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ABSTRACT: In the generalized minimal supergravity (GmSUGRA) scenario, we systemat-
ically study the supersymmetry breaking scalar masses, Standard Model fermion Yukawa
coupling terms, and trilinear soft terms in SU(5) models with the Higgs fields in the 24
and 75 representations, and in SO(10) models where the gauge symmetry is broken down
to the Pati-Salam SU(4)c x SU(2)p x SU(2)r gauge symmetry, SU(3)c x SU(2); X
SU((2)r x U(1)p_1 gauge symmetry, George-Glashow SU(5) x U(1)" gauge symmetry,
flipped SU(5) x U(1)x gauge symmetry, and SU(3)c x SU(2)r x U(1); x U(1)y gauge
symmetry. Most importantly, we for the first time consider the scalar and gaugino mass
relations, which can be preserved from the unification scale to the electroweak scale under
one-loop renormalization group equation running, in the SU(5) models, the Pati-Salam
models and flipped SU(5) x U(1)x models arising from SO(10) models. With such inter-
esting relations, we may distinguish the minimal supergravity (mSUGRA) and GmSUGRA
scenarios if the supersymmetric particle spectrum can be measured at the LHC and ILC.
Thus, it provides us with another important window of opportunity at the Planck scale.
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1. Introduction

Supersymmetry naturally solves the gauge hierarchy problem of the Standard Model (SM).
The unification of the three gauge couplings SU(3)c, SU(2)r, and U(1)y in the super-
symmetric Standard Model at about 2 x 106 GeV [fl] strongly suggests the existence of
Grand Unified Theories (GUTSs). In addition, supersymmetric GUTSs such as SU(5) [H] or
S0(10) [A] models give us deep insights into the other SM problems such as the emergence
of the fundamental forces, the assignments and quantization of their charges, the fermion
masses and mixings, and beyond. Although supersymmetric GUTSs are attractive it is chal-
lenging to test them at the Large Hadron Collider (LHC), the future International Linear
Collider (ILC), and other experiments.

In traditional supersymmetric SMs supersymmetry is broken in the hidden sector and
the supersymmetry breaking effects can be mediated to the observable sector via gravity [H],
gauge interactions [f, fl], or super-Weyl anomaly [[i, §, fl], or other mechanisms. However,
the relations between the supersymmetric particle (sparticle) spectra and the fundamental
theories can be very complicated and model dependent. An important observation is
that compared to the supersymmetry breaking soft masses of squarks and sleptons (scalar
masses), gaugino masses have a simpler form and are less model dependent [I(], [(1]]. In
the minimal supergravity (mSUGRA) scenario []] supersymmetry breaking is mediated by
gravity and gauge couplings and gaugino masses are unified at the GUT scale. Thus, a
relation holds between the the gauge couplings and the gaugino masses at the GUT scale

Mgur:
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where as, ag, and a1 = bay /3 (M3, Ms, and M;) are gauge couplings (gaugino masses)
for the SU(3)c, SU(2)r, and U(1l)y gauge symmetries, respectively. Because M;/q; are
constant under renormalization group evolution, the gaugino mass relation in Eq. ([.9) is
valid from the GUT scale to the electroweak scale at one loop. Two-loop renormalization
group effects on gaugino masses are very small, thus, we can test this gaugino mass relation
at the LHC and ILC where the gaugino masses can be measured [[J, [[J]. Recently, con-
sidering GUTs with high-dimensional operators [f, [0, [4, [3, L6, 7. 8, L9, ], B1. B2, I
and F-theory GUTs with U(1) fluxes [24, B5, B6, 7. S, B9, BU. B1, B2, B3, B4. BT, two of

us (TL and DN) proposed the generalized mSUGRA (GmSUGRA) scenario, and studied
the generic gaugino mass relations and defined their indices [Bf]. The gaugino mass re-
lations and their indices have also been studied for general gauge and anomaly mediated
supersymmetry breaking in GUTs with vector-like particles [B7].

In this paper, we consider the supersymmetry breaking scalar masses and trilinear
soft terms in the GmSUGRA. We briefly review GUTs and consider the general grav-
ity mediated supersymmetry breaking. With the high-dimensional operators including



the GUT Higgs fields, we systematically calculate the supersymmetry breaking scalar
masses, SM fermion Yukawa coupling terms, and trilinear soft terms in SU(5) models
with GUT Higgs fields in the 24 and 75 representations, and in SO(10) models where the
gauge symmetry is broken down to the Pati-Salam SU(4)c x SU(2)r x SU(2)g gauge
symmetry, SU(3)c x SU(2)p x SU(2)g x U(1)p—1 gauge symmetry, George-Glashow
SU(5) x U(1) gauge symmetry, flipped SU(5) x U(1)x gauge symmetry Bg, B9, i(], and
SUBB)e x SU((2)L x U(1)1 x U(1)2 gauge symmetry. We examine the scalar and gaugino
mass relations, which are valid from the GUT scale to the electroweak scale under one-loop
renormalization group running, in the SU(5) models, the Pati-Salam models and flipped
SU(5) x U(1)x models arising from the SO(10) model. With these relations, we may dis-
tinguish the mSUGRA and GmSUGRA scenarios if the supersymmetric particle spectrum
can be measured at the LHC and ILC.

This paper is organized as follows. In Section 2, we briefly review four-dimensional
GUTs. In Section 3, we explain the general gravity mediated supersymmetry breaking.
In Section 4, we discuss the scalar masses, the SM fermion Yukawa coupling terms, and
trilinear soft terms in the SU(5) model. For models arising from SO(10), we derive the
scalar masses in Section 5, and the SM fermion Yukawa coupling terms and trilinear soft
terms in Section 6. In Section [] we consider the scalar and gaugino mass relations. Section f§
contains our conclusions.

2. Brief Review of Grand Unified Theories

In this Section we explain our conventions. In supersymmetric SMs, we denote the left-
handed quark doublets, right-handed up-type quarks, right-handed down-type quarks, left-
handed lepton doublets, right-handed neutrinos and right-handed charged leptons as @,
Uf, DS, Li, Nf, and Ef, respectively. Also, we denote one pair of Higgs doublets as H,, and
H,, which give masses to the up-type quarks/neutrinos and the down-type quarks/charged
leptons, respectively.

First, we briefly review the SU(5) model. We define the U(1)y hypercharge generator

in SU(5) as follows
i 1 1 111
TU(I)Y = diag <_§7_§7_§7 §,§> . (2.1)

Under SU(3)¢c x SU(2)r, x U(1)y gauge symmetry, the SU(5) representations are decom-
posed as follows

=(3,1,-1/3)® ( 2,1/2) , (2.2)
(3 1 1/3) (1,2,-1/2), (2.3)
10 = (3 2,1/6) @& (3,1,-2/3) & (1,1,1) , (2.4)
10 = (3,2,-1/6) & (3,1,2/3) (1,1,-1), (2.5)
24 = (8,1 0) (1,3,0) @ (1,1,0) @ (3,2,-5/6) @ (3,2,5/6) . (2.6)

There are three families of the SM fermions whose quantum numbers under SU(5) are

F'=10, f;=5, N‘=1, (2.7)



where i = 1,2, 3 for three families. The SM particle assignments in F/ and f! are
F = (QuUf Ef) , Ti = (Df, L) - (28)

To break the SU(5) gauge symmetry and electroweak gauge symmetry, we introduce
the adjoint Higgs field and one pair of Higgs fields whose quantum numbers under SU(5)
are

® =24, W =5, h =5, (2.9)

where &/ and T’ contain the Higgs doublets H,, and H, respectively.

Second, we briefly review the flipped SU(5) x U(1)x model [B§, BY, (). The gauge
group SU(5) x U(1)x can be embedded into SO(10). We define the generator U(1)y in
SU(5) as

1 1 111
Toay., = diag [ —=,— = —=, == ). 2.1
U(1)ys 1ag < 37 37 37 27 2) ( 0)

The hypercharge is given by

Qy = é (Qx — Qy). (2.11)

There are three families of the SM fermions whose quantum numbers under SU(5) x
U(l)x are

F,=(10,1), f; = (5,-3), I, = (1,5), (2.12)

where ¢ = 1,2,3. The particle assignments for the SM fermions are

To break the GUT and electroweak gauge symmetries, we introduce two pairs of Higgs
fields whose quantum numbers under SU(5) x U(1)x are

H=(10,1), H=(10,-1), h=(5,-2), h=(5,2), (2.14)

where h and h contain the Higgs doublets Hy and H,,, respectively.
Moreover, the flipped SU(5) x U(1)x models can be embedded into SO(10). Under
the SU(5) x U(1)x gauge symmetry, the SO(10) representations are decomposed as follows

10 = (5,-2) & (5,2) (2.15)
16 = (10,1) @ (5,-3) ¢ (1,5) , (2.16)
45 = (24,0) & (1,0) & (10, —4) ¢ (10,4) . (2.17)

Third, we briefly review the Pati-Salam model. The gauge group is SU(4)¢c x SU(2), x
SU(2)r which can also be embedded into SO(10). There are three families of the SM
fermions whose quantum numbers under SU(4)c x SU(2)r, x SU(2)g are

EL = (47 2, 1) ) ERC = (17 172) ) (2'18)



where ¢ = 1,2,3. Also, the particle assignments for the SM fermions are

To break the Pati-Salam and electroweak gauge symmetries, we introduce one pair
of Higgs fields and one bidoublet Higgs field whose quantum numbers under SU(4)c X
SU(2)r, x SU(2)R are

¢ = (47172) s D= (Zalaz) 5 H' = (17272) s (220)

where H' contains one pair of the Higgs doublets Hy and H,,.
The Pati-Salam model can be embedded into SO(10) as well. Under SU(4)c X
SU(2) x SU(2)r gauge symmetry, the SO(10) representations are decomposed as fol-

lows
10 = (6,1,1) ®(1,2,2) , (2.21)
16 = (4,2,1) ® (4,1,2) , (2.22)
45 = (15,1,1)® (1,3,1) ® (1,1,3) ® (6,2,2) . (2.23)

3. General Gravity Mediated Supersymmetry Breaking

The supegravity scalar potential can be written as [[f]
. : 1 .
V = M€ [G’(G—l)gc;j - 3} + 5Re [( FhaDeD?] | (3.1)

where M, is the fundamental scale, D-terms are

= GU(T")]¢; = —¢/*(T")}G; (3.2)
and the Kahler function G as well as its derivatives and metric Gg are
K w wH*
- oG oG ; G
G = , G = , Gg = , 3.4
d¢; Won 0¢;00; (34)

where K is Kéahler potential and W is superpotential.

Because the gaugino masses have been studied previously [Bf]|, we only consider the
supersymmetry breaking scalar masses and trilinear soft terms in this paper. To break
supersymmetry, we introduce a chiral superfield S in the hidden sector whose F' term ac-
quires a vacuum expectation value (VEV), i.e, (S) = §2Fg. To calculate the scalar masses
and trilinear soft terms, we consider the following superpotential and Kahler potential

1 S /1 ..
W = gy didion +agp <6y”’“¢i¢j¢k> : (3:5)

K = ¢l¢; T | (3.6)



where 3% «, and § are Yukawa couplings. Thus, we obtain the universal supersymmetry
breaking scalar mass mg and trilinear soft term A of mSUGRA

|Fg|? 4= oI5

o A= ey (3.7)

2

When we break the GUT gauge symmetry by giving VEV to the Higgs field ®, we can
have the general superpotential and Kéhler potential

1 S (1,
W= <y oidion + ¢ (h“’f—qbqu,qzak) +agr <5y“’f¢i¢j¢k>

6
+O/]§ <(13 ijk_* P ¢z¢g¢k> 7 (3.8)
¢ f ¢
K = oo gntol (o + ) ok 8550l 33 Tl (o ) 69)

where h'7* o/, ' and I/ are Yukawa couplings, and 7' can be S or another chiral superfield
with non-zero F term, i.e, (I') = 62Fr. Therefore, after the GUT gauge symmetry is
broken by the VEV of &, we obtain the non-universal supersymmetry breaking scalar
masses and trilinear soft terms, which will be studied in the following. For simplicity, we
assume h’ = 0 in the following discussions since we can redefine the fields and the SM
fermion Yukawa couplings.

4. Scalar Masses and Trilinear Soft Terms in the SU(5) Model

First, we study the supersymmetry breaking scalar masses. In order to construct gauge
invariant high-dimensional operators, we need the decompositions of the following tensor
products

55=1¢24, (4.1)

T0R10=1024675. (4.2)

Thus, the adjoint Higgs field can give scalar masses to both F, and f;, while the Higgs
field in the 75 representation can only give soft masses to F;. The VEVs of the Higgs field
®o4 in the adjoint representation are expressed as 5 x 5 and 10 x 10 matrices

3 1 1 111
Boy) = vy odiag (-2, = —= = = 4
(©24) ”\/;dlag< 373 3’2’2)’ (4.3)

3 2 2 1 1
Bog) = vy/odiag(—2, -2, =, 21 4.4
< 24> ’U\/g lag( 3’ T3 g r )7 ( )




which are normalized to ¢ = 1/2 and ¢ = 3/2, respectively. Thus, we obtain the following
scalar masses

3 1
md = 7+ 2B b2 @)
w2, = ) =22 (1)
Us 57103 ’
3
md, = )+ ol (a7
2 _ . UN2 3,1 N2
md, = )+ 2 m (1)
m, = (mg)” = \/gﬁ’i(mévf (4.9)
L 552 ’
where we introduced
ve = B pep N2 Y prp 4.10
(mo)—M2sS,(mo)—M3TT- (4.10)

Because the second non-universal terms are proportional to the hypercharge for each
fields, we obtain general relations among the supersymmetry breaking scalar masses

2 2 2 2 2 2 2 _ 2
Ylef)f Ychmsz B YUlcm@Z Yleﬁf B YEfm@z YleEf B YUmezc YElchf
- - - )
YLi — YDz‘c YUf — YQ i YE‘f — YQ i YUz‘C — I'p¢

which give the scalar mass relations at the GUT scale My,

3m%, +2mi = 4m%_ +m, = Gm%_ —m%, =2m% +3m%, . (4.11)

Next, we consider the Higgs field @El] Vin the 75 representation. Because the Higgs
fields ®44 and @,[jl] ] belong to the decomposition of the tensor product representation of
10 x 10, their VEVs must be orthogonal to each other. Thus, we obtain the VEV of (IDLZIJ ]

in terms of the 10 x 10 matrix

q)[m _ v dia 1,---, 1,—-1,---,—=1,3| . 4.12
( ) —2\/§ g ' ' ( )
So we obtain scalar masses
,m’2~ _ ( U)2 _ B’l75 (mN)2
Q; - 0 2\/3 0 9
/
2 v Brs o N2
m=. = (m + m ’
b = mf)? + )
/
2 U\2 75 [, N\2
m=, = (m +3 m ,
e = )2+ 3T ()
m%f = m%l = (m{)?, (4.13)



which respect the scalar mass relation at My

2 2 _
M tmg = ZmﬁC . (4.14)

Second, we study the supersymmetry breaking trilinear soft terms. For simplicity,
we assume that the Yukawa couplings are diagonal. To get the possible high-dimensional
operators for the trilinear soft terms, we need to consider the decompositions of the tensor
products for the SM fermion Yukawa coupling terms [[]

1021025 = (5945650)®5
=(1924)® (240753 126) & (75 ® 175) , (4.15)
10505 =102 (10015) = (19243 75) © (24 ©126) . (4.16)

Because the Higgs fields in the 126, 126 and 175’ do not have the SU(3)c x SU(2)L
singlets [i]], we do not consider them in the following discussions. Thus, we only consider
the Higgs fields in the 24 and 75 representations.

For the Higgs field @54 in the 24 representation, we consider the following superpo-
tential for the additional contributions to the Yukawa coupling terms and trilinear soft
terms

W o <hUZ mnpql(F )mn(Fi/);mJ(h/)k(<I>24)§c + h/UiEmnpkl(Fi/)mn(ﬂl)pq(h/)k(q)24);1
—l—hDEZ(E/)mn(TZ (= h )Sym((p24) h,DEZ(F ) n(?; & E/)Zléym(q)24)?)

T )
! (0 E ) (Y ()20

M*
VT PR E] ) (F ) (W) (®24)] + yPF (F ) (F @ B )& (P2)]!
PP (71 @ B )Ry (@20)7) (4.17)

where the subscripts Sym and Asym denote the symmetric and anti-symmetric products
of two 5 representations. After ®o4 acquires a VEV, we obtain the Yukawa coupling terms
in the superpotential

v 3 . )
= (—2nViQusH, — WYiQ,UfH,
Vo \/;( @l @il
1 . )
—éh’DE’QinHd — h’DE’LZ-EfHd> . (4.18)

We also obtain the supersymmetry breaking trilinear soft terms

Frou 3 i~ Tre i TTC
—L>d ]\Zg \/g <—2yU Q:UfH, — yV'Q;UfH,

1 o~ o~
_Ey/DEZQiDicHd _ y/DEZLZ.EZ.CHd> . (4.19)

As a double check, we can obtain these results by choosing the VEVs of 24 dimensional
Higgs field ®o4 as appropriate 5 x 5 and 10 x 10 matrices.



We can write the VEV of the 75 dimensional Higgs field @E.ilk} as [[I0]

ik v i Ak i Ak 1 [ick
(@l = e AGAG + 280,07, - 26| (4.20)
where
A. = diag(1, 1, 1, 0, 0), A, = diag(0, 0, 0, 1, 1) . (4.21)

We consider the following superpotential for the additional contributions to the Yukawa
coupling terms and trilinear soft terms

W o (hUiEmnpjl(E,)mn(ﬂl)pq(h,)kq)‘g‘%k] + h,Uiejlqu(—Fi,)mn (*Fz/)pq(h,)kq)glnn]

@ 7 7! mn T 1 _mnpj k
PP (TP () + o3 (7€ P () (B ()01
+y/Ui€jlqu(Fi,)mn(ﬂ,)pq(h,)kq)g-Tn] + yDEi (Fi/)mn (72)17(5/)(1(1)1[:;1”]) . (4'22)

After @ylk} acquires a VEV, we obtain the Yukawa coupling terms in the superpotential

1

W > Miﬁ (—n'PPiQ, D Hy + 3W'PP L ESH,) (4.23)
and the supersymmetry breaking trilinear soft terms
Fro 1 S -~
L£Lod A;;’ e (—y’DEZQ,-DfHd + 3y’DEZLZ-EfHd) . (4.24)

These results can also be obtained by considering the VEV of 75 dimensional Higgs field
as an appropriate 10 x 10 matrix. Due to the arbitrariness of the coefficients in the Yukawa
coupling terms and the trilinear soft terms, we will not discuss the relations among the
trilinear soft terms.

5. Scalar Masses in the SO(10) Model

In order to calculate the scalar masses, we need to decompose the tensor product of 1616
which gives

16 ®16 =1 @45 @ 210 . (5.1)

Thus we need to consider the Higgs fields in the 45 and 210 representations to determine
the scalar masses. The SO(10) gauge symmetry can be broken down to the Pati-Salam
SU(4)c x SU(2)r, x SU(2)r gauge symmetry by the Higgs fields in the 45, 210, and 770
representations, and can be (further) broken down to the SU(3)¢c x SU(2)r x SU(2)r x
U(1)p—r gauge symmetry by the Higgs field in the (15,1,1) component of the SU(4)c x
SU(2)r x SU(2)r under the 45 and 210 representations. In addition, the SO(10) gauge
symmetry can be broken down to the Georgi-Glashow SU(5) x U(1)’ and flipped SU(5) x
U(1)x gauge symmetries by the Higgs fields in the 45 and 210 representations, and can be
(further) broken down to the SU(3)c x SU(2)r, x U(1); x U(1)2 gauge symmetries by the
Higgs field in the (24,0) component of the SU(5) x U(1) under the 45 representation, or
by the (24,0) or (75,0) component under the 210 representation. Thus, in the following,
we consider these breaking chains.



5.1 The Pati-Salam Model

From the decomposition of the 16 dimensional spinor representation under the SU(4)¢c X
SU(2)r x SU(2)r gauge symmetry, we obtain the VEV (of the (1,1,1) component) of the
210 dimensional Higgs field ®21¢9 in terms of the 16 x 16 matrix

< Pg19 >= —=diag( 1, 1,-1,---,—-1), (5.2)

\/_ %,—’%,—’

with the normalization ¢ = 2. From this we get the scalar masses

M?(EF) = (mg)? + 2\/_ﬁ210U|FT|2 ) (5.3)
MAER) = () - g L (5.4)
In components, we have

my = )+ e L

mzﬁ = (m{)? ~ 2f5210v|FT|2 :

m%f = (mg) 2\/—52101)’FT‘2 )

mhe = ) — 5ol

mgL] = (mg)* + 2\/_5210U|FT|2 (5.5)

5.2 The SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L Model

The SO(10) gauge symmetry can be broken down to the SU(3)c x SU(2)r x SU(2)gr x
U(1)p—r symmetry by giving VEVs to the (15,1,1) components of the Higgs field in the
45 and 210 representations of SU(4)c x SU(2), x SU(2)r. The decomposition of 16 under
the SU(3)c x SU(2)r, x SU(2)r x U(1)p—y, group is

16 = (3,2,1,1/6) ® (1,2,1,-1/2) ® (3,1,2,-1/6) ® (1,1,2,1/2) . (5.6)

First, let us consider the Higgs field ®45 in the 45 representation. The VEV of ®45
can be written in terms of a 16 x 16 matrix as follows

Y _diag(1, 1, 1,-3,-1,-1,-1, 3), (5.7)

<q)45> = 2\/6

2 2

which is normalized as ¢ = 2. Thus, the scalar masses are

vy U|FT|2
45 3
2.6 M

— 10 —



/ U’FTP

m?jic = (m([)J) 2\/—545 M3
m%g = (mg)* + 2\/—@15”’]\};—?}‘2 )
mh = (g — e
my, = (mg)* =5 fﬂgs”%f (58)

Second, we consider the Higgs field ®31¢ in the 210 representation. The VEV of ®51¢
in terms of a 16 x 16 matrix is

(®210) = QL\/gdiag( 1,1, 1,-3), (5.9)
which is normalized as ¢ = 2. Thus, the scalar masses are
mh, = )+ oo L
m?jic = (mg )? + 2\/—5210”’}%‘2 )
m%f = (mg) 2\/—52101)’FT‘2 )
1)|FT|2

2 U
m~. = \m /3 s
Dec ( 0) 2\/_ 210

U ’U’FT\2

mz = (mo) 2\/—5210

(5.10)

5.3 The Georgi-Glashow SU(5) x U(1)" and Flipped SU(5) x U(1)x Models

The SO(10) gauge symmetry can also be broken down to the SU(5) x U(1) gauge symmetry
by the 45 and 210 dimensional Higgs fields ®45 and ®219. The decomposition of the 16
spinor representation under SU(5) x U(1) is

16 =(10, 1)® (5, —3)® (1, 5) . (5.11)

First, we consider the Higgs field ®45. From Eq. (p.11]), we obtain the VEV of ®45 in
terms of a 16 x 16 matrix

(Dy5) = diag(—3,---,—-3,1,---,1,5) , (5.12)
—_——— ——

10

v
2v/10
which is normalized as ¢ = 2. Consequently, we obtain the scalar masses in the Georgi-
Glashow SU(5) x U(1)" and flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

v|Fr|?

M2(E) = (m{)? + B, —_—,
(2) ( 0) 5452\/EM§

— 11 —



In components, we have

M?(NY)

~/

M2(F)) = (m)? — 33— EEL

2/10M3
v|Pr|?
2V/I10M3

(m§)? + 5B45 (5.13)

vl Fr?
2¢/10M3 '

U\2 ,  v|Prf?
= {m —|— —
L NGTITE

U\2 / U\FTP
o= (ml)? + By,
5 = mo) +Pas g A

U\2 / U|FT|2
2 (mU)? — 3BT
b = (mo)” = 3Pas 5 A

U2 , v|Pr]?
m -3 _— .
(mo) Fis 2v/10M3

e T

(mg)z + Bas

(5.14)

In this paper, we will not consider the scalar masses for right-handed sneutrinos
because the heavy Majorana neutrino masses will give the dominant contributions.

e The Flipped SU(5) x U(1)x Model

v|Fr|*
2¢v/10M3 '
~ FT’2
M2(F,) = (mY)? — 38, v ,
(f) ( 0) 5452\/EM§
v|Fr|®
2V/I10M3

M?(Ey) = (m{)* + Bjs

M2(1;) = (mf)? + 584 (5.15)

In components, this gives

vl Fr?
2v/10M3 '
U\2 ' U\FTP
2 = (m{)? - 30y ——— ,
vr = o) = a5 Ao
vl Fr|?
2v/10M3 '

U\2 / U|FT|2
;= (mf)? + Bhs = —
by = (mo)” +asy A s

U\2 / U\FTP
= (mY)? - 3BT
(mo )" =305 A58

= (mg)? + Bys

= (mf)? + 5845

(5.16)

Second, let us consider the Higgs field ®271¢. Because the VEVs of ®45 and P19 are
orthogonal to each other, we obtain the VEV of ®31¢ in terms of the 16 x 16 matrix

<P >=

v

diag( 1,---, 1,—1,---,—1, 5),
Wi g( )

10

(5.17)
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which is normalized as ¢ = 2. From this, we obtain the scalar masses in the Georgi-Glashow
SU(5) x U(1) and flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

Mz(ﬁi/) = (mg)2 - ﬁém% )
MQ(?:) = (mg)* + ﬁélo% ;
MEE) = () 4 520 L (5.18)
In components
mél = (mg)* — 5/210% ’
m(27ic = (mg)2 - 5&10% )
m%ic = (mg)2 - ﬁém%a
m%f = (m§)* + /8/210% )
m? = (mfl)?+ 5&10% - (5.19)
e The Flipped SU(5) x U(1)x Model
MAAF) = (1~ Braodtl
M) = () + o i
ML) = (mf)? +5ﬁ§10% : (5.20)
In components
m%l = (moU)2 - 5&10% )
m2l7ic = (mg)* + Ba10 21)\’/};7]1\‘;3 ;
m%f = (mg )* + 55&10% )
m%g = (moU)2 - 5&10% )
= () + oAt (5.21)
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5.4 The SU(3)C X SU(Q)L X U(l)l X U(l)g Model

The SO(10) gauge symmetry can also be broken down to SU(3)c x SU(2), x U (1)1 xU(1)2

by VEVs of the (24,0) component Higgs field which is in the 45 representation under

SU(5)xU(1), or by the (24, 0) or (75,0) component Higgs fields in the 210 representation.
First, we consider the Higgs field ®45 in the 45 representation. The VEV of ®y45 is

3 1 11 1 1 1 1 2 2 2
Dy5) = vy/odiag( =, =y my—my—my ity oo e =21, 0 5.22
< 45> ’U\/; lag( 37 37 37 27 27 67 3 67 37 37 37 3 )7 ( )
—_——

which is normalized to ¢ = 2.
Thus, we obtain the scalar masses in the Georgi-Glashow SU(5) x U(1)" and flipped

SU(5) x U(1)x models:
e The Georgi-Glashow SU(5) x U(1)" Model

3,1
md, =l 7+ 2o
3, 2
mg, = (mg)* — \/j@/ls—(mév)z ;
; 57453
3
m, = (mi)? + \ﬁ@;s(mév 2,
; 5
3,1
md = )2+ [ e m
3,1
mi = (mg)? — \/%Bésﬁ(méV)Q : (5.23)

where (m{)? and (m{’)? are given in Eq. ({.10).

e The Flipped SU(5) x U(1)x Model

3 1
me = (m) [msgmw ,

m%f = \/75453 (mg')? (5.24)
m% ,

m%f \/75453 (mg)?

mi = (mg)* — \/gﬁésg(mév)? . (5.25)

Second, we consider the Higgs field CID%‘{O in the (24,0) component of the 210 repre-
sentation that acquires a VEV as follows

3 31 1 2 2 2
$24)) = Ldiag(—1,-1,-1, 2, 2, 2 ..., — 2 2 29 ¢ 5.26
( 210> \/g lag( ) 9 ) 27 27 67 ) 67 37 37 37 ’ )7 ( )
N———
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which is normalized to ¢ = 2. From this, we obtain the scalar masses in the Georgi-Glashow

SU(5) x U(1) and the flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

124 1

m%l = (mg)” ‘1‘7 2106( my')?
mZ, = (mf)? - fﬁﬁ%?’( md)?
m = ()P + 20
e = (m)? — =B )
ml = (m)? + =B (m
e The Flipped SU(5) x U(1)x Model

m, = () + A}
mE. = (mf)? = B
m2, = (mf))?.

e = () = 23 ()"
ml = (m)? + =B (m

e

e

(5.27)

(5.28)

Third, we consider that the (75,0) component Higgs field 33, in the 210 represen-

tation acquires a VEV as follows

<q)210> = %dlag( 07 07 07 07 07_17
6

'7_17 17 17 17 37 0)7

(5.29)

which is normalized to ¢ = 2. From this, we obtain the following scalar masses in the
Georgi-Glashow SU(5) x U(1)" and the flipped SU(5) x U(1)x models:

e The Georgi-Glashow SU(5) x U(1)" Model

1 s

U N
m%z = (mg )2 - g 210(M )2 )
2 U 7 N2
mﬁic (mo) /2150(7”0) )
2 Uy2 4 g7 N2
mgic (mg )™ + él%( my ),
2 U\2
mﬁ;: (mg )~
2 U\2
my o= (mg )~ -
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e The Flipped SU(5) x U(1)x Model

1
md, = (mb)? — T md)
m2, = (mf)?.
m, = (mf)?.

my, = (mg)* + 3 5/27150(7”0) ,

m2 = (m{)?. (5.31)

6. The Yukawa Coupling Terms and Trilinear Soft Terms in the SO(10)
Model

There are several kinds of the renormalizable Yukawa coupling terms for the SM fermions
in the SO(10) model. For example, we can use 120 or 126 Higgs fields to obtain reasonable
SM fermion masses and mixings. In this paper we choose the simplest Higgs field Hyg in
the SO(10) fundamental representation. To obtain the non-renormalizable contributions
to the Yukawa coupling terms and trilinear soft terms, we need to know the decompositions
of the tensor product 16 ® 16 ® 10 [[]]

16 ©16 = 10 ® 120 G 126 , (6.1)
16 16 ® 10 = (1 ® 45 ® 54) @ (45 @ 210 @ 945) @ (210 @ 1050) . (6.2)

Because the 945 and 1050 representations do not have SU(5)x U (1) or SU(4)cx SU(2)r, x
SU(2)g singlets [i]], we only consider the Higgs fields in the 45, 54 and 210 representa-

tions.

6.1 The Pati-Salam Model

The SO(10) gauge symmetry can be broken down to the Pati-Salam SU(4)c x SU(2)p x
SU(2)r gauge symmetry by giving VEVs to the Higgs fields in the 54 and 210 represen-
tations.

For the Higgs field @54 in the 54 representation, we can write the VEV in terms of a
10 x 10 matrix

— i 2,3, —3), 6.3
2\/— ag( 2, 6 ) (6.3)

(P54) =

which is normalized to ¢ = 1.
To calculate the additional contributions to the Yukawa coupling terms and trilinear
soft terms, we consider the following superpotential

"(16; ® 16) 7 (P54)mn10™ . (6.4)

1
W o Mhl(]-Gl (039 161)%((1)54)mn n /Mfy
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After ®54 acquires a VEV, we obtain the additional contributions to the Yukawa coupling

terms
3v
W > —h UiH, + L;N;H, + Q;DiHq + L;E{Hy] . 6.5
L @ QiD{Hg d] (6.5)
The extra supersymmetry breaking trilinear soft terms are
L5 G0, + LiN¢H, + QD5 Hy + L H (6.6)
Yy \/BME Vg 1y 4V Ly i 4ld iy g | - .

For the Higgs field ®21¢ in the 210 representation, we can write the VEV in terms of
a 16 x 16 matrix

(®210) = Fdlag( ; 1,=1,, 1), (6.7)

which is normalized to ¢ = 2. We consider the following superpotential

WS {hi(lﬁi © 163) 758 (P210)mnie 10F + B/ (16; © 16;) 790" (B10)mnip10,
a7 |Y'(16i ® 16:)130 (P210)mnik
+9/1(16; ® 16; )gnz%pq(@zlo)mnlplo ] . (6.8)

We can show that the above superpotential will not contribute to the SM fermion Yukawa
coupling terms and trilinear soft terms.

6.2 The SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L Model

The SO(10) gauge symmetry can also be broken down to SU(3)c x SU(2)r x SU(2)gr x
U(1)p—r by giving VEVs to the (15, 1, 1) components of the Higgs fields in the 45 and
210 representations under SU(4)c x SU(2)p x SU(2)g.

For the Higgs field @45 in the 45 representation, we can write the VEV in terms of a
10 x 10 matrix as follows

(Das) = ——diag(2,---, 2,-2,---,-2, 0,---, 0) , (6.9)
2v6 H—/%/—/H—/

which is normalized as ¢ = 1.
To calculate the additional contributions to the Yukawa coupling terms and trilinear
soft terms, we consider the following superpotential

1
WDM

*

[h"(mi © 16;)7 (Pas)mn 10" + ' (16; © 16i)T2’g(q>45)mn1ol}

+o/

— [yi(wi ® 16;)7 (Pas)mn 10" + 1/E(16; © 164 )120(<I>45)mn101] . (6.10)

We can show that the above superpotential will not contribute to the SM fermion Yukawa
coupling terms and trilinear soft terms.
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For the Higgs field ®21¢ in the 210 representation, we can write the VEV in terms of
a 16 x 16 matrix as follows

(P210) =

v
2v6

which is normalized as ¢ = 2. We consider the following superpotential

diag( 1, 1, 1,-3) , (6.11)
~———

WO |:hz(161 ® 161)Tﬂ)l((1)210)77171116]-0]c + hli(]_Gi ® 161)':rln27%l;l7q<(1)210)mnlp10q
T i mnl k
TR [y (16; © 161)150 (P210)mnik 10
+y/i(16i ® 161)%%pq(q>210)mnlp10q] . (612)

After 219 acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms
v

VBM,

The extra supersymmetry breaking trilinear soft terms are

W o h?

[QZUZCHu — 3L2NZCHU + QZDZCHd — 3LZEZCHd] . (613)

i Frov A.J7C T . ATC A . ¢ T .pc
Loy T [QiUi H, — 3L;N¢H, + Q;D¢H, — 3L, E" Hd] . (6.14)

6.3 The Georgi-Glashow SU(5) x U(1) Model

The SO(10) gauge symmetry can be broken down to the Georgi-Glashow SU(5) x U(1)’
gauge symmetry by giving VEVs to the Higgs fields in the 45 and 210 representations.
For the Higgs field ®45 in the 45 representation, we can write the VEV as a 10 x 10
matrix:
v

(Py5) = diag( 1,---, 1,—-1,---,—1), (6.15)

\/m 5 7 5

where the normalization is ¢ = 1. Using the conventions in [[ we obtain the non-zero
components

v
V10

To calculate the additional contributions to the Yukawa coupling terms and trilinear soft

(Pa5)12 = (Pas5)34 = (Pas)s6 = (Pas)7s = (Pas)oo = (6.16)

terms, we consider the following superpotential

1, |
WS- [h’(mi © 16;)7 (Pas)mn 10" + ' (16; ® 16i)T2’g(q>45)mn1ol}

*

+o/ T

— [yi(wi ® 164)7 (D5 )mn 10" + 1/ (16; @ 16;)725 (<I>45)mn101] . (6.17)

Note that 120 is anti-symmetric representation, the A’ and y"* terms will not contribute
to the SM fermion Yukawa coupling terms and trilinear soft terms. After ®91¢ acquires a

VEV, we obtain the additional contributions to the Yukawa coupling terms

2v

W DRl
V10M,

[QszHu + LZNZCHU — QszHd — LZEZcHd] . (618)
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The extra supersymmetry breaking trilinear soft terms are
2FT?}
V10M2

For the Higgs field ®21¢ in the 210 representation, we can write the VEV in the form

—L Dy Qi:UfH, + L;NfH, — Q;D{Hy — L;ESH,| . (6.19)

of a 16 x 16 matrix as follows

(P210) = 2

diag( 1,---, 1,—1,---,—1,5) , 6.20
NG g( 5 . ) (6.20)

where the normalization is ¢ = 2. This VEV can be written in components as follows

(®210)1234 = (P210)1256 = (P210)1278 = (P210)1290 = (P210)3456 = (P210)3478

v
= (® = (® = (® = (P = ——. 6.21
(®210)3490 = (P210)5678 = (P210)5690 = (P210)7890 Wi (6.21)

We consider the following superpotential

1 , .
wo [h@(wi © 165)73 (®210) i 10 + 1/ (16; ® 164) 725 (D10)mniss 10,
! r i mnl k
TR [y (16; ® 161)150 (P210)mnix 10
+yli(16i & 16i)71n27gkp(q)210)mnlk10p . (622)
After ®45 acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms
;v
W > h/lm [BL;N{H, — Q;U{H,] . (6.23)
The extra supersymmetry breaking trilinear soft terms are
- Frv ~ ~ ~ ~
-LD y’lm 3L;N{H, — QU H,| . (6.24)

6.4 The Flipped SU(5) x U(1)x Model

The discussion for the flipped SU(5) x U(1)x model is similar to those for the Georgi-
Glashow SU(5) x U(1)’ model except that we make the following transformations

QiHQZ’, Uf(—)DZC, L; < L;, Nf(—)EZC, H;+ H, . (6.25)

Therefore, for the Higgs field in the 45 representation, we obtain the additional con-
tributions to the SM fermion Yukawa coupling terms and trilinear soft terms

. v
00, @ d a—Q ] (6.26)
Loy Y (G DeH + LB H, — QuUSH, — LNCH (6.27)
y \/EME 1 7 d K] 7 d ) u K] 7 u N .
For the Higgs field in the 210 representation, we have
;v
W o A" 3L;EfHy — Q;D{Hy| 6.28
e [ i—Q ] (6.28)
Lo i Y [3E-ECH —@-ECH] (6.29)
y \/EME 14+ d (2 7 d . N
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6.5 The SU(3)C X SU(Q)L X U(l)l X U(l)g Model

The SO(10) gauge symmetry can be broken down to the SU(3)c x SU(2)r, x U(1)1 x U(1)
gauge symmetry by giving VEVs to the (24,0) component of the Higgs fields in the 45, 54
and 210 representations under SU(5) x U(1), or to the (75,0) component of the Higgs field
in the 210 representation. In this subsection, we only study the Yukawa coupling terms and
trilinear soft terms in the Georgi-Glashow SU(5) x U(1)" model, i.e. the gauge symmetry
is SU(3)c x SU(2)p, x U(1)y x U(1)". The Yukawa coupling terms and trilinear soft terms
in the flipped SU(5) x U(1)x model can be obtained from those in the Georgi-Glashow
SU(5) x U(1) model by making the transformation in Eq. (f.29).

First, for the Higgs field ®45 in the 45 representation, we can write the VEV in the
form of a 10 x 10 matrix as follows

3 1 1 1 1 1 1 1 1 1 1
Bas) = v/ odiag( =y =y mymmy oy =y = 6.30
(P4s) U\/; iag( 233 3 333y o 2)7 (6.30)

which is normalized to ¢ = 1. It can also be written in components as follows
3
3(Pas5)12 = 3(Pa5)34 = 3(Pas)s6 = —2(Pas)7s = —2(Pas)90 = U\/; - (6.31)

To calculate the additional contributions to the Yukawa coupling terms and trilinear soft
terms, we consider the following superpotential

1, |
WS- [h’(mi © 16;)7 (Pas)mn 10" + ' (16; ® 16i)T2’g(q>45)mn1ol}

*

T 1, .
—I-O/M2 [yl(16i ® 164)16(Pa5)mn10™ + 3" (16; @ 16i)§r§’},l(<1>45)mn10l] . (6.32)
After ®45 acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms
. 3
W D h' 5 \/; QUH,+ L;N;H, — Q;D{H; — L,E{H,| . (6.33)

The extra supersymmetry breaking trilinear soft terms are

i FTU

LDy OITE]

3~ ~ -~ o~ -~
\/; |:QiUiCHu + LiN;H, — Q;DiHy — L;E{Hg| . (6.34)
The new contributions to the low-energy Yukawa coupling terms and trilinear soft terms
are the same as the SU(5) x U(1)" models.
Second, for the Higgs field ®54 in the 54 representation, we can write the VEV in the
form of a 10 x 10 matrix as follows

3 111 1 1111 1 1
) = —di = =, S, m, =, =, =, —,— =, — = 6.35
< 54> U\/; lag( 37 37 37 27 27 37 37 37 27 2)7 ( )
which is normalized to ¢ = 1. We consider the following superpotential

1. T
W D = h'(16; © 16:)Tp(P5a)mn 10" + o' 51 (16; © 16:)p(P54)mn 10" . (6.36)

* *
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After ®54 acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms

v

W o> —h
- 2M,

3
The extra supersymmetry breaking trilinear soft terms are

IR TV

3~ ~ ~ - - -
\[g [QiUfHu + L;NCH, + Q;:DSHy + L,-E;Hd] . (6.38)

Third, we consider that the (24,0) component of the Higgs field 27, in the 210
representation obtains a VEV. We can write its VEV in the 16 x 16 matrix as follows

3 3 1 1 2 2 2
$24)) = Ldiag(—1,-1,-1, 2, 2, 2 ..., — 2 2 29 ¢ 6.39
( 210> \/g lag( 9 9 ) 27 27 67 ) 67 37 37 37 ’ )7 ( )
6
which is normalized to ¢ = 2. In components we have
6(D370)1278 = 6(®310)3478 = 6(P370)s5678 = 6(P310)1200
3
= 6(®310)3490 = 6(P370)5690 = —§(<I>§110)1234
3 3 v
== _5((1)%%0)1256 = —§(<I>§110)3456 = (®310)7890 = 7 (6.40)

We consider the following superpotential

1 . . )
WO [h@(mi ® 163) 1456 (2310)mnik 10" + 1/ (16; @ 163)756"(2310)mnip 104

*

T .
+O/ M2 [yl(lfii ® 161)?27:)1(q)§%0)mnlk10k
/(165 © 16) 13" (©310)mnip 10, (6.41)
After 31, acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms
;v 1
W D h" NG [-3Q;UfHy + 9L;NfH, — 5Q; D§Hyq + 15L; E{Hy] . (6.42)

The extra supersymmetry breaking trilinear soft terms are
M2 6+/5

Finally, we consider that the (75,0) component of the Higgs field ®353, in the 210
representation obtains a VEV. We can write its VEV in the 16 x 16 matrix as follows

Loy —3Q:U°H, + 9L;N¢H, — 5Q; D¢H, + 15ZiEfHd] . (6.43)

H75 ) = Edia 0,0000-1,---,—-1,1, 1, 1, 3, 0), 6.44
< 210> 3 g( - ) ( )
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which is normalized as ¢ = 2. In components we have

(©T50) 1278 = (P530)3478 = (2550)s5678 = (PZ30)1290

= (®230)3190 = (330)5600 = —(PZ30)1234
1 v
= = —(®%50)1256 = —(®Z30)3456 = —g(q)gi’o)?sgo =-3- (6.45)

We consider the following superpotential

W S o [1(16; © 165)755 (@550 s 10° + 1 (16; © 165) 15" (P530) iy 10,
/ T i mnl k
TS [y (16; © 165)55 (®330)mnix 10
/(165 © 16) 15" (P50 mnip 10, | (6.46)
After 32 acquires a VEV, we obtain the additional contributions to the Yukawa coupling
terms
W o' — 3M (—QiDfHy + 3L;E{Hg] . (6.47)

The extra supersymmetry breaking trilinear soft terms are

; FTU

—£ 5y |~ QuDiHa + 3ZiEfHd] . (6.48)

7. Scalar and Gaugino Mass Relations

In order to study the scalar and gaugino mass relations that are invariant under one-
loop renormalization group running, we need to know the renormalization group equations
(RGEs) of the supersymmetry breaking scalar masses and gaugino masses. For simplicity,
we only consider the one-loop RGE running since the two-loop RGE running effects are
small BY. In particular, for the first two generations, we can neglect the contributions
from the Yukawa coupling terms and trilinear soft terms, and then the RGEs for the scalar
masses are [[L]]

dm@ 32
dm2
Us 32 32 4
167727] =3 §M3 157 g M7 — 39%5, (7.2)
dm2
D¢ 32 8
dm?
L 3
1672? = —692M2 - —91M1 - 39%5 ) (7.4)
dmZ
E¢ 24 6
1672 —2 = g2 M? 29 7.5
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where j =1, 2, and ¢ = Inu and p is the renormalization scale. Also, S is given by

S = Tr[Yym® ()] = miy, —miy, + Tr(MZ — M7 — 2Ml%ic + Ml%)f + M]%ic] . (7.6)

The one-loop RGEs for gauge couplings ¢g; and gaugino masses M; are

d 1. 4 d 1

Lo = —bigd, M = —big?M; 7.7
a? T 1oz i g gr2 (7.7)

where g1 = v/5gy /V/3, and by, by and b3 are one-loop beta functions for U(1)y, SU(2)z,
and SU(3)¢, respectively. For the supersymmetric SM, we have

33

b3 =-3,bo=1, b = = - (7.8)
Therefore, we obtain
d | MSQj d |MSUj| _ d | MSDj
dt | Yo, dt | Yy Cdt Ype
d |[MSL d | MSE
- = £ A (7.9)
dt | Y, dt YE;
where
MSQj —4m +3—M+6M 2 a2 (7.10)
J 3y 3 T p 2 T IE '
32 32
MSUj =4 —— M? M A1
MSDj = dm%, + 202 + iM2 (7.12)
7 T BT '
6 6
) 2 2
MSLj = 4mE_ + b—M2 + 5—b1M1 , (7.13)
MSEj = 4m Ml . (7.14)
561

In addition, we obtain the most general scalar and gaugino mass relations that are valid
from the GUT scale to the electroweak scale under one-loop RGE running for the first two
families
MSQj MSUj MSDj MSLj MSEj
7Q; Yo, +us Yo + D¢ Yoo +7L; YL, +VES Ver

J J J

=C,, (7.15)

where C, denotes the invariant constant under one-loop RGE running, and vg,, Yues VDS
YL;, and YEe are real or complex numbers that satisfy

VQ,; + Tug + VD5 +r; + TEf = 0. (7.16)
In this paper, we shall study the following scalar and gaugino mass relations

2 16 3 1

M 7.17
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AC 2
C —3m J+2mLJ+m —6m@'3— |:b3M3+b M2 b1M1:| s (718)

3 3
cAP — 3m%§ + 2m2 — 3m —2m% o+ [62 M3 — b Mf} : (7.19)
CBC = mi 4+ mi, —2m% — ng + ng — iMf (7.20)
0 A O Qi | 3bs by 3by ’

2 —2mi, —3mi, — [ﬁMg — EM% — iMﬂ . (7.21)
5 j 3b1

In short, we can obtain the scalar and gaugino mass relations that are valid from the GUT

scale to the electroweak scale at one loop. Such relations will be useful to distinguish

between the mSUGRA and GmSUGRA scenarios.

The scalar and gaugino mass relations can be simplified by the scalar and gaugino
mass relations at the GUT scale. Because the high-dimensional operators can contribute
to gauge kinetic functions after GUT symmetry breaking, the SM gauge couplings may not
be unified at the GUT scale. Thus, we will have two contributions to the gaugino masses
at the GUT scale: the universal gaugino masses as in the mSUGRA, and the non-universal
gaugino masses due to the high-dimensional operators. In particular, for the scenarios
studied in Refs. [[7, [, [9, 0. BT, BF, B where the universal gaugino masses are assumed
to be zero, i.e., M;/a; = aiM{/2, we obtain the gaugino mass relation at one loop [Bg]

M My My

= = . (7.22)
azog as09 a0

We can calculate the scalar and gaugino mass relations in the mSUGRA and GmSUGRA
scenarios, and compare them in different cases.

7.1 The SU(5) Model

In the following, we consider the RGE running for the scalar masses of the first two families
in the SU(5) model with the Higgs fields in the 24 and 75 representations.

e The SU(5) Model with a 24 Dimensional Higgs Field

Let us consider the scalar and gaugino mass relations C’(‘;‘B , C’(‘;‘C, C’(‘;‘D , and C’OBC
in the mSUGRA and GmSUGRA scenarios for the first two generations. In the
mSUGRA scenario with universal gaugino masses and scalar masses, we obtain the
CAB CAC AP and CBC as follows

AB\U __ 116 Ml( ) 4
ey = =15 (B o (7.29
e - o (it ))g4<MU>, (.20
l
AD\U __
& T (729
BC\U _ 184 ]\4-12 4
cpey = 2 (g%(m o) (7.26)
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In the GmSUGRA scenario, we consider the scenario in Refs. [[7, [[§, [[9, 0, 1, B3,
RJ]. At the GUT scale we have
My My M
S R 2
2 -3 -1 (7.27)
Thus, with Eq. (f.11) for the non-universal scalar mass relations at the GUT scale
in the GmSUGRA scenario, we obtain the scalar and gaugino mass relations

AB\NU __ 1964 2(#

(Co ) - < 4(,“) > U) ) (728)
AC\NU 1420 (w) oy

(Cs7) = < T > 91 (My) , (7.29)

(CAD)NU — 292 <

> g1 (7.30)

M (p
(1)

Thus, with precise enough measurements, we may distinguish the mSUGRA and

(

99 g

) (M) (7.31)

GmSUGRA scenarios. In particular, we can consider the ratios of these one-loop RGE
invariant constants and then distinguish the mSUGRA and GmSUGRA scenarios, for
example, (CA)Y /(CAB)U = 2.586, while (C4C)NV /(CABYNU = 2.169. Similarly, we
can discuss the other scalar and gaugino mass relations for the first two generations
in mSUGRA and GmSUGRA.

The SU(5) Model with a 75 Dimensional Higgs Field

In the mSUGRA scenario with universal gaugino and scalar masses, we obtain the
one-loop RGE invariant constant C;X at the GUT scale

e = 55 () ghaan). (7.52)

In the GmSUGRA scenario with non-universal gaugino and scalar masses, we consider

the non-universal gaugino mass ratios in Refs. [[7, [[§, [9, 0, 1], 2, B3
My My My

——=—. 7.33
1 3 -5 (7.33)
With the non-universal scalar masses in Eq. (.1), we obtain
5948 (M3 (u)\ 4
€ = T8 (S ) ghom (34
99 \gi(w) )7

Assuming that there are no threshold corrections from the electroweak scale to the
GUT scale, we can calculate the gauge couplings at the GUT scale and check these
scalar and gaugino mass relations if we know the low energy sparticle spectrum.
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7.2 The Pati-Salam Model from SO(10)

We consider the following SO(10) gauge symmetry breaking chain

SO(10) — SU(4)c x SU(2)1, x SU(2)g — SU3)e x SU(2)1, x SU(2)g x U(1)p_1,
— SUB)e x SU@)L x U(L)y . (7.35)

Other symmetry breaking chains can be discussed similarly.

Let us explain our convention. We denote the gauge couplings for the SU(2)r,, SU(2)g,
U(1)p-r, and SU(4)¢c gauge symmetries as gor, g2r, gp—r, (or traditional gp_r ), and g4,
respectively. We denote the gaugino masses for the SU(2)r, SU(2)r, U(1)p—r, and SU(4)¢c
gauge symmetries as Moy, Mogr, Mp_1, and My, respectively. We denote the one-loop beta
functions for the SU(2)r, SU(2)g, U(1)p_r, and SU(4)c gauge symmetries as bar, bag,
bp_r, and by, respectively. In addition, we denote the universal supersymmetry breaking
scale as Mg, the SU(2)gr x U(1)p—1 gauge symmetry breaking scale as Mg, and the
SU(4)¢ gauge symmetry breaking scale as Mpg. Also, we denote the U(1)p_1, charge for
the particle ¢; as Ydf -L

The generator U(1)p_y, in SU(4)¢ is

111 1
~B—LmB—-L :
T = _rd — ==, —= ] . 7.36
g gp—rdlag <676767 2> ( )

So we can obtain the normalization of gp_1, into SU(4)¢

3 _p_
9B-L = §gB L (7.37)

Neglecting the Yukawa coupling terms and trilinear soft terms, we obtain the RGEs
for the scalar masses of the first two generations in the Pati-Salam model

F1 d 15 6
1 2 J = 47— ——M2——M2 .
o dt Trdt |: b4 4 b2L 2L:| s (7 38)
dm2
FRe d 15 6
1672 —— = dr— |- M7 — —M? .
o ”dt[ b4 bon 2R]’ (7.39)
which gives
Dz, + Baze Sz | o (7.40)
dt | FF T bt by T '
d 15 6
— |4mZ M2+ —M2 | =0. 7.41
dt |: mFJRc + b4 4 + b2R 2R:| ( )

The RGEs of the scalar masses for the first two generations in the SU(3)c x SU(2)r x
SU(2)r x U(1)p—r, model are

2dm%j 32 5o 2 772 1, 2 1, !
167 T = —gggMg — 695, My, — ggB—LMB—L + §QB—L5 ) (7.42)
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dm2
Ue,De 32 1. 1.
160> —L— = — = gEM3 — 6g5p Msg — =951 Mp_1 — <9515 (7.43)
dt 3 3 2
dm? 3
167r273 = —6g3; M3y, — 34 LMp_f — 293 LS (7.44)
dmi, 3,
167T27J = —693rM3r — 39— Mp_1 + 2913 S, (7.45)
where
S =Tr[Y] " m?(¢:)] . (7.46)

We consider the following linear combination of the squared scalar masses

5 d
1672 T (m —I—mEc —ZmQ]>

d [32 20
_ o232 12y 20, for M M
"t |3 5 bgL 2L 3, 1} or Ms <= MR
d | 32 12 12 8
= 4Ar?— | = M2+ S ME - M2 M3
dt | 3bs 3t bor 2L bar 2R — 3bB ; B—L
for MLR<M<MPS
d [12 12
= 4n?— | M3, — —M3p| for Mpg <pu< My . (7.47)
dt _bgL b2R

From this, we obtain the scalar and gaugino mass relations which are exact from the GUT
scale to the supersymmetry breaking scale at one loop

32 12 20
4(mz, +m% —2m% | — —Mj——Ms; + —M{ =C, 7.48
<mUJ‘? + mE; mQJ) 3b3 3 b2L 2L + 3b1 1 o ( )
32 12 12
4 [ m? 2 _—omi ) — M2 M3, + —M?2
<mUac * " mQJ) 3bs % bop 2F T bpp M
8
+——M3_ =C2, (7.49)
3bp_1,
12 12
4 (m2 P ) — = M2, =03 7.50
<mU]c + mE]c mQ]) b2L 2L + b2R 2R o ( )

The differences between the constants C! and C2 and between the constants C2 and C3
are the threshold contributions from the extra particles due to gauge symmetry breaking.
Thus, the three constants can be determined by matching the threshold contributions at
the symmetry breaking scales. The difference between C2 and C2 is

32 8 M2(p)
C2_C3 == -—= S g2 (Mps) 7.51
<3b3 3bB_L> A P (751

which can be determined at the scale Mpg. At this SU(3)c x U(1)p_r unification scale,
we have

My  Mp-p My
93 9B-1L 93
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For mSUGRA with universal gaugino and scalar masses, we have

Ms Mp_; My, Myr My
My _ _ Moy Mop My (7.53)

93 g%—L g%L 95}2 94%

Thus, we can get the scalar and gaugino mass relations in supersymmetric Standard Models

32 12 20
4 2 —omi | - M- M4+ —
<m j +mEc Qj> 3b3 3 bgL 2 + 3b1
8 32\ M. 20 M2 (p
= (2 2 A gy M g
g b3 ) gi(n) 3b1 g1 (p)

M

2
- ( 2 gl MyR) + 3b§_Lg4B_L<MLR>> T (7.59)

If we know the low energy sparticle spectrum at the LHC and ILC and ¢?(Mpg) from the
RGE running, we can get the coefficients

3bp_1, b3 B—-L

c= < _® 32) 93(Mps) — (%ng(MLR)Jr 358 94B—L(MLR)> , (7.55)

by fitting the experimental data.

For GmSUGRA with non-universal gaugino and scalar masses, we consider the Higgs
field in the 210 representation whose singlet component (1,1,1) acquires a VEV. To give
mass to the gluino, we require that the universal gaugino mass be non-zero. From Eq. (5.9),
we obtain

F
m2~+m2 —2m~ = \/752101)’ T‘ . (756)

Thus, the constant combination in the supersymmetric Standard Model is

32 12 20
4 2 _om ——M3? - = MZ + ——M?
<m U —I—mEc Qj> 3bs o + 36, 1

b
2 2
= —\/iﬂélov‘FT’ + < ~8 32) M; (1 ))g;;(MPS) + 20 My (M)Q%(MLR)

M3 3bg_; 3bs ) gi(u 3b1 gi(p)
12 4 M22R(M) 8 4 M??(M)
— | =—92r(MLr +—=—9_r(MLRr ) 7.57
<b2R 2R( ) g%R(N) 3bB—L B L( ) gg(ﬂ) ( )

Therefore, the scalar and gaugino mass relations in mSUGRA are different from those in
GmSUGRA. Moreover, we can break the SO(10) gauge symmetry down to the SU(3)c X
SU(2)r x SU(2)gr x U(1) p—r, gauge symmetry by giving VEVs to the (15,1,1) components
of the Higgs field in the 45 and 210 representations under SU(4)c x SU(2)r x SU(2)g.
Because the discussions are similar, we will not present them here.
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7.3 The Flipped SU(5) x U(1)x Model from SO(10)

In the flipped SU(5) x U(1)x model with SO(10) origin, we have two-step gauge coupling
unification: the SU(3)¢c x SU(2)r gauge symmetry is unified at the scale Mas, and then
the SU(5) x U(1)x gauge symmetry is unified at the scale M. At the Mas scale, we have
the following gauge coupling relation

1 24 1 11

= —
g2 25¢1, 2542

(7.58)
where g1x and g5 are the gauge couplings for the U(1)x and SU(5) gauge symmetries,
respectively.

Our conventions in this section are as follows. We denote the gaugino masses for the
U(1)x and SU(5) gauge symmetries as Mjx and M;, respectively. We denote the one-
loop beta functions for the U(1)x and SU(5) gauge symmetries as by x and bs, respectively.
Also, we denote the U(1)x charge for the particle ¢; as Yq‘f . With this notation, the RGEs

for the scalar masses of the first two generations from the scale Msz to My are

dmZ
F; 144 1 1
16#273 =5 gEM; — 59%XM12X + 2091)(5 (7.59)
dm2
7 96 9 3
1677273 =-% gaME ~ 59%XM12X 2091XS (7.60)
16m* —= = —bgix Mix + 4 9ix5 , (7.61)
where S is
S =Tr[Yfm?(¢;)] . (7.62)

We consider the following scalar and gaugino mass relation

167 % <m B + mUc — 2mQ3> (7.63)

— 4r 2;1 [;iM + Z—jMQ 3b0 Ml] for Mg < < My (7.64)

= 4r 2; [ﬁ:M %Mﬁx} for Mz < pu < My . (7.65)

In the mSUGRA with universal gaugino and scalar masses, we have at the scale My
4 <mUc + mEC —2m 23) — <%M§ — %Mf_x) (7.66)

- (3 )

So we get the scalar and gaugino mass relation in supersymmetric Standard Models

) 32,0 12,5 20,

almz om2 —om2 | 322 12 20
(meer m 30,8 g, 2 gy

E¢ Q;
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&Mf(ﬂ) %

32 12 192 32\ M2(p) 4
= =4+ ===+ == My3) + M.
<3bs by 5bs 5b1X> g3 (w) 9(M2s) 3b1 g1(w) 91(Mes)
192 32\ M2(n) ,
(== _ SN a2 (M) 7.68
<5b5 5b1x> 93 (1) 95 (M) (7.68)

In GmSUGRA with non-universal gaugino and scalar masses, we consider the Higgs
field in the 210 representation whose singlet component (1,0) acquires a VEV. For non-
universal gaugino masses, we consider the mass ratios in Refs. [[7, [[§, [[9, 0, 1, B3, 3

Ms  Mx
— ==X, (7.69)
With Eq. (b.21), we obtain at the scale My
192 32
4 [ mZ L _omi ) - ==M2 - — M} .
16 , wv|Fr|? 192 512\ M2(p) ,
= — —_ = | = - M) . 7.71
\/5ﬁ210 M3 5b5 5b1X gél(,u) 93( U) ( )

Thus, we obtain the scalar and gaugino mass relation in supersymmetric Standard Models
32 12 20
4 (m% 2 —omZ ) - =S M2 - M2+ M
(mU; —|—mE§ mQj> g 3 By 2 + 3, 1
16 , v|Fr|? (192 512 ) M2(p) 4
= _ = M,
\/55210 M3 5b5 5b1X g§(,u) 93( U)
32 12 192 512\ M2(n) 4 20 ME(u)
(ot Ma3) + ——
(3 5~ 5+ o) i 20 + 3
Therefore, the dependence on M2(u1)/g3 (1) in mSUGRA is indeed different from that in
GmSUGRA. Other gauge symmetry breaking chains can be discussed similarly.

9%(M23) . (7.72)

8. Conclusions

In the GmSUGRA scenario with the high-dimensional operators containing the GUT Higgs
fields, we systematically studied the supersymmetry breaking scalar masses, SM fermion
Yukawa coupling terms, and trilinear soft terms in the SU(5) model with GUT Higgs fields
in the 24 and 75 representations, and in the SO(10) model where the gauge symmetry is
broken down to the Pati-Salam SU(4)c x SU(2)r, x SU(2)r gauge symmetry, SU(3)c X
SU(2), x SU(2)r x U(1) p—1, gauge symmetry, George-Glashow SU(5) x U(1)’ gauge sym-
metry, flipped SU(5) x U(1)x gauge symmetry, and SU(3)c x SU(2)p x U(1)1 x U(1)2
gauge symmetry. In addition, we considered the scalar and gaugino mass relations, which
can be preserved from the GUT scale to the electroweak scale under one-loop RGE run-
ning, in the SU(5) model, the Pati-Salam model and the flipped SU(5) x U(1)x model
arising from the SO(10) model. With such relations, we may distinguish the mSUGRA
and GmSUGRA scenarios if we can measure the supersymmetric particle spectrum at the
LHC and ILC. Thus, it provides us with another important window of opportunity at the
Planck scale.

Note added: after our paper was submitted, we noticed the paper [i4], which also
studies the RGE invariants in the supersymmetric Standard Models.
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