Physics Letters B 807 (2020) 135548

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

The Weinberg angle and 5D RGE effects in a SO(11) GUT theory n

Check for
updates

Christoph Englert, David ]. Miller *, Dumitru Dan Smaranda

SUPA, School of Physics & Astronomy, University of Glasgow, Glasgow G12 8QQ, UK

ARTICLE INFO ABSTRACT

Article history:

Received 20 March 2020

Received in revised form 3 June 2020
Accepted 5 June 2020

Available online 9 June 2020

Editor: A. Ringwald

The Weinberg angle is an important parameter in Grand Unified Theories (GUT) as its size is crucially
influenced by the assumption of unification. In scenarios with different steps of symmetry breaking, in
particular in models that involve gauge-Higgs unification, the connection of the ultraviolet theory and the
TeV scale-relevant, effective Standard Model description is an important test of the models’ validity. In
this work, we consider a 6D gauge-Higgs unification GUT scenario and explore the TeV scale-GUT relation

using a detailed RGE analysis in the 4D and 5D regimes of the theory, including constraints from LHC
measurements. We show that such can be consistent with unification in the light of current constraints,
while the Weinberg angle likely translates into concrete conditions on the fermion sector in the higher

dimensional setup.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The interaction structure of the Standard Model of Particle
Physics (SM) strongly suggests a mechanism of unification. On the
one hand, Grand Unified Theories (GUTs) elegantly address ques-
tions related to fermion charge assignments in addition to a range
of other shortcomings that are present in the SM. Along these
lines a range of less traditional approaches to grand unification
have been proposed recently (for a recent review see e.g. [1]).
A scenario that we will focus on in this work is grand unifica-
tion in the context of gauge-Higgs unification [2-8]. In partic-
ular, we will focus on the model of Refs. [9,10]. As shown in
Ref. [11], this model is consistent with current LHC measure-
ments with future LHC measurements being able to extend the
currently observed sensitivity to exotic states to the multi-TeV
range.

If a new state is discovered in the future, a question that will
arise as part of the ensuing characterisation programme is its role
as a potential harbinger of unification. Answers to this question
will be model-dependent but can be informed by theoretical con-
sistency arguments. One of these consistency arguments that is
typically highlighted in GUT scenarios is the tree-level prediction
of the Weinberg angle
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as a consequence of an (intermediate) SU(5) unification [12-14]. In
perturbative theories, reproducing this value in the UV is critical
to support the hypothesis of unification. The relation of Eq. (1) re-
ceives perturbative corrections that will modify its value in the UV
as a function of the theories fundamental input parameters. How-
ever, the dominant relation between UV and TeV scales is captured
in the renormalisation group running of sin? 0y, ie. starting from
the observed value at the electroweak scale and including correc-
tions from new particles becoming accessible we should approach
the relation of Eq. (1) or discover the necessity of additional model
constraints.

This is the focus of this work in the context of the aforemen-
tioned gauge-Higgs unification scenario of Refs. [9,10]. We perform
a detailed renormalisation group equation (RGE) investigation of
the 4D and 5D phases of the scenario with a particular focus on
the weak mixing angle. In Sec. 2 we briefly outline the model to
make our work self-contained. In Sec. 3 we lay out the RGE solving
methods within the respective 4D and 5D formalisms and discuss
their qualitative behaviour using a particular parameter benchmark
scenario. In Sec. 4 we comment on the Weinberg angle at the GUT
scale as a means to gauge unification in the considered theoretical
framework. Sec. 5 is devoted to a numerical RGE scan. Particular
attention is given to the number of RGE-active fermion genera-
tions that can provide guidance for future model-building. Sec. 6
offers conclusions.
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Table 1
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Field content of the model of Refs. [9,10]. The columns provide details of
the fields content, their transformation properties under the SO (11) gauge
symmetry, and their localisations in the 6D setup. «, 8 are generational
indices where « =1,2,3,4and 8 =1,2,3.

Name Field SO(11) rep.  Bulk/Brane

Gauge bosons Ay (X, y,w) 55 6D Bulk

Dirac spinors e, (X, ¥, w) 32 6D Bulk

Dirac vectors lllfl x,y,w) 11 6D Bulk

Dirac vectors \P;‘i *y.w) 11 6D Bulk

Spinor scalar P3z(x, W) 32 5D Brane at y =0
Majorana spinor Xf(x, w) 1 5D Brane at y =0

2. The model

The model of Refs. [9,10] is a 6D space-time with hybrid
(warped+flat) compactification and an SO(11) gauge symmetry,
described by a Randall-Sundrum-like metric [15]

ds? = e 27 W (. dxdx” + dw?) 4+ dy?, (2)

where e=29() is the warp factor associated with the y € [0, Ls]
direction, w € [0,27Rg] is an euclidean direction, and 7,, =
diag(—1,+1,+1,+1) is the 4D Minkowski space-time metric.
A Z; transformation (x*,y,w) — (x*,—y,—w) results in a
My x (T?/Z3) orbifold with 5D branes My x S1, at the fixed
points y = 0,Ls. We assume a compactification MEI}T ~ Rg K
{mk/(z1 — 1)}~1, where k is the AdSs curvature and z; = els, im-
plying Kaluza-Klein (KK) mass scales of the 5th and 6th dimension
myks << Mgk ~ Mcur. The matter content as well as its localisation
on the orbifold fixed points is given in Table 1.

Symmetry breaking to Quantum Chromodynamics (QCD) and
Electrodynamics (QED) proceeds in three stages: Firstly, orbifold-
ing with appropriate parity assignments [16,17] breaks SO(11) —
Gps = SU4)c x SU2) x SU(2)g, the Pati-Salam [18] group on
the infrared (IR) brane at y = Ls. Secondly, 5D brane-localised in-
teractions at y =0 of &3 break SO(11) — SU(5) spontaneously,
leading to a SU(5) N Gps =Gsm = SUB)c x SUR); x U(1)y zero
mode spectrum in the gauge field KK decomposition. Finally, be-
low the 5D compactification scale (i.e. where a 4D description of
the theory is appropriate), the Hosotani mechanism [19-21] breaks
SUQR); x UQA)y — U(1)gm through a vacuum expectation value
of a Wilson loop 6y along the y direction that carries the quan-
tum numbers of the SM Higgs field. In addition to recreating the
SM at the electroweak scale, the theory predicts KK towers for the
S0 (11) gauge bosons and bulk matter fields in Table 1. The masses
of these modes are set by the various symmetry breaking stages
and the two associated mass scales mggs , M-

For the purposes of exploring the model’s parameter space, as
done in e.g. [9], we identify the Weinberg angle at the electroweak
scale as sin® 6@y = 0.2312. As shown in Ref. [11] the parameter re-
gion leading to an acceptable low energy phenomenology can be
extended with adapted statistical sampling methods. This is high-
lighted in Fig. 1, where we identify a parameter point as “SM-like”
when it reproduces the SM at the 95% confidence limit.!

3. RGE effects
3.1. General remarks

At the TeV scale the model is effectively the 4D SM and we
evolve the parameters according to the 4D theory properties. This

is admissible until we approach Mgk, where the 5D structure be-
comes apparent. At this stage we could continue using 4D RGE

1 We refer the interested reader to Ref. [11] for details.
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Fig. 1. Scatter plot of representative parameter space points for the SO(11) model
as functions of the KK scale mgg, and warp factor z;. The colour reflects the order
parameter (fy). Points highlighted as hexagons are points that are SM-like, i.e. they
reproduce the SM in the low energy regime at the 95% confidence level [11]. Faded
points do not meet the 95% confidence level criteria.
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Fig. 2. Tower of EFTs that approximate the UV 6D theory. The 4D description
is valid within [Mz, Mxg,] with G_,¢= SUQ3)c x U(1)pm gauge symmetry and
within [Mygs, 1/Ls] with Gps gaugé symmetry. The 5D description is valid within
[Mkks, Amax] with a Gps gauge symmetry. Above Awmax the full 6D description
comes into effect.

equations including the additional KK states that have non-trivial
quantum numbers under the SM gauge group. Alternatively, one
can directly work in a 5D approximation [22] of the theory to ob-
tain identical results, see Fig. 2. Above the Mgk, scale additional
KK states of the 5D theory become accessible which correct the
behaviour of the 5D running.

The 5D regime is determined by the Pati-Salam symmetry
group together with the active KK states and thresholds. 6D com-
pactification effects are not relevant in this context as we assume
Mxks < Mgut ~ 1/Re. Without a 6D RGE formalism, a complete
evolution to the GUT scale in our one-loop analysis is not possible
since there is a scale

2
167; < Mur, 3)
&5

which signifies a loss of perturbative control of the 5D regime be-
fore the unification scale. In this work, we opt to understand this
scale as a lower bound on the GUT scale itself and use the differ-
ence of the Weinberg angle with respect to Eq. (1) as a measure to
gauge unification qualitatively.

The gauge-related states with masses O(Mkg;) relevant for our
discussion are gauge fields that transform under the symmetries

Gps/Gsm
Gsm . (4)
S0()/S04)

AMax ~

Apm ~
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In the theory’s 5D regime, these states have defined trans-
formation properties under the Pati-Salam Gps symmetry. The
coset SO(5)/S0(4) sector which transforms as (1,2,2) under
Gps and eventually triggers electroweak symmetry breaking via
the Hosotani mechanism, induces corrections to the gauge cou-
plings g»;, g2g. Note that the w gauge component KK states of
S0(5)/S0(4) obtain large masses via brane interactions (see [9])
and are therefore not relevant for our discussion.

The fermionic matter content relevant in the same regime, is
again characterised by symmetry properties under Gps. States with
masses O(Mgg;) are given by

4,2, D)rr, @4 1,2)Lr,
6.1. D%, 6.1, (5)

1.2.2fh, 1L.2.2. LD, 11D,

which all originate from the ¥3,, \Ilfl, \I!ﬁ bulk fields. The signs +
refer to parity assignments to guarantee 6D SO (11) chiral anomaly
cancellation, see Ref. [9].

We divide the full energy range in which the 5D EFT is valid
(i.e. [Mz, Amax]) into two regions. The first region is given by the
energy range in which the 5D EFT is well-approximated by its
4D EFT counterpart. This region’s cut-off energy is dictated by the
Mgk, mass threshold around where the gauge bosons of the Pati-
Salam symmetry are resolved. This corresponds to a scale given by
the first non-zero mode of the photon tower.? Thus, the first re-
gion is very well approximated by a Gsy theory with additional
matter states (that correspond to the 6y shifted KK towers), which
is valid between [Mz, Mkk;]. We describe the remaining energy
range [Mxks, Amax] in the 5D Gps formalism following [22], where
the cut-off represents the energy at which we lose perturbative
control of the 5D theory, and the more fundamental 6D theory is
required. The tower of theories is schematically shown in Fig. 2.

We now turn to the discussion of the 4D evolution, which
will provide the IR boundary conditions for the 5D theory. We
first fix our (electroweak) input parameters at My by setting
o3¢, XEM, SinBy to their experimentally observed values [23,24]

o3c =0.11822,
apy = 127.916, (6)
sin® 6y = 0.2312,

where o3¢, apm denote the strong and electric structure constants,
respectively (we will discuss the impact of uncertainties on our
results below). Subsequently, we then evolve asc, @pm, Sinfy via
the Gsm RGEs in the broken phase (using the formalism outlined
in [25]) until we reach the energy scale at which a new KK state
becomes available.

At this scale, we include new RGE contributions arising from
resolved KK states until we reach Mgg,, where we include thresh-
old corrections A; corresponding to integrating out the heavy states
corresponding to the Gps — Gsy breaking (we do not include log-
arithmic threshold corrections arising from the matter fields).

The 4D/5D matching requires the identification of coupling con-
stants at the relevant scale. The electroweak couplings of the un-
broken SU(2); x U(1)y phase, a1y, ay; are related to their broken
phase counterparts by>

2 For warp factor choices z; > 10 that yield realistic low energy spectra, the so-
lutions for the first photon mode and the PS gauge bosons are almost degenerate.

3 This is done in the 4D framework, and we have adopted the standard 3/5 GUT
normalisation for the hypercharge coupling.

1 3
=Z2(1—sin’ow) ,
a1y (W) =M 5 oem (i) H=Mkks 7
1
= sin? Ow .
2L (1) | =g, oM (K | =My,

With this we can now find the values of the Pati-Salam gauge cou-
plings a4c, aar, apr at the My, scale

1 1 1
asc o3 12w
1 51 21 8 ®)

3ary  3asc 457
(apy is already given as the coupling of the SU(2); group). These
serve as the boundary conditions for the 5D theory, where

gSD\/E = 84D

We evolve the Pati-Salam couplings a4, aa1, aog within the 5D for-
malism described in Ref. [22] in the energy range [Mxys, AMax].
Using this running we then extract the coupling values and com-
pare the Weinberg angle

(9)

M=Mgks

2
(OlzLOMC + sazraor+
2104 3

sin® w (1) = (

-1
5 8
Q2RO4C — §a2La2Ra4C H)
m

to its predicted GUT value.

Before we discuss the RGEs in detail below, it is instructive to
define a reference point to guide our discussion. To get a qual-
itative understanding of how the KK thresholds modify the RG
evolution of the theory, we consider the set of parameters from [9],
which provide a SM-like physical mass spectrum

Psample 1=[l< =89130,2; =35,¢1 =0,c,=-0.7,
co=0.5224, 1 = 11.18, ju11 = 0.108, (11)
fiz =0.7091, }, :0.108].

c1,C2, g are the fermion bulk mass parameters along the warped
direction, and w1, fi2, ,un,p]" are couplings localised on the 5D
brane at y = 0 (for details see [9]). This choice results in the tower
of states shown in Fig. 3, which we will use as a reference point in
the following.

3.2. 4D approximation and RGEs

By performing the RGE analysis in the broken phase, we evolve
the QCD gauge coupling g3, along with the electromagnetic cou-
pling ggm, which in turn determines the Weinberg angle sin 6y,
RGE evolution via the matter content. To facilitate an unambigu-
ous transition to the Pati-Salam phase we then proceed to relate
the latter to the unbroken U(1)y hypercharge and SU(2); weak
couplings.

The renormalisation group equations are expressed in terms of
the gauge couplings g; as

08i 1
noo=hew, —=—, (12)
H o g

where B; are the beta coefficients arising from the group repre-
sentations of the SU(N) gauge group. The QCD beta function Bg,,
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Fig. 3. Tower of states from Mz to the next states at scales beyond My, . The labels indicate the relevant fermion and boson fields, and their markers show the mass of the
respective KK state. W;f refer to the W boson tower, Zﬁ to the Z boson tower, v, denotes the top quark tower, v, is the bottom quark tower, yp is the “dark fermion”

multiplet tower, Wﬁ is the Pati-Salam SU(2)gr W boson tower, y;, is the photon tower, A‘Zl‘11 is the Higgs tower, and v is the tau tower.

has the generic form arising from a SU(N) gauge theory [26] with
fermions and scalars in representations F; and S;,

b= B[ 16, su@) + 265y (ko + Lnss (s
g3_(47r)2 3 2 3 2 (Fj 6772 i
where C; (G;) is the quadratic Casimir of the group G;, Sz (F;),
S, (S;) are the Dynkin indices for the fermion/scalar representa-
tions, k = 1/2,1 for Weyl and Dirac fermions, respectively, and
n =1, 2 for real and complex scalar fields.

For the RGE runnings of the QED gauge coupling ggy and Wein-
berg angle sin 6y, we use the formalism presented in Ref. [25]. The
QED beta function is

gEM 1 €, N2
IBgEM:WE IZNiViQi ,

where Nic are the fermion colour factors, Q; are the EM charges
and y; = {—22,8,4,2} correspond to gauge bosons, Dirac/chiral
fermions and complex scalar fields.

We begin our RGE evolution at Mz >~ 91 GeV. The QCD and QED
couplings have beta function coefficients
g 8t
7(47_[)2 , Beem =22 an?’ (13)
which are determined by the SM matter content and their SU(3)¢
and U(1)gm charges. As we evolve the couplings and encounter
new states, the beta functions pick up new contributions. The ad-
ditional contributions to the QCD beta function take the form

By =

—5C(su@)y)
Bgs = Bgs + 1 +3KS2(Fi) - Ng

+§ X nS2(S)
depending on the nature of the state. Analogously, for the QED
beta function we have,

(14a)

~2NEQ?
Beem = Bgen + +8NicyiQi2 -N¢
+2NfyiQ}?

(14b)

In Egs. (14), we have introduced the N¢ factor in the fermionic
contributions to account for the number of matter generations
present in the model. In this paper we examine the Ng =1,3
cases. For Ngc =3 we assume that all three SM generations con-
tribute and that the mass differences between the associated KK
states is negligible for the non-zero modes. Similarly for Ng =1
we assume that there is a mass separation mechanism between
the third family and the other two which effectively decouples the
non-zero states from the theory, leaving only the third as relevant,
as in [9]. Comparing the different assumptions will point towards
future model building directions (see below) in the light of ex-
pected unification.

With this framework in place we can now form a piecewise
system of differential equations. As shown in [25] the Weinberg
angle’s RGE running is fully determined by its experimental value
at Mgz, the matter content of the theory, and the running of oy

20 _ o) in20
sin“ Oy (1) P sin” 6w (o)
N 2 iNSviQiT; [1 _aem(W) ] . (15)
>iNSyiQ2 aEm (Ko)

where T; is the third component of the weak isospin (T3 = +1/2
for u;, v, T3 = —1/2 for d;, e;, T3 = 1 for W*). The RGE running
for the Weinberg angle starting at Mz is determined by the matter
content of the SM and has a growth coefficient
2iNviQiTi 19

YiNfviQ? 22
Therefore, using the numerical solution for agy we can now create
an analogous piecewise solution for sinfy, based on the present
matter content. The fields’ charges under SU(3)¢ x U(1)gum, along
with their T3 values are given in Table 2.

When we reach Mgy, we recover the hypercharge and weak
couplings from the evolved values of agy and sinfy via

1

oo (1) - apm(i)
1 3 1

oty () ~5 oEM (L)

(16)

sin? 6w (1),

(1 —sin® Oy (1)) .



C. Englert et al. / Physics Letters B 807 (2020) 135548

Table 2
Charge assignments for fields contributing to the RGE runnings.
Name SU(3)¢ Charge U(1)gm Charge T3
Tau (7) 1 -1 -1/2
Bottom (b) 3 -1/3 -1/2
Top (t) 3 +2/3 +1/2
Neutrino (v) 1 0 +1/2
w* 1 +1 +1
Dark Fermion vp) 1 0 +1/2
Dark Fermion ¢, 3 +2/3 +1/2
Dark Fermion y§ 3 -2/3 -1)2
Dark Fermion v, 1 -1 +1/2
of | o i o R
\T\H‘ | | [T |
sof | ! ! ! P
o I | I
T wf — i 1 e
8 | b | | P An
o | | IR
| b | | P 4
o i 1 %
' ! | R
0 2000 4000 6000 8000

Fig. 4. Piecewise RGE evolution for the SM couplings gsc, g2, g1y with the different
B function changes at the multiple encountered KK states marked as dashed lines.
(Mxgs itself is the furthest right dashed line.) Note that the piecewise forms for
821, g1y are obtained via Eq. (17).

Since Mk is the energy threshold at which the Pati-Salam states
become available, we transition to the PS phase of the theory
where we obtain the gauge couplings based on the symmetry
breaking SU(4)c x SU22)L x SUR)g — SUB)¢ x SU2)L x U(1)y.
This in turn provides us with the aforementioned 4D/5D boundary
conditions of Eq. (8) evaluated at M. Following this procedure,
the Gsm gauge coupling running in the energy range [Mz, Mk ]
for the spectrum of Fig. 3 is shown in Fig. 4.

3.3. 5D RGEs and cut-offs

We now turn to the 5D running with the boundary conditions
at My, detailed above as input. The matter content in our approx-
imated 5D theory was mentioned earlier in Eq. (5), in addition to
the (1,2,2) ~S0(5)/S0(4) state.

The formalism in [22] specifies the 5D RGE running for generic
5D field parity assignments on a S!/Z; x Z!, orbifold. Since we
started with a 6D theory defined on My x T2/Z,, the S1/Z x Z/z
assignments arise from the orbifold assignments along the warped
direction. These assignments are tabled for fermions, gauge bosons
and scalars in Tables 3, 4, and 5, respectively.

The 5D RGEs take the generic form [22]

1 _ Ly
ga(w) g2y (Amax)

1 _
+@§Aa (&; 14, In Amax) (18)

where g, is the 4D gauge coupling corresponding to the respec-
tive gauge group in SU(4)c x SU(2); x SU(2)gr (where by a we
denote 4C, 2L, 2R), gﬁSD is the squared 5D gauge coupling (which
has mass dimension M~1). A, (see Appendix A.1) denote the one
loop corrections due to the theory’s field content labelled with
g e{¢, v, Ay} for scalars, fermions and gauge bosons. A (¢) for a
gauge group SU(N) and a field & are given in Ref. [22] and repro-
duced in the appendix for completeness.

Table 3

Fermion parity assignments under S'/Z; x

Z,.
Gps rep. Parent Field (Z,Z)
4,2,1), vg, (+.+)
4,2, 1)r g, (= =)
@,1,2)f w5, 4
4,1,2), vg, (= -)
Gps rep. Parent Field (7, 71y)
4,2,1), v, (+,-)
4,2, 1)r vl =+
@,1,2) i, =+
(4,1,2)g w3, (+.-)
Gps rep. Parent Field (7, 7y)
6.1, v “+.+
G107 e (+.+)
61,07 wf )

=) B
(6,1, 1)y v (=)
Gps rep. Parent Field (7, 74y)
.22 v (+,4)
a.1Lng” W) +.4
a.2.2§;” v (=)
(+.— !
a.Lni? (=)
Table 4

Gauge  boson  parity  assignment

S1/Z, x Z,. Note that we have to treat the
Gps, and Gsy representations separately due
to the mixed parity assignments in the full 6D

model.
Gswm rep. Parent Field (2, 7))
(1,3,0) Ay € Gsm (+,+)
(8,1,0) Ay € Gsm (+.+)
(1,1,0) Ay €Gsm (+.+)
Gsm rep. Parent Field (7, 7))
3.1.0) Ay € Gps/Gsm (= +)
(3,1,0) Ay € Gps/Gsm (= +)
Gps rep.  Parent Field (7, 7))
1.2.2) A5 eS0(5)/S0@4)  (—.-)
(1,1,3) Wi, Zg € Gps/Gsu (= +)

Table 5

Scalar parity assignment under S'/Z; x 7. In
the 5D RGE formalism they are treated as scalars
originating from either the gauge boson projec-
tions or as remnants from the 6D approximation.

Gps rep. Parent Field (2, 7))
(15,1,1) Ay € Gps (=)
(1,1,3) Ay € Gps (=)
1,3,1) Ay € Gps (= -)
Gps rep. Parent Field (7, 7))
(15,1,1) Aw € Gps (=, —)
(1,1,3) Aw € Gps (=)
1,3, 1) Aw € Gps (=)
Gps rep. Parent Field (7, 7y)
1.2,2) Ay €S0(5)/S0@4)  (+.+)

under
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Fig. 5. Effective 4D SU (4)¢ x SU(2); x SU(2)g gauge couplings obtained via the 5D
Pati-Salam approximation, using the evolved coupling values originating from the
4D formalism. The dotted line corresponds to the My, threshold at which we start
our 5D runnings.

We can define a cut-off Apjax as the scale at which we lose
perturbative control of the 5D theory,

A 1672 (19)
Max =~ —5— .
b gazsp (AMax)

This is the scale where the formal expansion parameter becomes
too large (see Ref. [27]) to deliver reliable results within the con-
text of our leading order RGE analysis. To get a numerical estimate
for Amax we can use the RGEs evaluated at Mygs, i.e.

1 _ mls
g2 (Mkxs)  8ogp (Amax)

1 _
t g2 Z Aq (&; Mk, In Amax)

=C5(Amax) + 5— ZAa £; Mkks, In Amax) - (20)

This is an implicit equation for our unknown 5D gauge coupling at
the cut-off scale. To find the unknown dimensionless CZ (and scale
Awmax), We can recast the above as a functional equation and solve
it numerically for CZ. More specifically we can recast Awayx as

167
AMax = —— g s (21)
Ls
which then provides us with the functional form when substituted
into Eq. (20),

1

1 — 167
cé= i) & ;Aa (g; Mk, In <L—ch>>. (22)

g (Miks

Solving this equation numerically yields cut-off scales for each of
2L 2R ; :
the gauge couplings AMaX, Ajfax Aiiax- FOr the remainder of this
paper we will refer to the smallest of the three when discussing
the cut-off of the theory where a more fundamental 6D theory

should come into effect
. 4c 2L 2R
A =min { AR Afh A3 - (23)

The running in the 5D regime for our sample point is shown in
Fig. 5.

4. Weinberg angle: SU (5) prediction vs running

We can now turn to an analysis of the RGE-corrected Wein-
berg angle. Switching from the broken SU(3)¢ x U(1)gm phase, to
the Gsv phase, the Weinberg angle sin6y and the electromagnetic
fine structure constant agy;, determine the weak and hypercharge
couplings according to Eq. (17). Similarly the Gsy couplings are
related to the Gps ones as expressed in Eq. (8), leading to the
Weinberg angle expression of Eq. (10). At the unification scale, i.e.
the energy at which the first non-zero GUT KK state becomes avail-
able mygs ~ 1/(27 Rs), we can write a series of identities between
the 4D, 5D, 6D couplings based on the principle that there is only
one fundamental gauge coupling.

Before gauge symmetry breaking, the 5D and 4D equivalent
SO(11) couplings at the 5D Planck and IR branes are related to
the 6D gauge coupling by,

60 T 27Rg 27 Rg
50(11) IR 50(11) Pl
4D _ 4D
27Rgls ~ 2mRgls

On the Planck brane the gauge symmetry is broken down to
SU(5) via the vacuum expectation value (VEV) (®33). In terms of
the equivalent 4D gauge couplings, the identification at 1-loop is
equivalent to [28,29]

1 1 1
TE A = “soam A~ 3 [C2(50011) — Ca(SUG)].
%yp %4p
(24)
Recasting this in terms of the 6D coupling, we have
1 1 AM155 1
- — 27 RgLs — (25)
ai[l)l(S)—Pl {agg(ﬂ) 121 21 RgLs

where X115 = [C2(S50(11)) — C2(SU(5))]. Similarly, on the IR
brane we break SO (11) - SU@4)¢ x SU(2); x SU(2)g via bound-
ary conditions, which produce the gauge identifications at 1 loop,

1 _ 1 AMi-4
SUM@)c—IR — _so(d1)-pl ’
%4p ®4p 127
1 _ 1 Al1-2
SU2).—IR — _so(d1)-Pl ’
A4p Y4p 127
1 _ 1 AM1s2
SUQr-IR — _SO(1)—Pl ’
Oyp %4p 127

where A4 = C2(50(11)) — C2(SU4)), A1-2 = C2(S0(11)) —
C2(SU(2)). In terms of the 6D couplings this means,

1 1 Miog 1
oSU@c—R | S0(11)-PI — 2 Rsls 2o 12w | 27w Rels’
Q4p %6p

1 1 )\«11—>2 1

= —27Rels——— ¢ ————,  (26)
ajg(z)L*IR ag[())(“)—l’l 12w 2w RglLs

1 1 Mis2 1
oSU@R—R — | S0P — 27 Rels 25— 2w RgLs
Uyp %6p

Ignoring the Casimir terms for a moment to keep the discussion
transparent, at the unification scale, instead of the Egs. (25), (26),
we have
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Fig. 6. Numerical impact of the Casimir correction (blue line) as a function of the
unknown inverse unified coupling (ocfg(”))‘l. The green line represents the low
bound for the ~ 0.4% deviation occurring at (ocigm’)‘l ~ 20. The orange line
represents the GUT hypothesis 3/8. The smaller «, the less impact the Casimir cor-

rections have on the prediction as they weighted by “Z[()) an

T 11
SU@c—R — _SU@)LI-IR — _SU@&r-IR
%4p %4p O4p (27)
1 1
= TSUG)—Pl — _sodD—pl :
%4p %6 27 Rels

When combined with the expression for the Weinberg angle in the
Pati-Salam phase, Eq. (10), these relations lead to the expected

L 1 3
sin“ Oy () =5———=_. (28)
u=@rRrg-t 5+1+1 8

In essence, this is the SU(5) prediction translated from the Planck
brane to the IR brane.* Again, we emphasise that this scale is not
accessible within our 5D formalism, but we can infer some useful
conclusions depending on the values of the RGE runnings at Apmax,
as we will see in Sec. 5.

Including the Casimir corrections, we find the slightly modified
relation

36 — 187a, 0"V

sin® Oy () =
SO(11)

1 s0(11)
96 — — 20«
- %%

— 447roc4D u=Q2mRg)"!

(29)

Since the Casimir-corrected Weinberg angle requires a value for
the SO (11) 4D equivalent gauge coupling, we examine the possible
deviation from the 3/8 GUT prediction as a function of the possible
values of ajg(ll)' as shown in Fig. 6. For reasonable ai};?(ll) cou-
pling values (e.g. Ref. [29]) we see that deviations arising from the
Casimir-corrected values amount to < —0.0013, see Fig. 6. Since
this ~ 0.4% deviation is negligible, we can safely ignore the Casimir
contributions in the following without qualitatively changing our
results.

5. Results and conclusions

The running is crucially influenced by the number of active
fermion generations Ng. We will therefore comment on our re-
sults for Ng =1, 3 separately.

In the first case, we include only the third fermion generation
as mentioned before. This implicitly assumes that there is a large

4 The scale of SU(5) breaking is dictated by (®33) ~ RS’], which is localised on
the UV brane y =0, i.e. the scale in Eq. (28) is consistent.

mass gap between the third family and the remaining two, de-
coupling the associated zero-mode KK states from the RGE flow
(see Ref. [9]). In the second case, we assume that all three SM
generations are present and that different generational mass states
are nearly degenerate. The comparison of these avenues contrasted
with implications for unification can therefore act as a guideline
for future model-building in the fermion sector.

To examine the extent to which the gauge couplings converge
in the 4D, 5D regimes tensioned against the unification value of
the Weinberg angle, we introduce a “unification measure”

D (M) — (M)
i,jeGli#j

> Jei(My) —aj(My))|
i,jeGli#j
i.e. we consider the ratio of the sum of the mutual coupling de-
viations between two scales My > Mj. «; are the gauge group
couplings of the subgroups that form the gauge group G. This ra-
tio measures how quickly the gauge couplings approach each other
as a function of the energy scale. Since we are interested in gauge
coupling unification at My > M1, values of A(G; M2, M1) refer to

A(G; My, M7) (30)

>1 < departure from unification
<1 < approaching unification . (31)
~0 < unification

A(G; M3, My1)

We plot this unification measure in the 4D SM phase between
Mgz, Mkks, along with the Weinberg angle value at Mgk, in
Figs. 7(a), 8(a) for the Ng =1 and N¢g = 3 cases. Figs. 7(b) and
8(b) show the same measure for N =1 and Ng =3 in the 5D PS
phase between Mkks, AMax-

We start our discussion with the Ng = 1 case. Examining
Fig. 7(a) we can see that within the 4D SM phase, all the points
that are consistent with the SM have a unification measure smaller
than unity, where the evolved Weinberg angle is around sin® 6y ~
0.25.

The Weinberg angle evolves towards its predicted unified value
with a converging behaviour of the gauge couplings. The numerical
results are similar between the Ng =1, 3 cases, where in the Ng =
3 case, the unification measure is smaller due to the additional
positive fermionic contributions which increase the slope of the
running of the hypercharge coupling. We note that this effect is
in competition with the weak corrections which tend to be strong
enough to result in a change in the direction of the gauge coupling
running away from asymptotic freedom. This in turn leads to a
smaller Weinberg angle in the UV. We can see this behaviour for
the N¢g =1, 3 cases in Figs. 9 and 10.

In the 5D phase shown in Fig. 7(b), we see that the converging
behaviour is maintained, where the unification measure increases
compared to its 4D phase. The measure remains below unity while
the Weinberg angle also increases via the RGE flow. This reflects
the need for a complete set of RGEs to be performed within higher
dimensional theories (see e.g. Refs. [30,31]). Under the assumption
that in the 6D phase of the theory the coupling behaviour remains
similar, we can infer that gauge coupling unification is consistent
with the predicted value for the Weinberg angle. Put differently,
the cut-off scale depicted in Fig. 7(b) provides us with a lower
bound for the unification scale Mgyt > Amax Which is dictated by
gauge coupling unification and consistency with the Weinberg an-
gle prediction.

Let us turn to the Ng =3 case, where we observe an amplified
behaviour of the aforementioned effect of the KK states (Fig. 8(a))
due to their increased number. In total, this leads to gauge cou-
plings getting increasingly pushed away from unification in the 5D
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Fig. 9. Comparison between the piecewise RGE evolutions of the hypercharge couplings for the sample point in Eqn. (11) between the Ng =1 and N¢ =3 cases.

phase, while the Weinberg angle flow is still consistent with its
unification value. Under the assumption, that this behaviour con-
tinues in the 6D theory, we could face a potential inconsistency
arising from reaching the predicted SU(5) value for the Wein-
berg angle, but not achieving gauge coupling unification. While
this could be compensated by large radiative corrections that shift
the Weinberg angle away from the GUT hypothesis, this sets fairly
tight constraints on the dynamics of the fermion sector.

We finally comment on the impact of uncertainties, in particu-
lar uncertainties of the input parameters o3¢ and sin® @y at the
weak scale. Errors as small as o (a3c) = £0.00074 are possible
from a theoretical perspective (e.g. Ref. [23]), and we consider a

conservative 5% uncertainty in the value of the Weinberg angle
where o (sin? 6y) = +£0.01156 for demonstration purposes. Taking
into account both of these uncertainties, we perform our analysis
for the sample point highlighted in Eq. (11).

In both the N¢ =1 and N¢ =3 cases the percentage difference
arising in the unification measure at Mgg; amounts to ~ 2%. This
effect is less pronounced at Apax, decreasing to ~ 0.2% for Ng =1
and ~ 0.1% for Ng = 3. In the Ng =1 case the Weinberg angle
at Mgy is affected by ~ 4.7%, and decreases at Apax to ~ 3.9%.
In the Ng =3 case the impact on the Weinberg angle is similar;
at Mg, we obtain ~ 4.8%, and at Amax we have an increase to
~4.92%.
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6. Conclusions

Grand Unified Theories are attractive solutions to shortcomings
of the Standard Model of Particle Physics. In non-supersymmetric
realisations, scale separations can be achieved by employing higher
dimensional background geometry [15], where electroweak sym-
metry breaking can also be implemented elegantly as a radiative
phenomenon [19]. Transitioning through the different phases of
such scenarios is less straightforward compared to applications in
“standard” 4D GUTs (see e.g. [29,32-38]).

This is the purpose of our study: a detailed analysis of the 4D
and 5D phases of the model of [9,10], contrasted with electroweak
scale measurements as well as LHC constraints. We pay particu-
lar attention to the Weinberg angle, whose size is determined by
SU(5) relations, and can therefore be used to test gauge unifica-
tion (or lack thereof). While a fully conclusive test will need a
full investigation of the 6D phase of the theory, which we leave
for future work, we gather evidence that the 4D and 5D effec-
tive theories can remain under perturbative control up to scales
of ~ 107 GeV. If unification is to be approached in a controlled
way, new dynamics should appear at scales about two orders of
magnitude above the 5D compactification scale. This scale can be
interpreted as a lower limit on the GUT scale ~ 5000 TeV in the
light of observed physics at and around the electroweak scale.

Fermionic thresholds crucially impact the running of couplings
and as a consequence, the model-building aspects related to the
three fermion generations plays an important role in the high en-
ergy behaviour of the theory. Unless there is a hierarchical ap-
proach to lifting the zero modes of the fermion fields to their
observed SM values, the 6D theory will play a more important role
in achieving unification in the sense of Eq. (28).
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Appendix A
A.1. 5D RGE contributions

The form of the SU(N) corrections Ay (&) for a generic field &
are specified in [22]. Starting with SU(4)c, the corrections due to
scalars, gauge fields and fermions are,

Agc (@) =244 (15),
Agc(¥) =
—++ —++ S — -
3(Bac @0+ A5 @)+ Bac () + Bac @p))
—++ —++ S — -
+3 (B4 (6) + Aac (6r) + Bac (61) + Aue (6r))
—+— —+ —+ —t—
+ Ayc (A1) + Aye (AR) + Ay (A1) + Dy (4R),
— —++ —+ —+ 5
Agc(A) = D30 8) + Az 3) +As3c 3),
where the + signs refer to the parity assignments, the factor of 2
arises from the Ay y, components, and the factors of 3 arise from
generational indices « =1,2,3 and =1, 2, 3.

The contribution of the gauge fields is obtained by decompos-
ing the adjoint 15 of SU(4) under the breaking chain SU(4) —
SU(3) x U(1), and adding each subcomponent’s contribution sep-
arately based on their parity assignment. Concretely, 15 — (8, 0) &
3,+4/3) ® (3,—4/3) ® (1,0). For the singlet representation we
have As3(1) = 0. Given that we effectively deal with a symmetry
projection SU(5) N Gps = Gsy, we treat these multiplets separately
due to their different effective parity assignments, see Tables 4

and 5.
Moving on to SU(2);, the corrections are

Ror(d) =By () + 255 3).

B =3 (83, @+ 5y 20))
+3 (ZZT(ZL) + A5 @) + By @)+ Z;L‘(ZR))
+ (B3 @+ @w).

Ro(A) =85 3)+ 18y, ().

where the factors of 3 arise from o« =1,2,3 and 8 =1,2,3.
SU(2)r has almost identical corrections apart from those origi-
nating from 111‘312, where (+, —) and (—, +) are swapped for R, L
indices, and the gauge contribution,
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Ar(9) =A5g (2)+2h5; 3),
Rar(h) =3 (Bag @0+ Bp @)
+3 (Z;;L(zg + AT (2R) + Dor (20) +Z2‘R‘(2R))
+ (Bar @0+ Bz @0))
Aar(A) =Ay0n 3) + Ayp (2).
The explicit form of the corrections are listed below.

e 5D scalars: ¢ (x*, y) have a contribution to the gauge coupling
ga, corresponding to SU(N?), of the form:

Za (¢; )

1
1 A iu /
= E |:Ta(¢++) In (E) — 3/ du F(U) 1nN¢++ <? M2>

0

_3Ta(¢+)jdu Fu)InNg, (%ﬁ) —
01 |
_3Ta(¢7+)/duF(u) NN, , (%‘/ﬁ) _
0 l |
~Tal¢-) |In (%) +3/du Fu)InN,__ (%/E) } ,
0

where T,(¢) is the Dynkin index of the SU(N?) representation
for ¢, F(u)=u(1 — uz)%, and Ny, , are the N-functions from
Appendix A.2 with,

(Zg, Z(’ﬁ, {Ps}) = (£, £,4,0,0,2), (32)

where parameter set {Pg} is defined in Appendix A.2.
o 5D fermion fields 1/ (x**, y) have a contribution to the gauge
coupling g,, corresponding to SU(N?), of the form:

Za(lk W)
) — kLs

1
=3 |:Ta(1/f++) |:2 In <
l .
iu
+ B/du Gu)InNy, <5\/;>

0
1 .
iu

—kLs +3[du GW)InNy, <?,/u2>

L 0
_ ; ‘

iu
kLs +3/du Gw)InNy_, (i,/;ﬂ)
L 0

T Tay—)|2m ('i> —kLs
L\

1

+ B/du Gu)InNy__ <%\/ﬁ) :|
0

where T4(v) is the Dynkin index of the SU(N?) representa-
tion for ¥, G) =u(1 —u?)? —u(1 —u?)~%, and Ny, . are
the N-functions from Appendix A.2, where

=

+ Ta(Y4-)

+ To(Y—1)

(— = {l.+c,+c,lc— ) for Ny,
— = {1,—-c,—c,Jc+ 1 for Ny __
(Zo Zp Py = | e+ 31 "
(+, = {1, —¢c,—c,[c+ 3|} for Ny,
(= +.{1,—c,—c,lc+ 31} for Ny_,
(33)

e 5D Gauge fields Ay (x*, y) have a contribution to the gauge
coupling g,, corresponding to SU(N?), of the form:

Aq(A; W)

1

= |:TQ(A++) [231n (%) +21In (%) +22KLs

1

iu
+ /du K)InNg, <5\/E>
0
_ 1 |
mu
—kLs +/duK(u)lnNA+_ <51/M2>
0

1
iu
=2
kL5+/duK(u)lnNA7+ (2 w >
L 0

+ Tq(A__)|23In <A> +21In (Ii) —kLs
L k 7
l .
iu [
+ /duK(u)lnNA” <E,/,u ,
0

where T, (A) is the Dynkin index of the SU(N?) representation
for A, K(u) = —9u(1 —u?)2 +24u(1 —u?)~2, and Ny, , are
the N-functions from Appendix A.2, where

+ Ta(Aso)

+ Ta(A_s)

(— —.{4,2,2,0) for Na,,
(-,—,{2,0,0,1}) for Na__
Z ,Z/, = 34
(Z0:20:PoD=10 1 _ 0,01 for No_ - Y

(=, +.{2,0,0,1}) for Ny
A.2. N4 +)(u) functions

The N-functions for a generic field £ where & € {A,, ¢,
e 2KLslvly, e=2kLsllyp) with (Zp,Z),) parity assignments de-
pend on the renormalisation scale w, the AdS curvature k, the
warp factor z; = exp(kLs), the & field set of defining parameters
{Pe} = {se, (ro)e, (rz)e, ¢}, where s is associated with the spin of
the field,

se=1{2.4.1,1,} for ¢e {AM,¢, e~ 2KLsIYly, e—z’dsly‘wR} ,

(35)
and is related to o as
S\ 2
o= (5) + Mg where Mg €{0,0,c(c+1),c(c—1)}.
(36)

Note that the model explored in this paper does not have any bulk
masses present for the gauge fields. The closed form for the N—
functions is given by
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N§(+.+) (l‘lﬁ {Ps}) = -

Ne o (s {Peh)

o | [~ e e () + i Gar) |

s (B ()1 () )
(37)

where (ro)¢, (rz)e denote the 5D mass parameters at the branes. In
our case, they take the simplified form for & € {A,,, ¢, e~ 25!y,
e 2KsVlyp), of

(ro)s = (rz)e =1{0,0, —cg, e}, (38)

where c¢ corresponds to the parent field’s original 5D mass param-
eter cg € {co, c1, 2, cy}. Note that we do not have any artificially
introduced brane masses for the scalar fields in the 5D limit.

References

[1] D. Croon, T.E. Gonzalo, L. Graf, N. Ko$nik, G. White, Front. Phys. 7 (2019) 76,
arXiv:1903.04977.

[2] J.R. Espinosa, M. Quiros, Phys. Rev. Lett. 81 (1998) 516, arXiv:hep-ph/9804235.

[3] LJ. Hall, Y. Nomura, D. Tucker-Smith, Nucl. Phys. B 639 (2002) 307, arXiv:hep-
ph/0107331.

[4] G. Burdman, Y. Nomura, Nucl. Phys. B 656 (2003) 3, arXiv:hep-ph/0210257.

[5] A.D. Medina, N.R. Shah, C.E.M. Wagner, Phys. Rev. D 76 (2007) 095010, arXiv:
0706.1281.

[6] Y. Hosotani, S. Noda, K. Takenaga, Phys. Lett. B 607 (2005) 276, arXiv:hep-ph/
0410193.

[7] H. Terazawa, K. Akama, Y. Chikashige, T. Matsuki, Prog. Theor. Phys. 59 (1978)
1027.

[8] C.S. Lim, N. Maru, Phys. Lett. B 653 (2007) 320, arXiv:0706.1397.

[9] Y. Hosotani, N. Yamatsu, PTEP 2018 (2018) 023B05, arXiv:1710.04811.

[10] Y. Hosotani, N. Yamatsu, PTEP 2017 (2017) 091B01, arXiv:1706.03503.

[11] C. Englert, D.J. Miller, D.D. Smaranda, Phys. Lett. B 802 (2020) 135261, arXiv:
1911.05527.

[12] H. Georgi, S.L. Glashow, Phys. Rev. Lett. 32 (1974) 438.

[13] H. Georgi, H.R. Quinn, S. Weinberg, Phys. Rev. Lett. 33 (1974) 451.

[14] W.]. Marciano, Phys. Rev. D 20 (1979) 274.

[15] L. Randall, R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370, arXiv:hep-ph/9905221.

[16] J. Scherk, ].H. Schwarz, Phys. Lett. B 82 (1979) 60.

[17] J. Scherk, J.H. Schwarz, Nucl. Phys. B 153 (1979) 61.

[18] J.C. Pati, A. Salam, Phys. Rev. D 10 (1974) 275, Erratum: Phys. Rev. D 11 (1975)
703.

[19] Y. Hosotani, Phys. Lett. B 126 (1983) 309.

[20] Y. Hosotani, Ann. Phys. 190 (1989) 233.

[21] Y. Hosotani, Phys. Lett. B 129 (1983) 193.

[22] K.-w. Choi, L.-W. Kim, Phys. Rev. D 67 (2003) 045005, arXiv:hep-th/0208071.

[23] B. Chakraborty, C.T.H. Davies, B. Galloway, P. Knecht, J. Koponen, G.C. Donald,
RJ. Dowdall, G.P. Lepage, C. McNeile, Phys. Rev. D 91 (2015) 054508, arXiv:
1408.4169.

[24] PJ. Mohr, D.B. Newell, B.N. Taylor, Rev. Mod. Phys. 88 (2016) 035009, arXiv:
1507.07956.

[25] ]J. Erler, M.J. Ramsey-Musolf, Phys. Rev. D 72 (2005) 073003, arXiv:hep-ph/
0409169.

[26] M.E. Machacek, M.T. Vaughn, Nucl. Phys. B 249 (1985) 70.

[27] R. Sundrum, in: Theoretical Advanced Study Institute in Elementary Particle
Physics: Many Dimensions of String Theory (TASI 2005), Boulder, Colorado,
June 5-July 1, 2005, 2005, pp. 585-630, arXiv:hep-th/0508134.

[28] LJ. Hall, Nucl. Phys. B 178 (1981) 75.

[29] K.S. Babu, S. Khan, Phys. Rev. D 92 (2015) 075018, arXiv:1507.06712.

[30] L. Randall, M.D. Schwartz, J. High Energy Phys. 11 (2001) 003, arXiv:hep-th/
0108114.

[31] L. Randall, M.D. Schwartz, Phys. Rev. Lett. 88 (2002) 081801, arXiv:hep-th/
0108115.

[32] G. Lazarides, Q. Shafi, C. Wetterich, Nucl. Phys. B 181 (1981) 287.

[33] LJ. Hall, R. Rattazzi, U. Sarid, Phys. Rev. D 50 (1994) 7048, arXiv:hep-ph/
9306309.

[34] S.M. Barr, Phys. Lett. B 112 (1982) 219.

[35] S. Dimopoulos, H. Georgi, Nucl. Phys. B 193 (1981) 150.

[36] J.P. Derendinger, J.E. Kim, D.V. Nanopoulos, Phys. Lett. B 139 (1984) 170.

[37] 1. Antoniadis, J.R. Ellis, ]J.S. Hagelin, D.V. Nanopoulos, Phys. Lett. B 194 (1987)
231

[38] N. Maekawa, T. Yamashita, Prog. Theor. Phys. 107 (2002) 1201, arXiv:hep-ph/
0202050.


http://refhub.elsevier.com/S0370-2693(20)30352-X/bibF793740099A30B0B7C283119ECC7DF87s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibF793740099A30B0B7C283119ECC7DF87s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib232C443F73A0B601DCB8BB3597331EECs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib129513ADEABA8A5CEE29768096C5A1AFs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib129513ADEABA8A5CEE29768096C5A1AFs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibC00DB14446D1889E0E579665F3624835s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibA64B63DAD029E68E4DF54E3A91FA58B5s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibA64B63DAD029E68E4DF54E3A91FA58B5s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib078145C6F1FC47ED772033D07CE1E889s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib078145C6F1FC47ED772033D07CE1E889s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib93DD3A42195D8D03BBF9A2B1777BF69Bs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib93DD3A42195D8D03BBF9A2B1777BF69Bs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib8482C323CB0217EB0F6E13C4C0675434s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib67409D98171D18792EFE83FE0B7A7675s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibDE459A20CDF7AF0248F61563B7126106s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2A17761BD0EDF12563ADD632F306932Bs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2A17761BD0EDF12563ADD632F306932Bs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib027395B96C7A2E3DD1AA2D620AA18AE5s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibEE1DDADA2A0B2209AAA3EF3B48FB610Cs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibE754B93CDA4CB4F3DDA7D022DEEAA5C9s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibA809A6F8B5622CF33686B1EC83352F99s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib559F9CEF1BDFAE684A395113BAF7F586s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib5AA7E1333845034662EC51FCA769F58Fs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2D4BA3436551C3C8B6EDE2E6996263CBs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2D4BA3436551C3C8B6EDE2E6996263CBs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib6B5B40CEC8013971669B5BDCC7B22367s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2E33F0FFB56E27700FB950F50DAF3367s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibA6F6E29DEEEED43FB302447DC91ADC7Fs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib97A2D7E279FCA579D71A71BD5E2B9180s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib4AA76DCC109EFFA45D703B93CBF78A13s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib4AA76DCC109EFFA45D703B93CBF78A13s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib4AA76DCC109EFFA45D703B93CBF78A13s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib07F3E2342562915AF1F2777EDF303F9Fs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib07F3E2342562915AF1F2777EDF303F9Fs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2633D8C0FFB17C1FEF0DEF62AD07A5D5s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib2633D8C0FFB17C1FEF0DEF62AD07A5D5s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib98C34486D6820907F653684CBA4677A4s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib1733A9383BEB95BAF313F1A545A26AD4s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib1733A9383BEB95BAF313F1A545A26AD4s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib1733A9383BEB95BAF313F1A545A26AD4s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibDA5018EC30A8101D915B12C3CA0055BDs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib31DD19162CB110E3E58F1F04393F364Ds1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib6131562E20FBDA725999C2D951A4FAE1s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib6131562E20FBDA725999C2D951A4FAE1s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibDFFA5D529FCF65D40032C1EA568E26CCs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibDFFA5D529FCF65D40032C1EA568E26CCs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib468FD0B0BCE11143AB448BA6024859D0s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibEEE616AB8C3B6339CFF95F4228C35693s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibEEE616AB8C3B6339CFF95F4228C35693s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib3BCF4B71E313DEFFE1B1BEAC6F2DF265s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibA54281DAE13F727C767DC14223885A3Cs1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibB6883B655BBC7AD78639FC293240DF99s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib6AD2B3974B00B170EEBE3C77AEEB4B00s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bib6AD2B3974B00B170EEBE3C77AEEB4B00s1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibCDDF9747C34805260E08E1890194223As1
http://refhub.elsevier.com/S0370-2693(20)30352-X/bibCDDF9747C34805260E08E1890194223As1

	The Weinberg angle and 5D RGE effects in a SO(11) GUT theory
	1 Introduction
	2 The model
	3 RGE effects
	3.1 General remarks
	3.2 4D approximation and RGEs
	3.3 5D RGEs and cut-offs

	4 Weinberg angle: SU(5) prediction vs running
	5 Results and conclusions
	6 Conclusions
	Acknowledgements
	References


