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Abstract

We calculate the dependence on intermediate scale of the gaugino mass ratios
upon breaking of SO(10) into the Standard Model via an intermediate group H.
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We find that the ratios change significantly when the intermediate scale is low
(say, 10% GeV or 1 TeV) compared to the case when the two breakings occur at
the same scale.
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Introduction

With the Large Hadron Collider (LHC) having started operation, the high en-
ergy physics community is expanding its focus in the study and search for new
physics beyond the Standard Model (SM). Grand unification theories (GUTSs)
are among the most promising models for this new physics [1]. However, super-
symmetry (SUSY) is necessary to make the huge hierarchy between the GUT
scale and the electroweak scale stable under radiative corrections [2]. In this
regard, SUSY SO(10) is an appealing candidate for realistic GUTs [3].

Universal boundary conditions for gaugino masses, as well as other soft terms, at
the high scale (the unification scale or Planck scale) are adopted in the setting of
minimal supergravity (nSUGRA) or the constrained minimal supersymmetric
standard model (CMSSM) [4]. If the discrepancy between the SM theoretical
predictions and the experimental determinations of (g-2) is confirmed at the
3-sigma level, this could be interpreted as strong evidence against the CMSSM
[5]. Non-universal gaugino masses may arise in supergravity models in which a
non-minimal gauge field kinetic term is induced by the SUSY-breaking vacuum
expectation value (vev) of a chiral superfield that is charged under the GUT
group G [6]. The non-universal gaugino masses resulting from SUSY-breaking
vevs of non-singlet chiral superfields, for G = SU(5), SO(10) and Ej, and their
phenomenological implications have been investigated in [7, 8, 9, 10].

If the grand unification group G is large enough, like SO(10) or Ey, then there
are multiple breaking chains from G down to the SM. It is natural here to assume
that multiple intermediate mass scales exist in the breaking chain. It has been
found that when extrapolating the coupling strengths to very high energies,
they tend to converge in non-SUSY SO(10) provided one introduces two new
intermediate energy scales, whereas they do not meet at a single point in the
absence of intermediate energy scales [11]. A systematic study of the constraints
of gauge unification on intermediate mass scales in non-SUSY SO(10) scenarios
was recently discussed in [12].

The possibility of the existence of intermediate scales is an important issue for
supersymmetric unification. The success of minimal supersymmetric standard
model (MSSM) coupling unification [13] favors a single GUT scale, and the
intermediate scales cannot be too far from the GUT scale. However, recent
studies show that in GUTs with a large number of fields, renormalization effects
significantly modify the scale at which quantum gravity becomes strong, and
this in turn can modify the boundary conditions for coupling unification if higher
dimensional operators induced by gravity are taken into consideration [14].
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In GUT model building, the so-called “magic fields” can be used to fix the
gauge coupling unification in certain two-step breakings of the unified group
[15]. It has been pointed out that any choice of three options—threshold cor-
rections due to the mass spectrum near the unification scale, gravity-induced
non-renormalizable operators near the Planck scale, or presence of additional
light Higgs multiplets—can permit unification with a lower intermediate scale
[16]. This unification with distinct energy scales yields right-handed neutrino
masses in the range (108-10'3 GeV) relevant for leptogenesis [17], perhaps even
reaching the TeV region [16].

In previous studies [7, 8, 9, 10] on non-universal gaugino masses in SUSY-
SO(10), one assumed for simplicity that there were no intermediate scales be-
tween My and Mg (the SUSY scale ~1 TeV) or the electroweak scale Mgy, .
In this paper, we study in detail the intermediate scale dependence of the non-
universal gaugino masses.

The starting point is to consider a chiral superfield (“Higgs” field) ® transform-
ing under the gauge group G = SO(10) in an irreducible representation (irrep)
R lying in the symmetric product of two adjoints:

(45 x 45) =14 54+ 210 + 770

symmetric
If R is G non-singlet and ® takes a vev spontaneously breaking G into a subgroup
H containing the SM, then it can produce a gauge non-singlet contribution to
the H-gaugino mass matrix [19]:

Ma,ﬂ = naéaﬁ

where the discrete 7,’s are determined by R and H.

Here, we make two basic assumptions. The first is to omit the “possible” sit-
uation of a linear combination of the above irreps and to consider the domi-
nant contribution to the gaugino masses coming from one of the non-singlet
F-components. The second assumption is that the SO(10) gauge symmetry
group is broken down at GUT scale My into an intermediate group H which,
in turn, breaks down to the SM at some intermediate scale M 5. In the case of
several intermediate symmetry breakings one can assume various intermediate
scales, for which case it is straightforward to generalize our method.

We insist on H being the gauge symmetry group in the range from Mpypz to
Mgy Thus, only the F-component of the field ® which is neutral with respect
to H can acquire a vev yielding gaugino masses. Depending on the breaking
chain one follows down to the SM, ratios of gaugino masses M, are dependent
on My p and are determined purely by group theoretical factors only if Mgz =
Mepr. (All group theory considerations can be found in the review article [18].)
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In fact, the functional dependence on Mpyp of the gaugino mass ratios can-
not be deduced from their values obtained in the case of Myp = Mgy by
mere renormalization group (RG) running, and one has to consider carefully
the normalization of the group generators and the mixing of the abelian U(1)’s
necessary to get the dependence of the U(1)y  gaugino mass on the intermediate
scale.

Whereas in ref. [7] we considered only low-dimensional irreps 54, 210, we extend
here our analysis to include all three non-singlet irreps. Moreover, there were
some errors in the results of ref. [7], which upon being corrected agree now with
the conclusions of [8, 9, 10] when My = Mapyr.

The plan of this paper is as follows. In section 2, we consider the first step
of breaking, from GUT = SO(10) to the intermediate group H, and calculate
the H-gaugino mass ratios at the GUT scale M7, for the three cases H =
Guoo = SUA) e x SU(2);, x SU(2)g, H = SU(2);, x SO(7), and H = Hy; =
SU(5) x U(1) x, depending on the specific irreps in Eq. (1). We investigate the
second step of the breaking, from the intermediate group H to the SM group in
section 3, and compute the MSSM gaugino masses in terms of the H-gaugino
masses at the intermediate breaking scale My 5. Taking the RG running from
My to My into consideration, we compute in section 4 the MSSM gaugino
mass ratios at Myp. We also state in this section the particle content of the
model in each case, and calculate the beta function coefficients necessary for the
RG running. In section 5, we summarize the results in form of a table, where
we compare numerically the case of two breaking scales with the case of one
breaking scale, and present our conclusions.

2. From GUT = SO(10) to the Intermediate Group H

Here we discuss the different ways in which one can break the GUT-group
SO(10) depending on the Higgs irrep one uses. As noted earlier, three irreps
can be used (see Eq. 1): 54, 210 and 770.

2.1 The irrep 54

If an irrep 54 is used then the branching rules for SO(10) tell us it can be broken
into several subgroups (e.g. H = G 90, H = SU(2);, x SO(7), H = SO(9)). The
choice H = SO(9) leads to universal gaugino masses whereas the other two
possible chains are more interesting.

2.1.1 H = G455, The 54 irrep can be represented as a traceless and symmetric
10 x 10 matrix which takes the vev:

(54) = vDiag(2, ...,2,—3, ..., —3)

with the indices 1, ... 6 corresponding to SO(6) = SU(4) and 7, ... 0 (henceforth
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0 means 10) corresponding to SO(4) = SU(2);, x SU(2)g. This implies that at
M yr-scale we have:

M4|MGUT = Mgy ) = 2v, M2L|MGUT = MSU(2)L = —3v, M2R‘MGUT = MSU(Q)R =—3v

2.1.2 H = SU(2); x SO(7) The first breaking is achieved by giving a vev to
the irrep 54:

(54) = v Diag(7/3,...,7/3,—1, ..., —1)

where the indices 1,2,3 correspond to SO(3) = SU(2); and 4, .. 0 correspond
to SO(7). This gives at Mgy p-scale:

7
M2L|MGUT = gv, M7|MGUT = Mso<7) =0

2.2 The irrep 210

This irrep can be represented by a 4th-rank totally antisymmetric tensor A ;.4
It can break SO(10) in different ways, of which we consider two.

2.2.1 H = G4y, The first breaking from SO(10) to H is achieved when the
only non-zero vev is:
(Bapea) = Verggo = v

where (a, b, ¢, d) = (7,8,9,0). This leads to the mass term:

£ o (A ppea) Na Ao AcAd = V(A7 Ag + AgAg)

mass

As the indices (1, ..., 6) which correspond to SO(6) do not appear in the mass
term then we have:

M4|MGUT =0
We can take the gauginos Ay;, Ayp corresponding to SU(2),, SU(2)y as being

proportional to the “bracketed” combinations of A;-\; in Eq. (7), and thus we
get:

MQL‘MGUT = M2R|MGUT =v
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2.2.2 H = H;; This breaking from SO(10) occurs when [21]:

Ajozy = Aigse = Digrs = Digo = Asuse = Asarg = Dagg0 = Dsers = Dsgo0 = Dyggo =
For the H = Hy, case, we adopt the convention of restricting the use of indices

to the SU(5)-indices in order to express only the SU(5) and U(1)y gauginos
amongst the SO(10)-ones. In fact, the branching rule:

SO(10) D SU(B) x U(1) x
allows us to use the indices: i = 2a — 1,27) with i = 1,3,5,7,9 and &,73 =
1,2,4,6,8,0, and so we have the SU(5)-indices (a = 1,...,5; b = 1, ..., 5) written
usually as an upper index for ‘a’ and a lower index for ‘b’ (omitting the ‘bar’ of

b). With this, we write the SO(10) adjoint irrep A2a—1)(2p) @S Aj using the Hg,
indices (a,b=1,...,5).

We know that the only way to get a 4th-rank totally antisymmetric tensor
invariant under SU(5) is by considering:

_ scsd dSc
€abefgCedefg = 5a6b - 5a6b

(a, b, ¢, d, e, f, g = 1, .., 5) and thus the Hy,-singlet takes on the invariant
form:

<Agg> = veabe‘fgecdefg
The gaugino mass term becomes:
(ALDAN o —4(N0)* = 5(3)* +4(\)*

where the “traceless” SU(5)-gaugino 5\2 and the U(1) x-gaugino A are defined as
usual by:

2 1
A =Ap — 55§)\§, A=A
We get at My the ratio:

M5|MGUT : MX|MGUT =5:4
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2.3 The irrep 770

This irrep can be represented by a traceless 4th-rank tensor ¢,;;; with sym-

metrized and anti-symmetrized indices in the combinations corresponding to
the Young diagram with two rows and two columns. It can break SO(10) in
three ways.

2.3.1 H = Gy, Here, since we have the branching rule:

SO(10) 5 SO(6) x SO(4) = SU(4) x SU(2) x SU(2)

we can set ¢, = ¢, + ¢, witha=1,2, ., 0;a=1,...,6;i=7, .., 0. When
the scalar components of ¢, .4, corresponding to the singlet (1, 1) of 770 under
SO(10) D SO(6) x SO(4), acquire a non-zero vev, then the tensor structure
imposes the form:

{Pagqs) = V(0asdys —dasdpy)
(Dijr1) = sv(0;50, — 5iz5jk)
< oc,B 1]> =S ’U(S z]

(,8,7,6=1,..,6; 1, j, k, 1 = 7, ..., 0). Forcing the tensors ¢, and ¢ to

aaij
be traceless would imply s = 1/4 and s = —5/2, and so one gets a mass term:

’Cmass = gbozﬁ'y(s)‘ozﬁ)"yé + (bijkl)‘ij)‘kl = U()‘aﬁ)Q + SU()‘ij)2

The A,4's correspond to SO(6)-gauginos whereas A;;’s correspond to SO(4)-
gauginos, whence we get at M ;p-scale the ratios:

M4|MGUT ; M2L|MGUT : MQR‘MGUT =1: 5 79
2.3.2 H = SU(2);, x SO(7) Again, the branching rule:

SO(10) 5 SO(3) x SO(7) = SU(2), x SO(7)

enables us to set ¢, = ¢, + ¢, witha=1, ., 0, =1,...,7,1=8,9,0. In
the same way as in the case of H = G 495, when the scalar components of ¢, .4,
corresponding to the singlet (1, 1) of 770 under SO(10) D SO(7), acquire a non-
zero vev then we have the same tensor structures as in Eqgs. (20). Forcing the
traces ¢,q5 and ¢q;; to vanish would imply s” = 2 and s = —7. Substituting
in the Lagrangian gaugino mass term gives now at My the ratios:

M2L|MGUT ; M7|MGUT =1:-7
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2.3.3 H = H,; Again, using the branching rule in Eq. (11), we can take
¢, = ¢; + ¢ witha =1, ., 0;i=21-1 (j, 1 = 1, .., 5 are the 5 and 5 indices
respectively); kE =2,4,6,8,0. When the traceless 4th-rank tensor Gap,ca Scalar
fields, corresponding to the singlet (1, 1) of 770 under SO(10) D Hy,, have a
non-zero vev, then we have the following tensor structures:

Pabed = Pijr + Pijd T Prtyiz + Pij + Cijpi T Pijaa

<¢ij,kl> = U1(5ij5kl - 5kj5il)
<¢ij,ki> = Uzéz‘jéki
(Pi5.51) = v3(055051 + 67075)
(a,b,c,d=1,..,0;1,j,k,1=1, .., 5). Note that since SU(5) is the only maximal
non-abelian subgroup in H5; then all the vevs above are equal v; = vy = v5 = v.
We note also that the contribution to the gaugino mass from the last three terms

in Eq. (26) is equal to that coming from the first three terms, and thus we can
limit the computation to these latter terms to get the mass term:

(bab,cd)‘ab)\ccl = v[(S‘;>2 + 16)‘2}

where the expressions of the “traceless” SU(5)-gaugino ;\3 and the U(1)x-
gaugino A are taken from Egs. (16) and (17). We get at My the ratio:

MS‘MGUT ; MX|MGUT =1:16

3. From the Intermediate Group to the SM

We discuss here the second stage of the breaking from H into the SM. We note
that in some cases there are more than one U(1)-group, and we need to consider
the mixing of these U(1)’s in order to get the U(1)y of the SM. The method is
standard and we work it out case by case.

The Higgs field responsible for the breaking SU(4), x SU(2)r — SU(3)q X
U(1)y can be taken to include the irrep (4, 2) of the group SU(4)s x SU(2)g:

SUA)e x SU(2)r DSU3)e x U(1) x U(1)

We can choose ® to be in the spinor irrep of SO(10) since we have the branching
rule:
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¢=¢,0,:0a=1234r=1,2

and we can write the covariant derivative terms related to the SU(4)~ x SU(2)
group in the form:

D,®=08,®—ig,T’AL® —ig Bl r"®
where T% (b = 1, ..., 15) are the 4x4 generalized Gell-Mann matrices for SU(4)
with the standard normalization Tr(T*T?) = 2§%°, 7" (r = 1, 2, 3) are the 2x2
Pauli matrices satisfying Tr(777%) = 26"*.

In order to break SU(4)s to SU(3)x x U(1), and SU(2)p to U(1)’, the Higgs
fields take the vevs:

<¢a> = U16a47 <¢r> = v26r1

Since both ¢, and ¢, originate from the same ®, the spinor irrep in SO(10)
which under SO(10) has the component (1, 1) 0, then the two vevs are equal:
v; = vy = v. Concentrating on the mixing of the U(1) from SU(4), and
the other U(1)" from SU(2)g, we note that the corresponding A;; and Bj
components will mix together, and thus we obtain the neutral gauge boson
mass terms in the form:

’1)2 2
’Cmass = 5(941415 - gRBS)

This quadratic form in the fields B; and A,; has a zero eigenvalue whose cor-
responding eigenstate can be identified as the massless U(1)y gauge boson E,,.
By diagonalizing the corresponding mass matrix we obtain the two physical vec-
tor bosons: the massless gauge boson E, and the orthogonal combination F),
corresponding to a massive vector boson:

F =cosfA5; —sinfB,
E =sinfA 5 + cos0B;

where:

7 S , sinf = _9r
\/ 93+ 9% \/ 93+ 9%

Tt is convenient [1] to define the 4x4 matrix A (B) as follows:

cosf =
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A =TPAY with A? = (A),,, B=r"B" with B! = (B),,

which leads to:

1
2V6

In the notation of Eq. (37), the gaugino fields which lie in the same supermul-
tiplet as the gauge fields of the SU(4). group are denoted by A{ (a, b =1, ...
4 with A§ = 0), whereas we denote the gaugino fields of the SU(2),,  group by
AL (r,s =1, 2 with A = 0). Then the gaugino mass term in the G4, group is:

1
A15 = diag(171717_3)7 Bs = idlag(]w_l)

£ = MAGAL + Myp NoAS + Mop ATAS

mass

= My(A\])? + Myp NoAS + 2Myp (A1) + ...
where «, f = 1,2,3 are the SU(3), gaugino fields and “..” denote the terms
which do not contribute to the MSSM gaugino masses.

Since the gaugino mixing should proceed in the same way as that for the gauge
fields lying in the same supermultiplet, then Eqgs. (35) and (38) lead “by super-
symmetry” to:

Au(), = sinbAyp + cosbA,

Aheavy = €080y — sinOA,

where Ay, is the gaugino field lying in the same supermultiplet as the U(1),-
gauge field E, whereas A, is the superpartner of the massive vector boson F.

It follows from Eq. (39) that at the intermediate scale My we have:

MS‘MHB = M4|MHB» M2|MHB = M2L|MHB

As to the mass term corresponding to U(1)y-, then substituting Egs. (40) and
(41) into Eq. (39) leads to:

2 2
M = sin? M, + cos? OM,;, = ——L— —A M.
1|MHB 4 2R gZ—l—gfg 4 gi_"_g% 2R

To summarize, we have used an SO(10)-16 irrep Higgs field to break G 455 into
the SM when its neutral component (1, 1)_ 0 under SM develops a vev. The
gauge supermultiplets 45 of SO(10) would also be decomposed having under
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G 455 the components (15, 1, 1) and (1, 1, 3) representing respectively the gener-
ators of SU(4) and SU(2) . In the breaking from G 95 to SM, each of the latter
generators would have a singlet (1, 1) 0 part and one needs to identify the
weak hypercharge Y generator as a linear combination of these (1, 1)_0 parts.
With this, we could determine the U(1)y gaugino in terms of the gauginos and
coupling constants g,, gy corresponding to SU(4)~ and SU(2)p.

3.2 H = SU(2), x SO(7)

As we have discussed, one can use the irreps 54 or 770 to carry out the breaking
SO(10) — SU(2),xSO(7). As pointed out in [9], the SU(2), x SO(7) cannot be
reconciled with the chiral fermion content of the SM. However, as was noticed in
[22], this case produces non-trivial mass ratios with interesting phenomenology,
and we may still consider it since we are not involved in the model building.
Thus, until the identification of a feasible model with masses in this region, we
include the examination of this case in our study.

Now, the SO(7) is broken at Mg to SO(6) = SU(4) which in turn is broken
to SU(3) x U(1l)y at My . One cannot use the SU(4)-4 irrep to achieve this
breaking since its branching rule is:

SUM) > SUB) xU(1): 4=3,+14

whereas the “next simple” SU(4)-15 irrep can carry out this breaking having
the branching rule:

SU4)D>SUB)xU(1): 15=8,+3,+3_,+ 1,

Thus, the Higgs field ® responsible for the breaking SU(4) — SU(3)~ x U(1)y
should include the SU(4)-15 irrep, and the simplest choice is the 45 irrep of
SO(10) having the branching rules:

SO(10) S SO(3) x SO(7)
SO(7) D SO(6) = SU(4)
45 = (3,1) + (1,21) + (3,7)
21 =15+ 6

The (SO(7)) gaugino mass term in the Lagrangian is:

L3600 = MrAapAan) = MrAja, g 0,6 T MrAz,a)A 7,0

where a, b =1, ..., 7; o, = 1,...,6. Note that the )\[7@] does not represent
the superpartner of a gauge field in SO(6) = SU(4), and thus, using the SU(4)
indices, the mass term of the SU(4) x SU(2), is:
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L onass = MINN, + My XOAS + M{NOA + ..

where i, j = 1, .., 4 (with Al =0);r,s =1, 2 (with \” = 0); o, 3 = 1,2, 3 and the

“..” represent the terms which do not contribute to the gaugino masses: My,
for SU(2) and M for SU(4) satisfying:

~. 1. 1 1
X=X = 0 ()7 = 202+ ()

We introduce in the same way as we did before, the “traceless” SU(3)-gauginos:
Ao = ae — Laen
=287 3%M
and the “squared” U(1)y gaugino field:

1 1
2 _ 1yvy2 432
Ay 4(/\ )° + 12(/\4)
Eq. (49) reduces then to:

Lnass = MINGAS + MIAL + My NoXS

mass

Therefore, we have at M5, the scale where the breaking of the intermediate
group H’ takes place, the relations:

M1|MHB = M3|MHB = MzﬂMHBv M2|MHB = M2L|MHB

33H = H, =SU(5) xU(l)y
In order to break SU(5) to SU(3)x x SU(2);, x U(1),, one can use the (SU5)-
10-irrep with the branching rule:

SUB)DSUB)e xSU12), xU(1)y,

10 = (3",1) o3 +(3,2)16 + (1, 1),

Thus, the Higgs field ® responsible for the breaking Hy; — SM can be taken in
the (SO10)-16-irrep having the branching rule:

SO(10) D SU(5) x U(1)x
16 =10, +5_5+ 15
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The conventions in the above two branching rules are consistent with the U(1) -
generator in SU(5) given by:

Z = diag(—2/3,-2/3,—2/3,1/2,1/2)

and we have an unbroken hypercharge [23]:

1
Y = 6diag(—2, —2,-2,3,3)

As it is well known, one needs to define the “properly normalized” U(1),-
generator to be:

Z=4/22
5

so that Tr(L%) = 1/2. Similarly, we define the “properly normalized” U(1) y-
generator to be:

1

X=—X
V40
such that T'r (L% ) = 1, since we should have T'ro(M;;M; ;) = 16,6, where

M;; is the SO(10) generator and 10 is the defining (vector) irrep of SO(10), and
that the branching rule:

50(10) 5 SUGB) x U(1)x = 10 = (5)y + (5) 4

implies Ty (X?) = 40.

We now come to the mixing of the two U(1)’s, which means we study how
U(l), x U(1)yx breaks into U(1)y. When the Higgs field corresponding to
the (1, 1) component of Eq. (53), with Z- and X-charges equal to one and
represented by a 5x5 antisymmetric tensor ¢,,, takes a vev such that the only
non-zero elements are:

abr

we get a mass term:

v
’Cmass = ?(QZAZ _gXBX)2

where A, and By are the U(1), and U(1)x gauge fields, respectively.
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By diagonalizing the mass matrix corresponding to the above quadratic form,
we get a massive U(1)-neutral vector boson field B,, and a massless U(1)-gauge
field A, given by:

B =cospA, —sinyBy
A =sinyA, +cosyBy

where:

9z sin ) = 9x
9% + 9% V9% + 9%

Let Ay, A, be the superpartners of By, A, respectively, and call Ay the super-
partner of the massless A, that is the U(1)y gaugino, whereas we denote the
superpartner of the massive B by Aq,,y- Then from Eq. (62) we have:

cosy =

Ay =sinyA, + cosry

Aheavy = COSYPA, —sinAy

The gaugino mass term of the Hy; = SU(5) x U(1) y can be written as:

Cmass = MS[(S‘EJL)Q + )‘QZ] + MXA.QX

where 5\5 are the gauginos of SU(5) (a, b = 1, .., 5 and A\* = 0). After Hy, is
broken to the SM, with the indices (o, 8 =1,2,3; 1, s = 4, 5), we have:

’Cmass = MS[(}E)2 + (5‘;)2 + /\QZ] + MX)%(

where :\gf are the gaugino fields of SU(3). (Similarly, A" are the SU(2), gaugi-

nos) and \% is the squared U(1), gaugino field. From Eq. (66) and using Eq.
(64) we get:

M2|MHB = M3|MHB = M5|MHB
2 2 9% 9%
M = M:sin“" Y+ Mycos™ ) = —=>5 M, + 5—5M
1|MHB 5 1/J X 'L/} g%_’_gg( 5 g%_’_gg( X

To summarize, we obtained by calculating the mixing of the two U(1)’s the
formulae relating the MSSM-gaugino masses (M;, My, Ms) to the intermediate
group Hy,-gaugino masses (M5, M) and the coupling constants, which are valid
at the scale where the breaking of the intermediate group to the SM occurs.
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4. The RG Running and the MSSM Gaugino Mass Ratios

In section 2, we computed the H-gaugino mass ratios at the GUT scale Mqr,
whereas in section 3 we expressed, at the intermediate breaking scale My g,
the MSSM gaugino masses in terms of the H-gaugino masses and the coupling
constants. Thus, it is necessary to introduce the running factors for the gauge
couplings of the intermediate group (o, = g2 /4) from Mgy to Mypg:

(T
y(t) = —allo)__
1+ =5-2bt
with ¢t = log(Q?/M%), to = 0 corresponding to Q? = MZ;;r, and we assume
unification at Moy (o;(ty) = ). We define the ratio:

1+ 5=bt
14 St

2m 7

R(i, j)

with b, the beta function coefficients, and use the one-loop renormalization
equations for the evolution of the gaugino masses and the coupling constants:

M;(t) _ M;(to)

a;(t) a;(ty)

With this we can obtain our final results of the MSSM gaugino mass ratios at
the intermediate scale M5 as follows:

SO(10) — G495 by 54: Eqs. (42,43) and (4) lead to:

My (t)
M;(t)
M,(t) 5R(2R,4)—4
M,(t)  R(2R,4) +6

= R(2L,4)

We note that we get the gaugino masses M, (a=1,2,3) in the ratio 2:2:1 when
the two scales are equal (Mpyp = Mayr) in accordance with the results of [9]
obtained via a different approach. However, it is instructive to notice here that
the functional form of the ratio M;/M;, in terms of the “RG”-factor R(2R, 4),
in equation (71) cannot be deduced directly, by simple RG running, from its
value (5/2) when R(2R, 4) = 1 corresponding to two equal scales. This comes
because the mixing of two U(1)’s, one from SU(4), and the other from SU(2)y,
to give U(1)y happens at the intermediate scale My g, and use of Eq. (43) is
essential in order to take account of this mixing.

SO(10) — G,95 by 210: Egs. (42,43) and (8,9) lead to:
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My(t) =0
M, (t)  3+2R(2R,4)
M,(t)  3R(2R,2L)

where the symmetric evolution of ay and a;, puts R(2R, 2L) = 1. This reduces
to the “known” value M;/M, = 5 when Myp = Mgy [9]. We note that the
possibility of gluinos being massless is not phenomenologically excluded.

SO(10) — G4y, by 770: Eqs. (42,43) and (23) lead to:

M,(t) 19R(2R,4)—6
M,(t)  4R(2R,4)+6
M, (t)
M;(t)

= R(2L,4)

We see that when M ;5 = Mo pp the results of the gaugino masses M, (a=3,2,1)
reduce, as expected, to 1 : 5/2 : 19/10 in ratio [9)].

SO(10) — SU(2);, x SO(7) by 54: Egs. (50,52) and (6) lead to gaugino

masses, at the intermediate scale My, in the ratio:
My:My: M, =1:R(2L,4):1

which reduces to 1 : 1: 1 when My = Mgy [7].

SO(10) — SU(2);, x SO(7) by 770: Egs. (50,52) and (25) lead to:

M) M
My -5 My el

which reduce respectively to 1, 7, when My = Mayr.
SO(10) — Hy; by 210: Egs. (67) and (18) lead to:

My(t) _, My(t) _ 95R(LX,5) 24

M, (t) T M,(t) R(1X,5)+24

Again, these functional forms are consistent with the “known” values of the
gaugino mass M, (a=3,2,1) ratios 1 : 1 : 5 obtained in [9] using a different
method when My = Mgyp. However, their values at Mg and RG running
alone are not enough to deduce the “functional” forms, and one needs to carefully
consider the normalization and mixing of U(1)yx and U(1),, which was done in
Eq. (67).

SO(10) — Hy; by 770: Egs. (67) and (29) lead to:
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My(t) _ . M(t) _ 385R(1X,5)—24

Ms(t) 7 Ms(t) R(1X,5) 424

which reduce respectively to 1, 77/5 if Myp = Mgy, in accordance with [9)].

We compute now the beta coefficients for the RG running. We shall consider
that the scale My is above the threshold of creating the superpartners of the
known particles, so we use the RG equations of the SUSY-GUT [24]:

bh. = S.

% z(R) - 301 (G)

with S;(R) the Dynkin index of the irrep R summed over all chiral superfields,
normalized to 1/2 for each fundamental irrep of SU(N), and C;(G) the Casimir
invariant (equal to the Dynkin index of the adjoint representation) which satis-
fies C(SU(N)) = N, C(U(1)) = 0. In order to single out the Higgs contribution,
we write:

S;(R)=F, + H,
and we shall assume we have N, = 3 families of fermions which span an SO(10)-
16 spinor irrep.

As to the Higgs field, we only consider the Higgs field responsible for the breaking
of the intermediate group H. These Higgs fields would include the MSSM Higgses
but the way in which this is carried out is model-dependent. As to the Higgs
fields responsible for the breaking of SO(10), we do not consider them since they
get masses of order of Mg, and some will be “eaten” by the gauge bosons.

As explained in section 3, we need a Higgs field ® in a 16-irrep of SO(10) in
both cases corresponding to H = G95 and H = H;,, whereas we need a Higgs
field @ in a 45-irrep of SO(10) in the case H = SU(2); x SO(7), whence we
have the table:

Table 1 : Beta function coefficients for the different cases. (i, j)
(2L, 4) for H = G5, or H = SU(2); x SO(7), whereas (i, j) = (1
Hy,. We also include the MSSM beta function coefficients.

Higgs F;, H, C; F;, H; C; bM SSM b;_\/ISS M
16 6 1 4 0 1 0 -6 _
45 8 1 7 0 1 0 -9 B}

Table 2 : Gaugino mass ratios at intermediate scale Myp in the different
cases. To each ratio correspond four columns, the first of which gives the general
formula whereas the other three give the result when My, 5 takes a specific value.
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Bracketed values denote the gaugino mass ratios when My 5 = My evaluated
at the same specific energy scale (10% or 10® GeV) as the case of My 5 = Mgyr.
The following numerical values are taken: Mgy = 1016 GeV, o = 0.1. Mass
scales are evaluated in GeV. The parameter m is equal to Mj.

M, /M,
Breaking M, /M, M, /M, M, /M, (M =
Chain Formula (Myp=10%) (Myp = 108%) Meaur)
SO(10) =G o 5R(2R4)-  -5.00 (-1.70)  -1.84 (-1.84)  2.50
by 54 4)/(R(2R,4)+6)
SO(10) =G 494 3+2R(2R,4)) A3RELBS2L)) oo (24.38) 5.00
by 210
SO(10)—=G o I9R(2R4)- -3.34 (-12.19)  -1.55 (-5.22)  1.90
by 770 6)/(4R(2R,4)+6)
SO(10)—SU(2), x 1.00 (3.13) 1.00 (1.58) 1.00
SO(7) by
54
SO(10)—SU(2), x 1.00 (3.13) 1.00 (1.58) 1.00
SO(7) by
770

SO(10)—Hj, (95R(1X,5)- -8.95 (-98.80)  -2.42 (-2.63) 5.00
by 210 24)/(R(1X,5)+24)
SO(10)— Hy, (385R(1X,5)- -10.85 (-60.40)  -2.42 (-2.63) 15.40
by 770 24)/(R(1X,5)+24)

5. Summary and Discussion

We summarize our results in Table 2, where we compute the gaugino mass ratios
in the different cases, using equation (69), with a = 0.1, M5y = 10*® GeV and
we take two values for the intermediate breaking scale My 5 = 10%,10% GeV.

In order to illustrate in the table the effect of “successive” breakings, we have
enclosed in brackets the values of the gaugino mass ratios at the specific values
103,10% GeV, had the two breakings occurred at one stage (Myp = Mayr),
using the MSSM running from E = Mg to E = 103 or 108 GeV:

M, (E) _ My(Mgyy) 1+ 53"

a

M3(E)  My(Mgyr) 1+ s5tbMSSM

where t = log(Mgyr/E)?.

We see that gaugino mass ratios, evaluated at the same energy scale, change
significantly when the intermediate scale is low (say, 10 GeV or TeV) compared
to when the two breaking scales are approximately equal.
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We note here that we did not consider the impact of the intermediate scale on
gauge coupling unification for the values of the parameters used in the table. To
check that this unification requirement can be achieved in a way consistent with
the low scale experimental measurements would involve model building details,
where one constructs a complete SUSY GUT model with a full superpotential
explicitly written, and in which the gauge coupling unification is realized in two
steps of breaking: a task beyond the scope of the work in this paper which does
not entail model building particularities.

Having said this though, one should notice that from a phenomenological point
of view there is a more reasonable way to obtain the gaugino mass ratios at the
intermediate scale My 5. In fact, once we fix the partially unified intermediate
gauge group H and the intermediate mass scale Mg, the values of the gauge
couplings at My can be calculated from the weak scale data by using RG
equations, and then one can use the formulae of the past section to compute
the corresponding gaugino mass ratios assuming gauge coupling unification at
Mgyr. However, whether or not the numerical values of the running gauge
couplings at a “low” intermediate scale M, which are necessary to evaluate
the gaugino mass ratios at this scale, can match with the SM gauge couplings
measured at the electroweak scale M, provided we insist on having just MSSM
between My 5 and M, would depend heavily on the nature of H. For instance,
if H=SU(5)xU(1), it is difficult to get a low intermediate mass scale and unify
both coupling constants to one corresponding to SO(10) [25]. Nonetheless, if H
= G991 =SUB) x SU(2);, x SU(2)p x U(1)5_p,, the low intermediate mass
scale can be obtained [16].

As an illustrative example, let us take the case of H = G4, and calculate the
gaugino mass ratios by way of computing the values of the gauge couplings
at Mpyp from the weak scale data, and assuming gauge coupling unification
at Mqyr (which can be realized by, say, adding some particle content near
$M_{HB} $ similar to that in [16]). With the numerical values [26] (M, =
91.18 GeV, ag(M,) = 0.1187, sin” Oy = 0.2312, o} (M,) = 127.9) and the
MSSM beta coefficients from Table 1, we get, for My = 10* GeV, the values:
as) = 28.07, ag! =12.91, ay! = 49.12 at My 5. Because H breaks into the SM
at My p, we have g, (Mpp) = gs(Myp) and gyr(Mpp) = gor,(Mpyp). Applying
Egs. 71, 72 and 73, we get the numerical results of the gaugino mass ratios and
show them in Table 3.

Table 3 : Gaugino mass ratios at My = 10 TeV for an intermediate G 49,
group, obtained by computing the values of gauge couplings at M5 starting
from the weak scale data.

Irrep  M;/My; M,/M; M,/M,

54 -1.84 1.00 -1.84
210 00 1.00 00
770 -1.55 1.00 -1.55
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In general, considering other models and other intermediate groups, one can say
that although some model complications might affect the coupling constants evo-
lution, and consequently the values of the derived gaugino mass ratios, however
the conclusion concerning the significant influence of the existence of multi-
stages in the breaking chain would remain unchanged. The derived mass ratios
would be reflected in the electroweak energy scale measurements due to take
place in the near future experiments, like the LHC, with interesting phenomeno-
logical consequences.
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