = (B — L)/2. Table III shows the

1Including GUT normalization, /3/2gg; = 0.563. We also
find the mixed couplings, related to GKM, gg g ~ gpr g ~ 0.01.
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TABLE III.  Vector and axial couplings for the U(l), and
U(1)z_, models. Note that we have integrated out the right-
handed neutrinos” in calculating ¢ and g4

Model gy g4 9y 9t 9 & g g
Ty 12 —1/2 —1/2 1/2 =1/2 12 0 0
Ty, 1/3 0 1/3 0 -1 0 —1/2 —1/2

vector and axial couplings obtained for the two different
models.

IV. Z' COUPLINGS TO HIGGS BOSONS

In this section, we shall ignore the Zj , decays into
bosons arising from y% and y%. The y, and y% bosonic
sector contains four degrees of freedom, two scalars plus
two pseudoscalars, where one of the pseudoscalars is eaten
by the Z; . to leave two CP even scalars plus one CP odd
pseudoscalar in the physical spectrum. If the soft masses of
the y} and y% bosons are very large, then we would expect
the physical CP odd pseudoscalar to become very heavy.
This can be achieved by assuming a large soft mass term
B, xkx% (the full superpotential and soft terms may be
found in [14]). Since the Z;;  must decay into a scalar plus
a pseudoscalar (assuming that CP and angular momentum
are conserved) then this would imply that none of the
bosons arising from y, and y% would be kinematically
accessible in Zp;  decays.

Under the above assumption of large soft masses for yk
and y%, we shall discuss the Zj;  coupling to the Higgs
bosons arising from H, and H; only, which are assumed to
have smaller soft masses. To investigate the Z' coupling to
what is essentially a 2-Higgs doublet model (2HDM)
sector, we begin with the Lagrangian term with the
covariant derivative

'CZ’,scalars = (Duq)l)T(Dﬂch) + (Dﬂd)Z)T(Dy&)Z) (18)

with

_ . 9y ) Y

D}l —aﬂ—ISBLCBL <T3R_SBL§)’ (19)
where cos(0z_;) = cp, and sin(fp_;) = sp;. Our two
Higgs doublets are

’In the linear seesaw, the heavy neutrino mass is approximately
My ~ Fug, see Eq. (Al) in Appendix A for the definition of F
while vy is the BLR breaking scale. We will see that the mass of

the Z' is approximately M, ~1\/G g%, + g%)vg. We, thus,

prevent heavy neutrino decays (2My > M) through the re-
quirement that the free Yukawa coupling be large enough,

F>\/Ggh+gk)~02.

TABLEIV. The coupling of the BLR Z’ to the physical 2HDM
mass states. The Feynman rule for the vertex is given by
(92s,5,)(p = P'),» where p, p' are the momenta of the two
scalars towards the vertex.

Vertex 97'5,5,
Z'hOA0 gg cos Op_; cos(f—a)
7' HO0AO —gg cos Op_; sin(f—a)
17+ 17— __+grcOsOp_,
ZH'H j eS80y

%= ()
l (vy + hy +iay)/V2 )
by

CBQ = 1.62(1)* = ( ),
’ (—vy = hy +iay)/V2

(20)

and we rotate the fields to the physical basis as in the
standard 2HDM procedure,

O ¢
P\ (B0 gy + HOCpo + vgy +iG0) /2 )

OF = < i ) (21)
(—hOCﬁa + HOSﬁa + lAO)/\/§ ’

where we defined the standard 2HDM rotation angles
cos(a— ) = c,p and sin(a —f) = s,5. We extract the
physical couplings for our Zj,  to the h°, H, H*, A°
in Table IV.

We find the partial widths by using the general expres-
sion for a Z’' decaying into two spinless bosons of unequal
masses M, and M,, with coupling gz s, (read off from
Table 1IV),

, 11
[(Zgg = $152) = TV
ZI

- 2(M3M2, + M3M2, + M3M3)).
(22)

Iys,s,(My + M} + M3

For a discussion of the Z, coupling to the scalar sector in
the U(1),z_, model, see e.g., [15].

V. RENORMALIZATION GROUP EQUATIONS

We now turn to the renormalization group equations
(RGEs) at one loop. These RGEs will determine the U(1)g
and U(1)p_; coupling constants and will also predict a
value of the SM hypercharge coupling constant, given
measured results of @, and a3. We begin by using the SM f-
function coefficients b3M = —19/6 and b3M = —7 for the
SU(2), and SU(3), groups, respectively. We perform the
running from M up to our BLR breaking scale, which we
denoted by vg. From the scale vy < Q < vgygy, these two
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FIG. 1.

Comparison of RGE evolution with (solid lines) and without (dashed lines) gauge-kinetic mixing from GUT to SUSY scale.

The U(1)g evolution is unchanged, whereas the U(1),_, is modified slightly. A zoomed in plot of this modification is shown.

p-function coefficients are unchanged, as none of the
additional BLR particle content has quantum numbers
under these two groups. Then, at vgysy < O < Mgur,
we introduce the SUSY partners and the p-function
coefficients are modified to H3%5Y =+1 and H3USY =-3.
These are the familiar MSSM p-function coefficients. The
strong and weak coupling constants are run until they
intersect, which determines Q = Mgyr and agur =
ar(Mgyur) = a3(Mgyr). We now run our U(1),_; and
U(1)g coupling constants down from this GUT scale.

As we have two U(1) groups, they undergo GKM. We
begin with the f-function coefficients by~ = 27/4,
b RSUSY = 15/2 and a mixed term by 57 " = —/3/8,
including a GUT normalization term of 3/8 on the U(1),_,

and, hence, 1/3/8 on the (U(1)z_, x U(1)g) coefficient.
Rotating the couplings into the upper triangular physical
basis [20], and following the procedure of [21], we find the
following f# functions for the GUT normalized couplings,’

dge 1 15
IR _ 23
dt (471)2 2 7 (23)
dg 1 [(27, B 15\,
di ~ (4n)? {<493L 293L9+ 29)9
3 ~
=+ (— EgBL + 159) 9123} ) (24)

dg 1 (27 3 15
dI;L - (47)? (ZQ%L - \/;QBLQ + 792>93L' (25)

*The couplings in this section are GUT normalized, while
those in earlier sections are the non-GUT normalized couplings
‘We have chosen the same nomenclature for both normalizations,
being careful to specify which normalization we are using.

At the GUT scale, we set § =0 and allow it to run to
nonzero values at low scale. Figure 1 shows the running of
the U(1), and U(1)z_, groups both with (solid line) and
without (dashed line) including the GKM procedure. One
can see immediately that these two lines lie on top of one
another, meaning the effect of the GKM is negligible. The
ap has an entirely negligible change and one can see a
zoomed plot of the shift in the ap; coefficient, which
changes by O(0.1%). At the low (TeV) scale, one finds a
negligible mixing coupling term § ~ 1072; nevertheless, we
include this correction in our numerical work.

We include GKM from the SUSY scale to the U(1), x
U(1)g_; breaking scale, vg. From vz < Q < vgysy,
decoupling the SUSY particles, the f-function coefficients
change to b5HR = 17/4, bR'R = 13/3 and a mixed term
b%{“BR_‘iUSY = bﬁ&‘}ﬁUSY = —1/+/24. We summarize these
beta function coefficients and their meaning in
Appendix B. At vy, these two coupling values determine
the (GUT normalized) hypercharge coupling,

ai' =Zax! +Zagl. (26)

From this scale, a; is run further down from vy to M, with
the SM p-function coefficient H$™ = 41/10. The BLR
breaking scale has been chosen such that the VEV and
coupling values at this point correspond to a Z' with a
statistical significance < 20, which is seen later to be
3750 GeV. Using this Z' mass, the vz VEV is determined
from the formula® [14] in the limit § = 0,

“The factor of 3 /2in Eq. (27) multiplying g%_, comes from the
3/8 GUT normalization factor times a factor of 4 in going from
B—L to (B—L)/2. This is responsible for the GUT scale
prediction tan 0z, = gp;/g9r = +/3/2 in terms of the non-GUT
normalized couplings in Eq. (14).
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FIG. 2. The upper panel shows the running couplings in the
BLR model, with vz = 11660 GeV, which corresponds to
M, = 3750 GeV and vgysy = 10° GeV. The GUT scale is
determined to be Mgyr = 3.30 x 10'® GeV. The lower panel
shows the running couplings in the MSSM.
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where /(3/2)gp_; = 0.563, as seen in Eq. (16), and
Mz = 3750 GeV leads to vg = 10328 GeV.

The upper panel of Fig. 2 shows the running couplings
of the BLR model, setting vz = 10328 GeV and
vsusy = 10° GeV. Using our one-loop RGEs, we predict
a value for the SM hypercharge coupling as ay(M,) =
%al (M;) =1/102.44, which we may compare to the

experimentally determined value of oy’ =SB =
s w

1/98.39 [22]. The difference between the two values
may be partly accounted for by our procedure of running
up the best fit experimental values of a, and a3 at M, to
determine Mgyt and agyt at the point where they meet,
then running all the gauge couplings from this point
down to low energies. This procedure, though convenient
for the BLR model where the hypercharge gauge coupling
is not defined above vg, does not take into account the

P £Xp

experimental error in a3' in the prediction for ay”’.
Another source of error is the fact that we do not consider
either two loop RGEs or threshold effects, both of
which are beyond the scope of this paper. Using our one
loop results, we determine the values of the couplings
in Eq. (16), which refer to the non-GUT normalized
couplings.

For comparison, the lower panel of Fig. 2 shows the
MSSM at one-loop running couplings, again assuming
vsusy = 10° GeV. In this case, the analogous procedure to
that used in the BLR model yields a prediction for the SM
hypercharge coupling of a}SM(M,) = 1/102.25.

VI. RESULTS

A. Preliminaries

In this section, we review the LHC results specific to the
BLR model in Drell-Yan (DY) processes as well as in final
states including Higgs bosons. We do so in two separate
subsections to follow. In the case of DY studies, we also
compare the BLR results to those of the U(1),_; scenario.
Throughout our analysis we assume the aforementioned
heavy SUSY scale, thereby preventing decays of the Z’ into
sparticles. However, we consider the possibility that the
2HDM-like Higgs states of the BLR models are lighter than
the Z’, which may therefore decay into them via the
couplings in Table IV. Further, notice that Z’ decays into
non-MSSM-like Higgs states can be heavily suppressed in
comparison, in virtue of the fact that the additional CP-odd
state not giving mass to the Z’ can be made arbitrarily heavy
(as previously explained), a setup which we assume here,
so that we refrain from accounting for these decay patterns.
Finally, recall that heavy neutrino decays are prevented
here in the light of footnote 2 and that they have already
been studied in, e.g., [23] (for the B — L case), from where
it is clear that they have little Z’ diagnostic power. In
contrast, we aim at making the point that the Higgs decays
we study below can eventually be used for this purpose.

We use standard 2HDM notation, such that #° and H°
are the CP-even Higgs mass states (with the lighter /°
being the discovered SM-like one), AP the CP-odd one and
H* the charged ones.

Table V summarizes the numerical values of the vector
and axial couplings of the Z’ to fermions for the B — L
and BLR models. For each scenario, we have defined
new vector and axial couplings with the gauge coupling
absorbed,

A P
L% = Zﬂfy”i(gfv — ), (28)

which may be compared to Eq. (17). For the U(1)z_, model,
the calculation of LZ]{,’ 4 in Table V uses the gauge coupling

constants shown there multiplied by the vector and axial
couplings given previously in Table III. For the BLR model,
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TABLE V. Numerical values of the vector and axial couplings for the U(1),_, and U(1)z_, x U(1); models. Note that we have

decoupled the right-handed neutrinos in calculating g5, and g4.

Model Gauge coupling gl 7 g4 i 7 @ 7
B-L gpr, = 0.592 0.197 0 0.197 0 —-0.592 0 —-0.296 —-0.296
BLR See Eq. (16) —-0.0103 —-0.135 -0.279 0.135 0.300 0.135 0.217 0.217

the new numerical vector and axial couplings are derived
including the full effects of gauge-kinetic mixing using
SARAH (as a function of the mixed couplings gz; r, 9z 51
and the rotation matrix which diagonalizes the neutral gauge
boson mass matrices), but may be approximated analytically
neglecting GKM using Eqgs. (14) and (17) as

T 4(BLR) ~ gy|(cotOp; ) g} 4 (R) — (tan O, ) g}, 4 (BL)]
(29)

in terms of the vector and axial couplings g(, 4(R) and

g(ﬂ A(BL) for the T3z and Tp_; models as written in
Table III. The non-GUT normalized gauge couplings for
the BLR model in Eq. (29) and Table V come from the RGE
analysis leading to Eq. (16). The values of the non-GUT
normalized gauge couplings gp; and g, for the B — L and y
models in Table V were taken from the low-energy para-
metrization in [8] rather than an RGE analysis, which would
require us to specify the corresponding high-energy models,
which we do not wish to do here, bearing in mind that the
B — L model does not emerge from SO(10). If some other
value of gp; were used instead, then the vector and axial
couplings for the B — L model in Table V would be
straightforwardly rescaled.

Many qualitative features of the results can be under-
stood by examining the fermion couplings in Table V, for
example, the vector nature of the B — L couplings.

B. Drell-Yan

The most promising channel to search for and profile a Z’
boson at the LHC in the BLR model is DY production and
decay, namely, pp—y,Z,Z' > eTe™ and u*u~. Figure 3(a)
illustrates the current LHC reach (assuming 30 fb~!' of
integrated luminosity at 13 TeV), highlighting that a Z’ of
BLR origin with a mass of 3750 GeV is allowed by data, as

IS|
\/[S+B|
entire mass range over which the signal |S| could manifest
itself over the background |B|. Notice that, here and in the
following, our signal is given by the (modulus of the) cross
section of pp —» y,Z,Z' — e*e™ and y"pu~ minus that of
pp > v.Z — e"e” and utu~ (thereby including interfer-
ence effects between Z' and y, Z), the latter being the
(irreducible) background.” This very same Z' boson will,

is less than 2 in the

its statistical significance o =

’Notice that, for the Z' mass ranges currently allowed by
experiment, other (reducible) backgrounds can be neglected.

however, become accessible by the end of Run 2 of the
LHC, as illustrated in Fig. 3(b), where (assuming 300 fb~!
of integrated luminosity at 13 TeV) values of a in excess of
5 are found near the peak region.6

Once such a Z’ signal is established, it will be necessary
to diagnose it, i.e., to assess to which model it belongs.
A useful variable in this respect is the (reconstructed)
forward-backward asymmetry (Ajz) of the DY cross
section. We use here the definition adopted in Ref. [28],
see Sec. III therein, with no cut on the di-lepton rapidity
(see also Refs. [29,30]). Figure 4 shows the shape of
this observable at the LHC, for /s =13 TeV and
M, = 3750 GeV, as it would appear in the Z’ peak region
of the di-lepton invariant mass distribution for the BLR
model as well as the U(1)_; scenario. The shape emerging
from the BLR case is notably different from the one of the
companion SO(10) model’

In order to quantify whether the LHC will be able to
differentiate these two models, from one another or the SM,
one must include the statistical error in the formulation of

Aig [29]:
1 — A2

In Fig. 5, we include this error in a binned version of
Fig. 4, which overlays the U(1),_, and BLR models, for
a luminosity of 3000 fb~! corresponding to the final result
for the High-Luminosity LHC (HL-LHC) run [31]. The
purple region is the overlap of errors between the two
models. One can see that there are areas where the errors
do not overlap and, by looking at the entire invariant
mass distribution, a detailed statistical analysis may in
principle differentiate between these two models at this

®In performing this exercise, we have used the program
described in Refs. [24,25] for the U(1),_, case suitably adapted
to the BLR one. In particular, our implementation accounts for Z’
width and interference (with SM di-lepton production) effects,
which tend to reduce somewhat the sensitivity of the LHC
experiments. Needless to say, when these are neglected, we are
able to reproduce results obtained by the LHC collaborations
[26,27] with percent accuracy, for the corresponding choice of
couplings (which differ somewhat from those used in the present
paper). This is why our limits for Z’ masses differ from those
quoted by the LHC.

’As intimated, recall that the Z' couplings to leptons in the
U(1)p_, case are purely vectorial, so that nonzero values of Ay
are due in this case to interference effects.
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Model = BLR
2.5 pp > Z'»e‘e |y u” @NNLO
s =13 Tev
Mz =3750 GeV
20 Lum =30 fb™"
s 1.5 a= [S]
1’ |S+B|
1.0]
0-54.—'_'_,7 L
0.0l
3200 3400 3600 3800 4000 4200
My [GeV]
(@
7
Model = BLR
6 pp->Z' > e'e” / y'u” @NNLO
s =13 TeV
5 Mz =3750 GeV
Lum = 300 fb~"
4 __Is]
3 a=
3 w’ | S+B|
2
1 _'_’_,_
0 I_\_\_
3200 3400 3600 3800 4000 4200
M, [GeV]
(b)

FIG. 3. Statistical significance for producing a Z' decaying into
ete™ and ptu~ in the BLR model at integrated luminosities of
(a) L =30 fb~! and (b) 300 fb~'. The number of events obtained
at these luminosities for pp — Z’ is 74 in case (a) and 737 in
case (b).

0.5
— SM
2 0.0
— U(Ns-r
= U(1)g x UMs-L
-0.5

3.0 3.5 4.0 4.5
M, [TeV]

FIG. 4. The theoretical predictions of the leptonic forward-
backward asymmetry at the LHC Ajy in the presence of a Z'
decaying into eTe™ and p"p~ forthe U(1), x U(1)g_, (red) and
U(1)gxU(1)_, (blue) models. We have taken M, =3750GeV.
The SM (black) result is also given for comparison.

Models = U(1)g_t;

s =13TeV

Mgz = 3750 GeV
Lum = 3000 b~

3000 3500 4000
My [GeV]

FIG. 5. The Ajg spectrum of the DY cross section in the
presence of a Z' of mass M, = 3750 GeV. The figure we shows
the BLR model prediction for Afy (in blue) and its error (shaded
in light blue) as well as the U(1);_, prediction for Ay (in red)
and its error (shaded in light red) as a function of the dilepton
invariant mass. The purple region is the overlap of errors between
the two models. Here, L = 3000 fb~'.

luminosity, although we leave this task to the experimental
collaborations.

C. Higgs final states

An alternative way of singling out the BLR nature of
a Z' signal established via DY studies would the one
pursuing the isolation of its exotic decays, i.e., into non-SM
objects. Under the enforced assumption of heavy neutrinos,
additional CP-odd Higgs boson and all sparticles being
(much) heavier than the Z’, the latter would include those
into all possible MSSM-like (pseudo)scalar states pertain-
ing to the Higgs sector of the BLR model, which, as
discussed in Table I, is notably different from those of the
U(1)p_, scenario. In particular, in the presence of CP
conservation, the following decay channels would be
allowed in the BLR framework: Z' — A%h°, A°HO and

Branching Ratio for Z'

cos(B-a)=0.1
0001} \—\ | M,=3750GeV

—

10S

—
61 4

N
<

— AOHC

mmmm H*H-

Branching Rat

A0 O

100 .

0 500 7000 1500
Mrio=M:=Mpno
FIG. 6. BRs of a Z' in the BLR model as a function of

degenerate Ay, H® and H* masses. Here, M, = 3750 GeV and
cos(ff—a) =0.1.
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HTH~. These are presented for the usual Z’ benchmark,
assuming cos(ff —a) = 0.1 (so as to comply with LHC
data from Higgs studies), in Fig. 6, for representative values
of the Higgs boson masses. While the corresponding BRs
are always subleading (of O(107*) to O(107%)) with
respect to those of the decays into SM fermions, the
(on-shell) Z’ cross section is 2.46 fb, so that HL-HLC
luminosities should render the extraction of these decay
modes possible, whichever the final decay patterns of the
Higgs bosons involved.

VII. CONCLUSION

SO(10) GUTs have the remarkable property that they
predict right-handed neutrinos, making neutrino mass
inevitable. SO(10) is also a rank 5 gauge group, which
implies that any rank preserving GUT breaking sector will
lead to an extra Abelian factor in the low-energy effective
theory, which protects right-handed neutrinos from gaining
mass. If the rank is broken at the TeV scale, then there will
be a Z' and massive right-handed neutrinos possibly
observable at the LHC.

We have considered SO(10) motivated Z' models. In
particular, we have focused on the breaking pattern in
Eq. (3), where the final breaking scale in Eq. (5), of the
U(1)g x U(1)p_, Abelian subgroup into the hypercharge
U(1)y of the SM, may be around the TeV scale without
spoiling gauge unification, within the accuracy of our one-
loop analysis. The SUSY version of the U(1)z x U(1)p_,
(BLR) model permits a linear seesaw mechanism for
neutrino mass generation.

After defining the BLR model particle content and
giving the relevant Zj; . and Higgs couplings, we have
focused on the discovery prospects of the Zj;  at the LHC,
its decay into Higgs states, and the forward-backward
asymmetry as a diagnostic for discriminating it from the
Zy, of the U(1), x U(1)g_, model. It is noteworthy that
the Z;, of the B — L model has purely vector couplings to
quarks and leptons, making the forward-backward asym-
metry a powerful discriminator, as we have discussed. In
general, we have set out to test whether such models can be
disentangled at past (like LEP/SL.C) and present (like LHC)
machines, assuming that the SUSY scale is higher than the
Zjy g mass.

Having determined the parameters of the BLR model to
one-loop accuracy at the TeV scale, we have examined the
feasibility of the LHC to extract a Zy; signal. We have
shown that Zj . mass values just below the current
sensitivity of the LHC can easily be accessed by the end
of Run 2 in standard DY searches exploiting electron and
muon final states. Furthermore, we have made a detailed
investigation of Afg (i.e., the reconstructed forward-
backward asymmetry) of these di-lepton final states and
shown that it may be possible to distinguish the Zj;  of the
U(l)g x U(1)p_, from the Zj, of the U(1), x U(1)5_,

case, assuming HL-LHC luminosities. This is probably the
main new result of this paper.

We have also considered the Zj,  decays into MSSM-
like Higgs bosons, which would include Zj;, — A°A°,
AYH® and H*H~, but excluding possible decays into yk
and y% bosons which we assume to be too heavy to be
produced. While the Higgs decay rates are always small,
from percent to fraction of permille level, compared to
those into SM leptons and quarks, HL-HLC luminosities
should render the extraction of all of these signals feasible.
Though such decays are often neglected in the literature,
they provide an additional Higgs production mechanism,
possibly the dominant mechanism on the Zj; ; resonance at
an e e collider, and a crucial test of the gauge structure of
the model in the 2HDM versions of the models that SUSY
demands.
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APPENDIX A: LINEAR SAW

The linear seesaw is similar to an inverse seesaw, but
with u — 0 and a new term coupling a left-handed (LH)
neutrino to the scalar singlet S:

0 YU FUL O mp €
YT 0 Fuogl=|mp, 0 M, (Al)
FTo, FTvog 0 e Ml 0

Each element here corresponds to a 3 x 3 block. Solving
this in block diagonal form, assuming ¢ < m;, < M,,, one
finds

M, +mimpM;" 0 0

0 —(M, +mpmpM;') 0 (A2)

0 0 —ep

M}(

So the light and heavy physical masses are
mp

ML/L = —6'@ + H.c. (A3)
MNI "‘/1‘41\/2 NMX—FmngM;l +HC (A4)

115027-9



KING, KING, and MORETTI

PHYS. REV. D 97, 115027 (2018)

Here we have the light neutrinos, v;, as observed in
oscillation experiments, and N;, are the heavier neutral
fermions. The smallness of ¢ may allow for a low (TeV)
scale M,,, which is a fundamental feature of all low-scale
seesaw mechanisms. Unlike the inverse seesaw, we see that
M,, is linear in mp, which is proportional to the Yukawa
couplings, hence the name “linear” seesaw.

APPENDIX B: RGES

Beta functions for the non-Abelian and Abelian groups,
respectively, are [21]
dg. _ Buga dgin _ 9u
_ — b..aa: Bl
a 6 dr 6w tudwdme (B

where the index a runs over the non-Abelian groups
SU(2), and SU(3),, a =2, 3 and (i, ], k,I,m) run over
the U(1)g, U(1)g_,, and mixed U(1)g x U(1)p_, and
U(1)g_, x U(1)g groups, (i,j,k,I,m)=(R,B—L) and

Einstein summation convention is assumed. For our RGE
section, we make a rotation on the coupling matrix G, such
that it is set in upper triangular form [20]

G — <911 912> (B2)
921 922
911922=912921 911921191292
G=G0% = (g g> - ( Vit NZETX )
/
0 ¢ 0 V&1 + 9

(B3)

One may consequently find the RGE in terms of ¢, ¢, § by
differentiating these expressions and then replacing the
differentials dg;;/dt with the beta functions as calculated
with Eq. (B1), then replacing ¢;1, 912, ¢», in terms of
g, ¢, §. The beta function coefficients are given in Table V1.

TABLE VI. Beta function coefficients for Abelian and non-Abelian gauge groups in the BLR model.
Coeflicient GUT normalisation| Value Scale
L , 15/2 | Msusy < @ < Mgur
’ 13/3 | MeLr < Q < Msusy
27/4 | Msyusy < @ < Mgur .
bngL—RL) 1) 3/8 Abelian
’ 17/4 | MpLr < Q < Msusy
—/3/8 | Msusy < @ < Mgur
bRELL = bBEE R 3/8
—1/v24|Mgrr < Q < Msusy
1 -3 [Msusy < Q < Mgur
BPLA 1 -7 | MLr < Q < Msusy
1 -7 Mpw < Q < Mpir
Non-Abelian
1 1 Msusy < Q < Mgur
BQBLR 1 —19/6 Mprr < Q < Msysy
1 —19/6 Mpw < Q < MgLRr
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