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New Results in Theories with Reduced Couplings Gregory Patellis

1. Introduction

The reduction of couplings method [1-4] (see also [5-7]) seems a most promising method
which relates independent, in a first view, parameters to a single, “primary” coupling. The method
requires the original theory where is applied to be a renormalizable one, and the resulting relation
among the parameters to be valid in all energy scales, i.e. are Renormalization Group Invariant
(RGD).

The next (natural) step, after the introduction of a novel symmetry through a Grand Unified
Theory (GUT) [8—13]), in order to achieve reduction of free parameters of the SM is the relation of
the gauge to Yukawa sector (Gauge Yukawa Unification, GUY). This is the central characteristic
of the reduction of couplings approach. According to that approach, being in a GUT environment,
RGI relations are traced between the unification scale and the Planck one. One-loop uniqueness
can guarantee all-loop validity of those relations. Moreover, RGI relations can be found which
guarantee all order finiteness of a theory. The method has predicted the top quark mass in the finite
N =1S8U(5) model [15,16] as well as in the minimal N = 1 SU(5) one [14] before its experimental
verification [17].

Since SuperSymmetry (SUSY) seems an essential ingredient for the reduction of couplings
method, the extension to dimension-1 and -2 couplings, or in other words to the supersymmetry
breaking sector (SSB), is unavoidable. The supergraph method and the spurion superfield technique
played an important role for the progress in that sector, leading to all-loop finite models predicting
the SUSY mass spectrum. The all-loop finite N = 1 SU(5) model [18] has given a prediction
for the Higgs mass compatible with the experimental results [19-22] and a consistent (with the
experimental non observation) heavy SUSY mass spectrum. Application of the method to the
MMSM, gives consistent results for the Higgs, bottom, top masses and a heavy SUSY spectrum.
The (new) FeynHiggs code [23-26] has been used for the calculation of the lightest Higgs.
Special reference is made to the sum rule for the soft scalar masses (an RGI all-loop relation),
which overcomes several phenomenological complications.

2. Theoretical Basis

Let us present the core idea of the reduction of couplings method. The target is to single
out a basic parameter (the one we shall call the primary one), where all other parameters can be
expressed in terms of this one through RGI relations. Such a relation has, in general, the form
®(g1,---,84) = const. which should satisfy the following partial differential equation (PDE)

b - = & 0
Ve = — =0, (2.1
where B, is the B-functions of g,. The above PDE is equivalent to the following set of ordinary

differential equations (ODEs), which are called Reduction Equations (REs) [2—4],

dg
ﬁgd—;:ﬁa,azl,-.-,A—l, (2.2)
where now g is the primary coupling with its corresponding -function. There are obviously A — 1
relations in the form of ®(gy,---,g4) in order to express all other couplings in term of the primary
one.
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The crucial demand is that the above REs admit power series solutions
ga=Y p g, 2.3)
n

which preserve perturbative renormalizability. Without this requirement, we just trade each “depen-
dent” coupling with an integration constant. The power series, which are a set of special solutions,
fix that constant. It is very important to point out that the uniqueness of such a solution can be
already decided at the one-loop level [2—4]. In supersymmetric theories, where the asymptotic
behaviour of several parameters are similar, the use of power series as solutions of the REs are
justified. But, usually, the reduction is not “complete”, which means that not all of the couplings
can be reduced in favor of the primary one, leading to the so called “partial reduction” [27,28].

We proceed to the reduction scheme for massive parameters, which is far of being straightfor-
ward. A number of conditions is required (see for example [29]). Nevertheless, progress has been
achieved, starting from [30], and finally we can introduce mass parameters and couplings carrying
mass dimension [31,32] in the same way as dimensionless couplings.

Concider the superpotential

1 1 .
W= u @+ gc’fk D, P; Py, (2.4)
and the SSB sector Lagrangian
1o ik 1 Lo ovjasi 1
—ZLssp = S 9i0 0+ 507 0+ 5 (m”); 9™+ EM)vi/lth-C-v (2.5)

where ¢;’s are the scalar fields of the corresponding superfields ®;’s and M is the gaugino mass
which is described by A.

Let us write down some well known relations:
(i) The B-function of the gauge coupling at one-loop level is given by [33-37]

3
1) dg 8
Be'=—= T(Ri) —3C(G) (2.6)
dt 1672 Z ’
(i) The anomalous dimension y(l) 5-, at a one-loop level, of a chiral superfield is
. 1 . .
Y= 5 [N Cu—28C(R)S] 2.7)

(iii) The B-functions of C;j;’s, at one-loop level, following the N = 1 non-renormalization theorem
[38—40], are expressed in terms of the anomalous dimensions of the fields involved
ijk  dCijk

c = g ijl?’/l<+Cisz,’-+Cjk1}’,~]- (2.8)

We proceed by assuming that the REs admit power series solutions:

ijk ijk 2n
Y _gn;o%g : (2.9)
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Trying to obtain all-loop results we turn to relations among f-functions. The spurion technique
[40-44] gives all-loop relations among SSB f-functions [45-51]. Then, assuming that the reduc-
tion of C'/¥ is possible to all orders

dCiik ijk
=< (2.10)
dg ﬁg
as well as for hi/k -
y dcC(g)¥
pik =y %C8) : Q.11
ding
then it can be proven [52, 53] that the following relations are all-loop RGI
_ e Be
M =M, ==, 2.12)
8
ik = — My B, (2.13)
bl =My B/, (2.14)
o1 dy';
2\i 2 J
= — M 4/ 2.15

where My is an arbitrary reference mass scale to be specified (note that in both assumptions we do
not rely on specific solutions of these equations).

As a next step we substitute the last equation, Eq.(2.15), by a more general RGI sum rule that holds
to all orders [54]

2 4 = MP 1 dInCi/* N 1 d?InCi*
m; +m5+my; = =
Pk 1—-g2C,(G)/(872) dlng ' 2 d(Ing)?
5 ik (2.16)
Z m;T(R;)  dInCY
~ C>(G) —8n2/g* dlng '’
which leads to the following one-loop relation
m; +m’+mp = |M|*. (2.17)
Finally, note that in the case of product gauge groups, Eq.(2.12) takes the form
Mi:ﬁg"Mo, (2.18)

1

where i denotes the group of the product. This will be used in the Reduced MSSM case.

3. Finiteness in N = 1 Supersymmetric Gauge Theories

Consider an N = 1 globally supersymmetric gauge theory, which is chiral and anomaly free,
where G is the gauge group and g the associated gauge coupling. The theory has the superpotential
of Eq.(2.4), while the one-loop gauge and C;jxs B-function are given by Eq.(2.6) and Eq.(2.8)
respectively and the one-loop anomalous dimensions of the chiral superfields by Eq.(2.7).
Demanding the vanishing of all one-loop f-functions, Eqs.(2.6,2.7) lead to the relations

) T(R) =3C(G), 3.1)

CYCiu =28i8°Cr(Ry) - (3.2)
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The finiteness conditions for an N = 1 supersymmetric theory with SU(N) associated group is
found in [55] while discussion of the no-charge renormalization and anomaly free requiremnts can
be found in [56]. It should be noted that conditions (3.1) and (3.2) are necessary and sufficient to
ensure finiteness at the two-loop level [33-37].

The requirement of finiteness, at the one-loop level, in softly broken SUSY theories demands
additional constraints among the soft terms of the SSB sector [57], while, once more, these one-
loop requirements assure two-loop finiteness, too [58]. These conditions impose restrictions on
the irreducible representations R; of the gauge group G as well as on the Yukawa couplings. For
example, since U(1)s are not compatible with condition (3.1), the MSSM is excluded. Therefore,
a GUT is initially required with the MSSM being its low energy theory. Also, since condition (3.2)
forbids the appearance of gauge singlets (C»(1) = 0), F-type spontaneous symmetry breaking [59]
are not compatible with finiteness. Finally, D-type spontaneous breaking [60] is also incompatible
since it requires a U (1) group.

The non trivial point is that the relations among couplings (gauge and Yukawa) which are
imposed by the conditions (3.1) and (3.2) should hold at any energy scale. The necessary and
sufficient condition is to require that such relations are solutions to the REs (see Eq. (2.10))

dC,'jk

Bng = Bijk (3.3)

holding at all orders. We note, once more, that the existence of one-loop level power series solution
guarantees the all-order series.

There exist the following theorem [61,62] which points down which are the the necessary and
sufficient conditions in order for an N = 1 SUSY theory to be all-loop finite. In refs [61-67] it was
shown that for an N =1 SUSY Yang-Mills theory, based on a simple gauge group, if the following
four conditions are fulfilled:

(i) No gauge anomaly is present.
(ii) The B-function of the gauge coupling is zero at one-loop level

B =0=Y T(R)-3C:(G). (3.4)
i
(ii1) The condition of vanishing for the one-loop anomalous dimensions of matter fields,

P = 0= o [CMCu -2 C(R)S], (3.5)

admits solution of the form
Cijk = Pijk8&; pijx €C. (3.6)

(iv) When considered as solutions of vanishing Yukawa -functions (at one-loop order), i.e. B;jx =
0, the above solutions are isolated and non-degenerate.
Then, each of the solutions in Eq.(3.6) can be extended uniquely to a formal power series in g, and
the associated super Yang-Mills models depend on the single coupling constant g with a vanishing,
at all orders, B-function.

While the validity of the above cannot be extended to non-SUSY theories, it should be noted
that reduction of couplings and finiteness are intimately related.
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4. The Reduction of Coupling Method in Phenomenological Models

In this section we apply the method to four interesting phenomenological models, namely
(i) the Minimal N = 1 Supersymmetric SU(5), (ii) the Finite N = 1 Supersymmetric SU(5), (iii)
the Finite SU(N)? and (iv) the MSSM. Discussion on the predictions for quark masses, the light
Higgs boson mass, the SUSY breaking scale (defined as the geometric mean of stops), and the full
supersymmetric spectra are discussed in Sect. 6.

4.1 The Minimal N = 1 Supersymmetric SU(5) Model

We start with the partial reduction of the N = 1 SUSY SU(5) model [14,30]. Our notation is
as follows: W/(10) and ®/(5) refer to the three generations of lepton and quarks (I = 1,2,3), the
adjoint X(24) breaks SU (5) to SU(3)¢c x SU(2)L x U(1)y and H(5) represent the two Higgs super-
fields for the electroweak symmetry breaking (ESB) [68, 69]. The choice of using only one set of
(5 +5) for the ESB renders the model asymptoticaly free (i.e. B; < 0). The superpotential of the
model is described by

JHP 8 xByrya o HOYBH,

e@Br8T @) a3
W= 4 ‘P‘PHH—fgbCI) Wos : ’

ap
THXY + up H Hy .

LB @.1)

2
where only the third generation Yukawa couplings are taken into account. The indices a, 8,7, 8,7
are SU (5) ones. A detailed presentation of the model can be found in [70] and in [71,72].
Our primary coupling is the gauge one g. In this model the gauge-Yukawa unification can be
achieved through two sets of solutions which are asympotically free [70]:

2533 1491 560
a: 8 =\/ 50058 =1/ 5g+ 1 81=0, 8=/ 558+ 0(8"), W)

/89 63
: O(g = O(g = =0.
b:g = 65g+ 65g+ ,8,=0,¢g7,=0

where the higher order terms denote uniquely computable power series in g. Let us note that the
reduction of the dimensionless sector is independent of the dimensionful one. These solutions
describe the boundaries of a RGI surface in the parameter space which is AF and where g7 and
g, could be different from zero. Therefore, a partial reduction is possible where g, and gr are
independent (non-vanishing) parameters without endangering AF. The proton decay constraints
favour solution a, therefore we choose this one for our discussion. !

The SSB Lagrangian is

—<ZLsoft — mH H*aHa +mH H H —|—m%27 aig + [mél(i)zc(l)(i)([)a

+m?1,,‘i”()“5‘1' I+1{5 Lvan +ByE Ha—i—BZZBZﬁ +hH S8R, (43)

M sBsrga i apysegd) &) 5P
+?2azﬁzg‘+zsaﬁ7“Paﬁ\yyaHTJrﬂhbcb JOPH the.},

lg;L = 0 is inconsistent, but g; <~ 0.005 is necessary in order for the proton decay constraint [73] to be satisfied.
A small g, is expected not to affect the prediction of unification of SSB parameters.
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where the hat denotes the scalar components of the chiral superfields. The parameters M, Uy and py
are treated as independent ones, since they cannot be reduced in a suitable form. The lowest-order
reduction for the parameters of the SSB Lagrangian are given by:

1029 3100
By=——uuM , By = — 521 usM ,

~ 51 4.4)

hy=—gM, hy=—gy,M, hy=—grM, h) =0,
) 569 5, 460 5, 1550 ,

M= Tyt T T T s 4.5)
436 8 545 12
m‘ziﬁ M’ ) mé'l = §M2 ) mg}” = EMZ ) m\ZIJ],Z = ?Mz .

521

We choose the gaugino mass M for characterizing the SUSY breaking scale. Finally, we note
that (i) By and By are treated as independent parameters without spoiling the one-loop reduction
solution of Eq.(4.5) and (ii) the sum rule still holds despite the specific relations among the gaugino
mass and the soft scalar masses.

4.2 The Finite N = 1 Supersymmetric SU (5) Model

We proceed now to the finite to all-orders SU(5) gauge theory, where the reduction of cou-
plings is restricted to the third generation. This specific Finite Unified Theory (FUT) was in agree-
ment with the experimental constraints at the time [18] and has predicted, almost five years before
its discovery, the light Higgs mass in the range of 121-126 GeV. ? The particle content of the model
has three (5 + 10) supermultiplets for the three generations of leptons and quarks, while the Higgs
sector consists of four supermultiplets (5 + 5) and one 24. The finite SU(5) group is broken to
MSSM, which of course in no longer a finite theory [14—16,74-76].

In order for this finite to all-orders SU (5) model to achieve Gauge Yukawa Unification (GYU)
should have the following characteristics:
(1) The one-loop anomalous dimensions are diagonal i.e., %(l)j o< 5ij .
(ii) The fermions of the 5; and 10; (i = 1,2,3) are not coupled to the 24.
(iii) The pair of the MSSM Higgs doublets are mostly consisted from the 5 and 5 Higgs and couple

to the third generation

The superpotential of the model, with an enhanced symmetry due to the reduction of couplings,
is given by [77,78]:

3
1 _
w=Y| Eg}’ 10,10,H; + g9 10,5, H; | + g4, 10,103 H, (4.6)
~

A
+ gg3 10253?4 + ggz 10352?4 —i—g{Hz 24?2 + ggHg 24?3 + % (24)% .

2Improved Higgs mass calculations would yield a different interval, still compatible with current experimental data
(see below).
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Discussion of the model with a more detailed description can be found in [14—-16]. The non-
degenerate and isolated solutions to the vanishing of %(1) are:

8 6 4
=28, @) =24 () =0)=<¢,

5 5 5

3 4 3

(2= () =5 & () =5 & (e2)" = (&) = S &, 4.7)

15 1
(8" =g, (85)7=(gh)* = S8 (g])*=0, (g})*=0.

We have also the relation 7 = —MC, while the sum rules lead to:
M? AM?

m%,u+2m%0:M2, m%,d—Zm%oz—? , m%—l—?)m%ozT . (4.8)

Therefore, we only have two free parameters, namely mjg and M in the dimensionful sector.

When SU (5) breaks down to the MSSM, a suitable rotation in the Higgs sector [15, 16, 79—
82], permits only a pair of Higgs doublets (coupled mostly to the third family) to remain light
and acquire vev’s. Avoiding fast proton decay is achieved with the usual doublet-triplet splitting,
although different from the one applied to the minimal SU (5) due to the extended Higgs sector of
the finite model. Therefore, below the GUT scale we get the MSSM where the third generation is
given by the finiteness conditions while the first two remain unrestricted.

4.3 The Finite SU(N)? Model

We proceed now to construct a FUT based on a product gauge group. Concider an N =1 SUSY
theory with SU(N )| x SU(N )z x - - x SU (N); having n s families transforming as (N,N*,1,...,1)+
(L,N,N*,...,1)+---+(N*,1,1,...,N). Then, the first order coefficient of the -function, for each
SU(N) group is:

12 2 1\ /1
=(—=+Z)N+ns(Z+=)(=)2N=-3N+nsN. 4.
b < 3 3>N nf<3 3) <2> N =—3N+nsN (4.9)

Demanding finiteness, i.e. b = 0, we are led to the choice ny = 3. Phenomenological reasons lead
to the choice of the SU(3)c x SU(3)L x SU(3)z model, discussed in Ref. [83], while a detailed
discussion of the general well known example can be found in Ref. [84-87]. The leptons and
quarks transform as:

duh d° d° de N E¢v
g=|dun|~@G351), ¢=|uuu|~313), A=|ENe]|~(133%
duh he he ke Ve et S

(4.10)
where h are down-type quarks acquiring masses close to Mgyr. A cyclic Z3 symmetry is imposed
on the multiplets to achieve equal gauge couplings at the GUT scale and in that case the vanishing
of the first-order B-function is satisfied. Continuing to the vanishing of the anomalous dimension of
all the fields (see Eq.(3.2)), we note that there are two trilinear invariant terms in the superpotential,
namely:

1
f Tr(quQ) + gf/ gijkeabc(xiakjblkc + qz?angqa' + qia‘ZijIkc)7 (41 1)
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with f and f’ the corresponding Yukawa couplings. The superfields (N,N¢) obtain vev’s and
provide masses to leptons and quarks

mq = f(N), m,= f(N°), m.= f(N), my=f(N°). (4.12)

Having three families, 11 f couplings and 10 f’ couplings are present in the most general superpo-
tential. Demanding the vanishing of all superfield anomalous dimensions, 9 conditions are imposed

. 2 . 16
Zkﬁjk(ﬁjk) +§Zkﬁ’,-k(ﬁ’jk> = 5 &8, (4.13)
J7 ]7
where
Jijk = fiki = fiijs fi,jk:fjl'ki:fliij:ﬁij:fléﬁ:f}ik- (4.14)

The masses of leptons and quarks are acquired from the vev’s of the scalar parts of the superfields
N17273 and Nf,2.3'

At Mgurt the SU (3)® FUT breaks® to MSSM, where as was already mentioned, both Higgs
doublets couple mostly to the third generation. The FUT breaking leaves its mark in the form of
Eq.(4.13), i.e. boundary conditions on the gauge and Yukawa couplings, the relation # = —M f and
finally the soft scalar mass sum rule at Mgyr. In this specific model this rule takes the form:

mlzqu—{-mtgc—}—mé:Mz:m%,d—km%c—i-m?j . (4.15)

The model is finite to all-orders if the solution of Eq.(4.13) is both isolated and unique. Then,
f" = 0 and we have the relations

16

f2=f1211=f2222=f3233:§g (4.16)

Since all f’ vanish, in one-loop order, the lepton masses vanish. Since these masses, even radia-
tively, cannot be produced because of the finiteness conditions, we are faced with a problem which
needs further study. If the solution of Eq.(4.13) is unique but not isolated (i.e. parametric), we can
have non zero f’ leading to non-vanishing lepton masses and at the same time achieving two-loop
finiteness. In that case the set of conditions restricting the Yukawa couplings read:

16 8
F=rl—=)&, FF=0-n{3)e, (4.17)
9 3
where r parametrises the different solutions and as such is a free parameter. It should be noted that
we use the sum rule as boundary condition for the soft scalar masses.

4.4 The Reduced MSSM

We end up with the application of the method of coupling reduction to a version of the MSSM,
where a covering GUT is assumed. The original partial reduction can be found in ref. [90,91] where
only the third fermionic generation is considered. Following this restriction, the superpotential
reads:

W =Y,H,Q01° +Y,H,0b + Y:H,LT° + LH\H;, (4.18)

3 [88,89] and refs therein discuss in detail the spontaneous breaking of SU(3).
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where Y, , ; and h;, ;, ; refer only to the third family, and the SSB Lagrangian is given by

3
. N
~Lssp =) My 0" @+ |miHiHr+ ) S Mididi+h.c
P i=1 4.19)

+ [h[ﬁzQAtAc + hbl‘?l QAbAC + hfb?ll:fc + h.C.] ,

We start with the dimensionless sector and consider initially the top and bottom Yuakwa cou-
plings and the strong gauge one. The rest of the couplings will be treated as corrections. Their
running behaviour, as corrections to the strong coupling, is understood [27]. If Y(%, b) /(41) = oy ),
the REs and the Yukawa RGEs give

1
o; = G203, where G,?:g, i=t,b.

If the tau Yukawa is included in the reduction, the corresponding G coefficient for tau turns nega-
tive [92], explaining why this coupling is treated also as a correction.

We assume that the ratios of the top and bottom Yukawa to the strong coupling are constant on
the GUT scale, i.e. they have negligible scale dependence,

d (Y% _0
dgs \ &3 '

Then, including the corrections from the SU(2), U(1) and tau couplings, at the GUT scale, the
coefficients Gl2 » become:

1 71 3 1 1 29 3 6
G=-+— b — Gl=-+— Zpp— — 4.20
r =3 5Pt P2t 55P b= 3 551t P2 35Pe (4.20)
where
Y2
g%z (051} 82 4i
) ) T T
= = , ST _ 4% 421
P1,2 gg a3 p’L’ g% a3 ( )

We shall treat Eqs.(4.20) as boundary conditions at the GUT scale.
Going to the two-loop level, we assume that the corrections take the following form:

o =Graz+J7og,  i=tb.

Then, the two-loop coefficients, J;, including the corrections from the gauge and the tau Yukawa

couplings, are:
1 N 1 N,
2 t 2 b

" =ap Py
where D, N; and N, are known quantities which can be found in ref. [93].
Proceeding to the the SSB Lagrangian, Eq.(4.19), and the dimension-one parameters, i.c the
trilinear couplings A, 5 ¢, we first reduce 5, ;, and we get

hi = c;YiM3 = ¢;GiM3g3, where c¢;=—1 i=t,b,
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and M3 is the gluino mass. Adding the corrections from the gauge and the tau couplings we have
_ ArApp +AnBp _ AsAp +AuBg

ApAiy —AppAy’ ApArp — ApbAe
Again, A, App and A, can be found in ref. [93].

We end up with the soft scalar masses mﬁ, of the SSB Lagrangian. Assuming the relations
ml2 = c,-M% (i=0Q,u,d,H,,Hy;), and adding the corrections from the gauge, the tau couplings and

Cr = Cp =

hr, we get

__ CoNum _1 CuNum

c c _ CdNum __gCHuNum c ___ CHdNum
¢ D, ‘" 3D’

Dm ) CH, = 3 Dm ) H; — Dm )

where D,,;, coNum,» CuNum,> C4Nums CHuNum»> CHdNum and the complete analysis are again given in
ref. [93].
If only the reduced system were used, i.e. the strong, top and bottom Yukawa couplings as

Cqg =

well as the &, and Ay, the coefficients turn to be

2

CQ=cCu=ca=73, cm = cn = —1/3,

which clearly obey the sum rules

m2Q +m2+ m%,u
7]
Mj

m2Q +m3+ m%{d

=co+cy+cep, =1, Y7
3

=CQ+Cd+CHd= 1.

We finish this section with an essential point for the gaugino masses. The application of the
Hisano-Shiftman relation, Eq.(2.12), is made for each gaugino mass as a boundary condition with
unified gauge coupling at Mgyt scale. Then, at one-loop level, the gaugino mass depends on the
one-loop coefficient of the corresponding B-function and an arbitrary My, M; = b;M,. This fact
permits, with a suitable choice of My, to have the gluino mass equal to the unified gaugino mass,
while the gauginos masses of the other two gauge groups are given by the gluino mass multiplied
by the ratio of the appropriate one-loop f coefficient.

5. Phenomenological Constraints

In this section we shall briefly review several experimental constraints that were applied to our
phenomenological analysis. The used values do not correspond to the latest experimental results.
However, this has a negligible impact on our analysis.

In our models we evaluate the pole mass of the top quark while the bottom quark mass is
evaluated at the M scale (to avoid uncertainties to its pole mass). The experimental values, taken
from ref. [94] are:

m? = (173.1+£0.9) GeV |,  mp(Mz) =2.834+0.10GeV . (5.1

We interpret the Higgs-like particle discovered in July 2012 by ATLAS and CMS [19,95] as the
light ¥ &7-even Higgs boson of the MSSM [96-98]. The (SM) Higgs boson experimental average
mass is [94]

Mp? =125.10+0.14 GeV . 5.2)

4This is the latest available LHC combination. More recent measurements confirm this value.
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The theoretical uncertainty [23,24], however, for the prediction of M}, in the MSSM dominates the
total uncertainty, since it is much larger than the experimental one. In our follwing analyses we shall
use the new FeynHiggs code [23-25] (Version 2.16.0) to predict the Higgs mass. FeynHiggs
evaluates the Higgs masses based on a combination of fixed order diagrammatic calculations and
resummation of the (sub)leading logarithmic contributions at all orders. This provides a reliable M},
even for a large SUSY scale. This new version gives a downward shift on the Higgs mass M}, of the
order of (2 GeV) for large SUSY masses, while computes the Higgs mass uncertainty point by
point. The theoretical uncertainty calculated is added linearly to the experimental error in Eq.(5.2).

We also consider the following four flavour observables where SUSY has non-negligible im-
pact. For the branching ratio BR(b — sy) we take a value from [99, 100], while for the branch-
ing ratio BR(B; — w1t~ ) we use a combination of [101-105]:

BR(b — sy)%P L B
BR(b > sy)M — 089E027 BR(B; —» utpu~)=(29+1.4)x107°. (5.3)

For the B, decay to Tv we use [100, 106, 107] and forAMp_ we use [108, 109]:

BR(B, — TV)P AMg?
=1.39+0.69 : < =0.97+0.2. (5.4)
BR(B, — Tv)M AMM

6. Numerical Analysis

In this section we review the results of the phenomenological analysis of the models reviewed
above. The full analysis can be found in our recent work [110], where it was shown - among others
- that for the Minimal SU (5) model the bottom mass is in agreement with the experimental results
only at the 40 level. Furthermore, no model fulfills the current Cold Dark Matter (CDM) bounds,
since the relic abundance is either too high (in all three GUTs) or too low (Reduced MSSM).
Alternative ways are proposed for the two SU (5) models in [110], while a similar R-parity violation
should be considered for the other two as well.

6.1 Finite N = 1 SU(5)

As discussed in Subsection 4.2, we present the full particle spectrum predicted in the Fi-
nite N = 1 supersymmetric SU(5) model. Conditions set by finiteness do not restrict the renor-
malization properties at low energies, so we are left with boundary conditions on the gauge and
Yukawa couplings (4.7), the h = —MC relation and the soft scalar-mass sum rule at Mgyr. In
Fig. 1, my(Mz) and m, are shown as functions of the unified gaugino mass M. The orange (blue)
lines denote the 20 (30) experimental uncertainties. The only phenomenologically viable option
is to consider 1 < 0 (as shown in [110-117].
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Figure 1: m,(Mz) (left) and m, (right) as a function of M for the Finite N = 1 SU(5). Green points satisfy
the B-physics constraints.

The light Higgs boson mass is given in Fig. 2 (left), while its theory uncertainty [26] is given
in Fig. 2 (right). This point-by-point uncertainty (calculated with FeynHiggs) drops significantly
(wrt past analyses) to 0.65 —0.70 GeV.
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Figure 2: Left: M}, as a function of M. Green points comply with B-physics constraints. Right: The lightest
Higgs mass theoretical uncertainty calculated with FeynHiggs 2.16.0 [26].

Mh My My MHi my,

] my, mgl m,;z mg

lightest | 124.4 5513 5513 5510 5940 6617 5888 6617 8819
heaviest | 125.8 28121 28121 28120 10486 11699 10318 11686 15509

mz my o MgE Mg M0 ) Mo mz  tanf

Xi X X3 X4

lightest | 2225 3123 3819 4801 2120 3811 4820 4811 50

heaviest | 4215 5788 7108 8200 4019 7108 8227 8227 51

Table 1: Spectra of the Finite N =1 SU(5) . Masses are in GeV and rounded to 1 (0.1) GeV (for the light
Higgs mass).

In Tab. 1 we give the lightest and the heaviest spectrum. Compared to our previous analy-
ses [110-117,120-122], the improved evaluation of M}, and its uncertainty prefers a heavier (Higgs)
spectrum and thus allows only a heavy supersymmetric spectrum. Very heavy coloured SUSY
particles are favoured (nearly independent of the M; uncertainty), in agreement with the non-
observation of those particles at the LHC [118]. Overall, the allowed coloured SUSY masses would

12
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remain unobservable at the (HL-)LHC, the ILC or CLIC. However, the coloured spectrum would
be accessible at the FCC-hh [119], as could the full heavy Higgs boson spectrum.

The model has a high relic abundance for CDM. The CDM alternatives proposed for the Min-
imal SU (5) model in [110] can also be applied here.

6.2 Two-Loop Finite N =1 SU(3) ® SU(3) @ SU(3)

We continue our analysis with the two-loop finite N = 1 supersymmetric SU(3) ® SU(3) ®
SU (3) model, where again below Mgyt we get the MSSM. We take into account two new thresh-
olds for the masses of the new particles at ~ 10! GeV and ~ 10'* GeV resulting in a wider
phenomenologically viable parameter space [123].

T T T
3.2 [ 2-loop Finite SU(3)° 1 176 | 2-loop Finite SU(3)3
Al

mp(Mz) (GeV)
my (Gev)

25

L L L L L L L L
0.6 0.65 0.7 0.75 0.8 0.85 0.6 0.65 0.7 0.75 0.8 0.85

Figure 3: Bottom and top quark masses for the Finite N = 1 SU(3) ® SU(3) ® SU(3) model, with u < 0, as
functions of r. The black horizontal line is the experimental central value, and the dashed orange ones are
the 20 limits. Green points satisfy B-physics constraints.

Looking for the values of the parameter r (see Subsection 4.3) which comply with the experi-
mental limits, we find (see Fig. 3) that both masses are in the experimental range for the same value
of r between 0.65 and 0.80 (we singled out the i < O case as the most promising). The inclusion of
the abovementioned thresholds gives an important improvement on the top mass from past versions
of the model [83, 124-126].

T T e T E
2-loop Finite SU(3)3 2-loop Finite SU@)% == §
0.95 F 77 VEERRL
130 A

Al e E - N
BPOOk 09l -+ e

. .
125 |
o .
o
. .0.-.:'-. R o |
s

120

0.85 |

0.8

Mp, (GeV)

0.75 |

0.7 f +

FH Uncertainty (GeV)

0.65 |
0.6 [

0.55 L L L L L L
122 123 124 125 126 127 128 129
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. . n L . L
1000 2000 3000 4000 5000 6000
M (GeV)

Figure 4: Left: M), as a function of M for the Finite N = 1 SU (3) @ SU (3) @ SU (3). Right: The Higgs mass
theoretical uncertainty [26].

In Fig. 4 (left) we show the light Higgs boson mass, while the point-by-point calculated the-
oretical uncertainty is presented in Fig. 4 (right). Tab. 2 gives the lightest and heaviest spectrum.
All constraints regarding quark masses, the light Higgs boson mass and B-physics are satisfied,
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M, My My Mpy+ my, mg, my,

1 mp, mg

lightest | 1242 1918 1918 1917 4703 5480 4671 6013 6329

heaviest | 1259 12053 12053 12050 10426 10631 10426 11193 14550

mg, My mgE Mgy Mg Mz M0 my  tan B

lightest | 1774 2694 2736 5469 1517 2736 5480 5481 44

heaviest | 5999 7113 6713 10522 3767 6703 10522 10523 53

Table 2: Spectra of the Finite N =1 SU(3) ® SU(3) ® SU(3) . Masses are in GeV and rounded to 1
(0.1) GeV (for the light Higgs mass).

rendering making the model very successful. The accessibility of the heavier (coloured) spectrum
will be subject to future colliders.

6.3 Reduced MSSM

For the analysis of our final model we choose the unification scale to apply the corrections to
all these RGI relations. The full discussion on the selection of the free parameters of the model can
be found in [110]. In total, we vary p¢, pp,, M and u.

In Fig. 5 we see the model’s predictions for the bottom and top mass respectively. The hor-
izontal lines denote the 2 ¢ level uncertainty. Next, M, is shown in Fig. 6 (left),while the theory
uncertainty given in Fig. 6 (right) has dropped below 1 GeV. The Higgs mass predicted by the
model lies within the LHC range.

176
BPO ok BPO ok

T
Reduced MSSM Reduced MéSM
All . I All .

175

174 |

m; (GeV)

173 F

mp(Mz) (GeV)
N
®

25 |

24 L L L L L L L L L L
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000

M (GeV) M (GeV)

Figure 5: The left (right) plot shows the bottom (top) quark mass for the Reduced MSSM.

The Mj, limits set a limit on the low-energy supersymmetric masses, rendering the Reduced
MSSM highly predictive and testable. In Tab. 3 we show the lightest and heaviest value of
each parameter of the supersymmetric spectrum. The HL-LHC [127] will be able to test the full
Higgs spectrum. The lighter supersymmetric particles, which are given by the electroweak spec-
trum, will mostly remain unobservable at the LHC and at future e*e™ colliders such as the ILC or
CLIC. An exception are the lightest neutralino and chargino masses, which could be covered by
CLIC3TeV. The coloured mass spectrum will remain unobservable at the (HL-)LHC, but could be
accessible at the FCC-hh [119].
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Figure 6: Left: The lightest Higgs boson mass, My, in the Reduced MSSM. The green points is the full model
prediction. Right: the lightest Higgs mass theoretical uncertainty [26].

Mh My My M H* my

1 mfZ ml~?1 mi?z mg

lightest | 124.5 1305 1305 1297 3851 4029 3699 4007 5126
heaviest | 125.8 1801 1801 1780 5275 5564 5076 5502 7017

my o omy o MgE o mgk mgo  mgo Mg mgo  tanf

lightest | 1705 2536 843 1875 711 2579 3516 3517 40

heaviest | 4288 6008 1004 2195 1001 3666 4814 4815 45

Table 3: Spectra of the Reduced MSSM. All masses are in GeV and rounded to 1 (0.1) GeV (for the
light Higgs mass).

7. Conclusions

We briefly reviewed the ideas concerning the reduction of couplings, then new results were
given for three specific models, namely the Finite N = 1 SU(5), the Two-Loop Finite N = 1
SU(3)®SU(3) ®SU(3) and the Reduced MSSM. The three models are in natural agreement with
all LHC measurements and searches and they predict relatively heavy spectra which evade detec-
tion in present and near-future colliders. An exception is the lighter part of the Reduced MSSM
spectrum which could be covered by CLIC3TeV. FCC-hh will be able to test the predicted param-
eter spaces of all models.
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