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Utilities of Scalar Masses in Chain Breaking Scenarios
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We discuss the utilities of scalar masses based on chain breaking scenarios consistent with the
present LEP data within supersymmetric grand unified theories.

§1. Introduction

The supersymmetric grand unified theory (SUSY-GUT)" has shown promise as a
realistic attempt to go beyond the standard model. In fact, the precision measure-
ments at LEP? have shown that the gauge coupling constants gs, ¢ and @ of the
‘standard model gauge group’ Gsy=SU(3)c X SU(2). X U(1)y meet at about 10'® GeV
within the framework of the minimal supersymmetric standard model (MSSM).*
SUSY SU(5) GUT is the simplest unification scenario and predicts the long lifetime
of nucleons consistent with the present data.”

However, various unification scenarios consistent with the LEP data have been
known within SUSY-GUTs, for example, the direct breaking of the larger group down
to Gsy and the models with extra heavy generations. Non-trivial examples are the
models of SUSY SO(10) GUT with chain breaking.®~” The physics at intermediate
scales has recently generated a great deal of interest. For example, the energy scale
around 10" GeV is interesting for the neutrino masses® since an interesting solution
for the solar neutrino problem® and the dark matter problem'” exist here. So it is
important to check the existence of scale by experiment.

It is difficult to distinguish the gauge coupling unification scenarios and/or to
show the existence of the intermediate scale by the use of the precise measurements
of gauge couplings alone. It has been pointed out that the scalar mass spectrum is
useful to select gauge symmetry breaking patterns.®”’” But there are some cases in
which the previous analyses do not necessarily give powerful results. (1) For
models with relatively small groups such as SU(3)c X SU(2). X SU2)z X U(1)5-1,
there is no non-trivial scalar mass relation which is useful to check the breaking
pattern. (2) The same type of scalar mass relations hold for the different chain
breaking patterns and are not useful enough for the complete selection. These
originate from the fact that we specified only the assignments of usual matter and
weak Higgs doublets under the nearest gauge group Gss above the weak scale and
used the group theoretical method. Hence we need some new constraints on the
physics above an intermediate scale.

In this paper, we take up the above cases (1) and (2), and discuss the utilities of
scalar masses by adopting a kind of gauge coupling unification scenario as a con-
straint.
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§2. Unification scenarios and scalar masses

Now we shall give a brief review of the ordinary unification scenario. The
renormalization group equations (RGEs) of gauge couplings g: are given as

d i N__ b ‘=gi2
‘ud,ua‘ ()= o al—47z. (1)

at the one-loop level. Here the b4:’s are the coefficients of the beta function. If the
particle contents of MSSM and the precise measurements at LEP are used, the
structure constants as, @ and a1 (=(5/3)ay) of Gsx meet at the scale

Mx~2.1x10"* GeV (2)

and the value of the unified structure constant at My is
aor=a(Mx)~5e. (i=1,2,3) 3)

This fact suggests that Gsy can be unified in the SU(5) gauge group economically.
We call the above scenario the ‘minimal unification scenario’.

However, there exist various unification scenarios which cannot be distinguished
by the use of the LEP data if the concept of ‘simplicity’ is put aside. The scalar mass
spectrum is useful to select gauge symmetry breaking patterns,®'" but the previous
analyses were not powerful enough to specify SUSY-GUTs completely, because only
the assignments of matter and Higgs doublets under Gss were specified. We shall
discuss cases (1) and (2) in order.

2.1. First case

First we study the first case by taking SUSY SO(10) model with the following
breaking pattern:

SO10) 25 Gaan=SU(3)e X SU2)e X SU(2)e X U(L)p- 1 G )

as an example. This case has been examined by Deshpande et al.®’ They assumed
that the physics below Mk is described by MSSM, and impose the relation

bgc:ba, szsz, El'_—bl, (5)

where 5:=(2/5)bs-.+(3/5)bz2¢. Then the unification scale My and the unified struc-
ture constant av agree with Mx and acur in the ‘minimal unification scenario’. An
example of the particle contents is

(321 ) +(L2 ) r Bz )+ (112 - )

for matter multiplets ,

(8,1,1,00+(1,3,1,0)+(1,1,3,0)+(1,1,1,0) for gauge multiplets,
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(1,22, 0)+3{(1 1,2 — 2f> <1 1,2, Zf)} for Higgs multiplets

under Gszi. The particles not included in MSSM are assumed to have the mass of
O(Mr). Note that the breaking scale Mz remains a free parameter in their scenario.

As a sufficient condition on the gauge coupling unification, we impose the more
general condition than (5)

Ab=bsc— bs=bor — b= El_bl- (6)

Bando et al.” have analyzed SUSY SO(10) model by demanding that the interme-
diate scale Mk is approximately 10'* GeV. Their result is summarized as follows.
Only the models with the breaking pattern (4) are possible candidates when assuming
that there is at least one Higgs multiplet to give right-handed neutrinos the masses of
O(Mz) under some reasonable conditions. Their solutions (i) and (ii) satisfy condi-
tion (6). In their scenario, Mk is also a free parameter, and it is treated as an input
parameter.

It is important to check the existence of M and to know its experimental value
because this information can be important in regard to neutrino physics. The presice
measurements of gauge couplings and gaugino masses will not give any useful infor-
mation. In addition, the sfermion masses have been studied,® but no useful relation
has been derived. We shall re-examine the question of whether or not the scalar
masses are useful. This time we use the Higgs doublet masses as well as sfermion
masses and impose the relation (6). Then all m%.) are not necessarily independent
quantities. (For the RGEs of m%), see the Appendix.) Hence we expect that there
is a non-trivial relation.

Using Egs. (35) and (36), the scalar masses at Mx are calculated as follows,*

mat=mis— g M~ Wt~ g Mi 1+ gD @)
2 .2 3 72 3 (72 2 ’ .

mi "mIG_TMZL—gMB—L'—ggB—LD y (8)

mat=m Msc 3 MZR 214 MB L (gg—L+2922R)D , (9)
2__ .2 4 72 3 72 1 12 2 2 ‘

Ma = m16_§M3C _TMzR _ﬂMB—L - (gB—L - ZQZR)D ’ (10)

mat=mis—3-Mi—-M3-. +(365-.— 268D (1)

= m%l,z,z) - 2922RD y (12)

my’= M?1,2,2) +29§RD , (13)

*) We refer to the chiral multiplets as ¢ for left-handed quarks, / left-handed leptons, % right-handed ups,
d right-handed downs and e for right-handed charged leptons. The tilde represents their scalar components.
m,? and m2? stand for the soft SUSY breaking mass terms of the Higgs bosons with hypercharge —1/2 and
+1/2, respectively.
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where M*(2)=(2/b:)(M&u0— M 1)), and Msoae is an SO(10) gaugino mass. Here
we used the relation Sz-. =0 (See Eq. (34) for the definition of Sz-;.) and the assump-
tion that the Higgs doublets belong to the representation (1, 2, 2, 0) under Gszz;. The
last terms of the above equations represent the D-term contribution to scalar masses
on the symmetry breaking of Gr. One can show that sizable D-term contributions
generally exist'®* when the soft SUSY breaking terms in the scalar potential are
non-universal, and the rank of the group is reduced due to the gauge symmetry
breakings. As we impose the relation (6), we have six unknown parameters, for
example, Mmis, M.2,2), bac, bs-r, Mr and D. Because we have seven observables, there
must exist one non-trivial relation. In fact, the following four relations are derived:

ml— mlt=ma’— ms’, (14)
Gr(mt—mi+ma®—me®)=2g5_.(ma*— mi*), (15)
miz——mazzm,iz—Mé2+%M326_'§_M§—L , (16)
mit—ma+mi—m=2mi*—ms>)—3Mb +3M%x 17)

by eliminating the parameters #mus, #,22 and D. The relation (14) can be used to
determine the breaking scale Mr. And we can check the scenario by examining
whether the remaining relations are consistent or not at the scale Mz. So we can
check the scenario by the precise measurements of scalar masses.

2.2. Second case

Next we study the second case by taking SUSY FEs model. For the following
three breaking patterns:

D) Ee—s SUG) % UL X UL — Gt (18)
(1) Es— SU®B) X SUQ)1 — G (19)

and
() Es— SUG) X ULy X SU2)s — G (20)

the same type of scalar mass relation
me*(Mss) — ma*(Mss)= mi*(Mss) — m i*( Mss) (21)

is derived. Here the gauge group SU(5)r X U(1). corresponds to that of the flipped
SU(5) model.®™ The gauge group SU(B)rX U(1)» X SU(2); is one of subgroups of
SU(6)x SU(2);. We shall show that they can be discriminated by imposing a kind of
condition on the &.’s.

For the breaking pattern (I), it turns out that the breaking scale Msz agrees with
the unification scale Mx if we postulate that the physics below Msz is described by

*) Historically, it was demonstrated that the D-term contribution occurs when the gauge symmetry is
broken at an intermediate scale due to the soft SUSY breaking terms in Refs. 13), and its existence in a more
general situation was suggested in Ref. 14).

¥T0Z ‘TT Joquieidss uo AlseAlun nuysuiys e /Bio'sfeulnolploxo-didy/:dny woly pspeojumoq


http://ptp.oxfordjournals.org/

Utilities of Scalar Masses in Chain Breaking Scenarios 793

MSSM. There exists a relation among the structure constants at Mx such as

I
&1 Os5F Q2

(22)

where the structure constants of SU(5)r and U(1): are denoted as asr and oy,
respectively. From the LEP data, the relation asr(Mx)=a(Mx) holds and so the
accidental relation ass(Mx)=a2(Mx) is derived. On the other hand, the relation acur
=asr(My)=ar(My) holds because of Es gauge symmetry.* We can take a scenario
with the relation as#(¢)=ai2(1) from My to Mx as the simplest one. In this case, we
have a condition bs= by from My to Mx. It is a difficult problem whether there is a
realistic model which satisfies the condition bs= b or not. We need to check that
only MSSM particles have masses of O(1) TeV in this breaking. We will not go into
this issue which is beyond the scope of this paper.
By the use of Egs. (35) and (36), the scalar masses at Mx are given as

m,;2= m§7 +%M52p +4—90‘M12(2) +%M12(1) + D] + (8gp2 —3912(2))DF , (23)
2__ 02 12 72 9 72 1 72 2 2
mi-=ms; +"5‘M5F +EM1(2) +ﬁﬁ4m) + D1 —(129£2 + 3982)) Dr (24)
mg=ms +%M52F +%M12(z) +%M12(1) +Di+(4ge*+ gt) Dr (25)
mat=mj +1_58M52F +%M12(2) +iM12(1) + D1 —(169s*— gf2)) Dr , (26)
m52=mg7+%M12(2)+'2]2‘M12(1)+D1 + 5912(2)DF s (27)
m12: mgy —2D1—(12!]F2-2912(2))DF , (28)
ma*=mig—2D1— (1295 +29f) Dr , (29)

where MA(1)=(2/b.)(ME,— M*(12)) and Mz, is an Es gaugino mass. Here we also used
the relation Siey(Mv)=Sie(Mx)=0*" and the assumption that the Higgs doublets
with hypercharge 1/2 and —1/2 belong to 5 and 5 under SU(5)r, respectively. By
eliminating the unknown parameters, we get the following relations,

me—mat=mi—mi (30)
and
2md—m®)=mi*—més . , - (31)

Equation (31) is a new relation.
In the same way, we can obtain specific relations among 1st and 2nd generation
sfermion masses at Mss in the breaking patterns (II) and (III). The results are

*) Here we ignore the effects of higher dimensional operators which split the values of asr(My) and
a12(Mu) on the Es breaking.
*%) We assume that the decouplings of particles occur keeping the relation Sie=0.
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Table I. Sfermion mass relations for three Es breaking patterns (I)~(III). (N) represents the
new scalar mass relation derived based on our unification scenarios.

Gss Condition among b; Sfermion Masses

SUGB)r x U(1)x U(1) bsr=bi2 mP—mi=mi'—mi’,
2Amit~miD)=mii—ms (N)

SU(6)x SU(2); b= bar m—ma—msd—mit
mit=ms* (N)

SU(B)r X U(1)ex SU(2): bst%bl(li')+%bzl mi—mit=mi*—mi®

summarized in Table I. Thus three types of breaking patterns (I)~(III) can be
discriminated by the scalar mass relations obtained.

§ 3. Conclusions

In conclusion, we have re-examined the scalar masses based on the chain break-
ing scenarios consistent with the present LEP data. For the model with chain
breaking such as SO(10) = Gszz1— Gsw, we have shown that there exists one non-trivial
scalar mass relation specific to the breaking pattern. The intermediate scale Mk can
be determined by using this. A kind of gauge coupling unification condition among
the &.’s has been given for three types of Es breakings (I)~ (III), where the same type
of scalar mass relation was derived in previous analyses. We have derived a new
type of relations which are useful to discriminate three breaking patterns under this
condition. It is believed that the measurements of soft masses can be helpful in the
exploration of physics at the Planck scale, but they can also be useful in probing
physics at the intermediate scale or the GUT scale if SUSY-GUT is realized in nature.
Hence it is expected that the measurements of the scalar masses will be influential in
the study of high energy physics in the future.
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Appendix
—— RGEs of Scalar Masses ——

We write down the RGEs!® of scalar masses gz above Msz,

ﬂ-a%m%m(#) = —%le CZ(Ria)ai(#)Miz(ll)"l'_zlﬂTg Q¥layai(12) S 1) , (32)

i) =Wk | (33)
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Sj(,u)zR%)Qyza)nﬁ’(a)mﬁ’(l)(/l) , (34)

where 7 runs over all the gauge groups, but 7 runs over only U(1) gauge groups whose
charges are Q¥la), the Cx(R*)’s are the second order Casimir invariants, the M:(x)’s
are gaugino masses and #r« is the multiplicity. Here we neglect the effects of
Yukawa couplings. This$ approximation can be applied only for 1st and 2nd genera-
tion fields. It is straightforward to generalize our results to 3rd generation fields and
Higgs doublets by the incorporation of the effects of Yukawa couplings. In deriving
Eq. (33), we used the anomaly cancellation condition X e(a)Co( R:*) Q¥ #ry=0,* and
the relation of orthgonality 2 z(a)@¥la)Q¥ 2 %r@y=0;0;7. The solutions of the above
RGEs are given as

ko) = ma? (o) = - CAA RN M)~ M) + S5~ Qia Sy~ S.()),
(35)

S =L () (36)
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