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Abstract

We compute the one-loop gauge couplings in six-dimensional non-Abelian gauge the-
ories on the T?/Zy orbifold with general GUT breaking boundary conditions. For
concreteness, we apply the obtained general formulae to the gauge coupling running
in a 6D SO(10) orbifold GUT where the GUT group is broken down to the stan-
dard model gauge group up to an extra U(1). We find that the one-loop corrections
depend on the parity matrices encoding the orbifold boundary conditions as well as
the volume and shape moduli of extra dimensions. When the U(1) is broken by the
VEV of bulk singlets, the accompanying extra color triplets also affect the unification
of the gauge couplings. In this case, the B — L breaking scale compatible with the
gauge coupling unification is sensitive to the change of the compactification scales.

N
=)
S
[Q\|
=,
™
(Q\
3
O
(@))
—
—i
—
O
S
~
<
T
Q.
D
=
=
x
@

E-mail address: hmlee@andrew.cmu.edu



http://arxiv.org/abs/hep-ph/0611196v4

1 Introduction

Grand Unified Theories(GUTSs) [1] have been reconsidered recently in the context of orb-
ifold GUTs [2, 3] where orbifold boundary conditions in extra dimensions are utilized to
break down a GUT gauge symmetry to the Standard Model(SM) gauge group and at the
same time solve the doublet-triplet splitting problem. In orbifold GUTs, on top of the
usual 4D logarithmic running to generate the difference between the SM gauge couplings
at low energy [4], the Kaluza-Klein(KK) massive modes of the 4D gauge bosons give rise
to additional threshold corrections. In orbifold GUTSs, however, there is an ambiguity due
to the existence of the non-universal gauge kinetic terms localized at the fixed points [5-7]
where the local gauge symmetry is reduced compared to the bulk one. Nonetheless, by
making a strong coupling assumption at the cutoff scale [8], the brane-localized gauge cou-
plings may be ignored compared to the bulk gauge coupling, due to the volume suppression
of extra dimensions. So, the orbifold GUTs can provide a minimal setup for considering
the threshold corrections consistent with a successful gauge coupling unification.

Over the past years, the 5D orbifold GUTs have been much studied as a simplest case,
in particular, to compute the resulting effects of the KK massive modes to the gauge
coupling unification for one flat [9] or warped [10] extra dimension. For larger GUT groups
such as SO(10), however, the 5D case turns out not to be a minimal setup, because a usual
Higgs mechanism is required for a further breaking to the SM gauge group or unwanted
massless modes of extra components of gauge fields must get massive [11]. In contrast, the
6D case has drawn more attention because it is more economic to obtain the SM gauge
group directly from a large GUT group [12,13] and there is more freedom to locate the SM
fields for satisfying the experimental requirements such as the flavor structure [14] and the
proton lifetime [15]. We may even regard the 6D orbifold GUTs as an effective theory of
describing (heterotic) string compactifications as an intermediate GUT [16] with the hope
to identify the remnants of string theory within the 6D orbifold field theory.

In this paper, we consider the one-loop effective action for the gauge fields containing
zero modes in six-dimensional A~ = 1 supersymmetric GUTs compactified on a T?/Z,
orbifold. This can be regarded as a generalization of the previous findings on orbifolds
without gauge symmetry breaking [6]. In the presence of the orbifold boundary conditions
that are commuting, we obtain the bulk and brane contributions due to bulk vector and
hyper multiplets and identify the necessary counterterms to cancel the divergences appear-
ing in dimensional regularization. A bulk vector multiplet leads to both brane and bulk
corrections while a bulk hyper multiplet gives rise only to a bulk correction. The bulk
divergences are cancelled by a higher derivative term with universal coefficient whereas the
brane divergences are cancelled by brane-localized gauge kinetic terms the coefficients of
which depend on the local gauge symmetry at the fixed points. In the case of the cutoff
regularization [6], there would be also power-like corrections in the cutoff scale to the gauge
couplings, but they don’t affect the gauge coupling unification at all. From the obtained
effective action, we also derive the general expressions for the running of the effective gauge
couplings for zero-mode gauge bosons. In the low energy limit, we consider the running of
the gauge couplings, including the non-universal threshold corrections due to KK massive



moded].

We apply the general formulae for the gauge coupling running in the six-dimensional
SO(10) orbifold GUT model proposed in Ref. [12]. This is the minimal setup to break
SO(10) down to the SM gauge group up to a U(1) factor only by orbifold boundary con-
ditions without obtaining massless modes from the extra components of gauge bosons. In
some realistic SO(10) orbifold GUT models, we discuss about the possibility of having a
large volume of extra dimensions compatible with the success of the gauge coupling unifica-
tion. We assume the breaking scale of the extra U(1) to be lower than the compactification
scale in order to ignore the effect of the brane-localized U(1) breaking mass terms.

For the case with isotropic compactification of extra dimensions, we show that the
volume dependent term of the KK threshold correction can give a sizable contribution to
the differential running of the gauge couplings for the large volume of extra dimensions. In
this case, in order for the additional contribution due to extra color triplets to be cancelled
by the volume dependent part, the breaking scale of the extra U(1) tends to be close to
the compactification scale for the gauge coupling unification. On the other hand, in the
case with anisotropic compactification, e.g. in the 5D limit where the bulk gauge group
becomes the Pati-Salam SU(4) x SU(2);, x SU(2)g, we show that the shape dependent
term of the KK threshold correction can be dominant, giving rise to the 5D power-like
threshold corrections with non-universal coefficient in the compactification scales. These
power-like corrections in the 5D limit are calculable, in contrast to the uncalculable power-
like corrections in the cutoff scale in the genuine 5D case. Consequently, we show that
the allowed contribution of extra color triplets or the breaking scale of the extra U(1) is
sensitive to the shape modulus in a phenomenologically successful SO(10) model.

The paper is organized as follows. First we give a brief review on the general boundary
conditions for breaking the bulk gauge symmetry on 7?/Z,. In Section 3, we present the
one-loop effective action for gauge bosons in the general 6D orbifold GUTs and derive the
running for the effective gauge couplings at low energy. Then, in Section 4, we consider
the case with SO(10) bulk group and discuss the gauge coupling unification for some
embeddings of the MSSM. Finally the conclusion is drawn. The details on the propagators
on GUT orbifolds, the KK summations, the definition of special functions and some SO(10)
group theory facts are given in the appendices.

2 Boundary conditions on GUT orbifolds

Before considering particular models, we give a brief sketch for the orbifold breaking of
gauge symmetry in a six-dimensional non-Abelian gauge theory with a simple gauge group.
Two extra dimensions are compactified on the orbifold T%/Z,. For the extra coordinates
2 = 2% +i25, there are double periodicities z ~ 2+ 27 (Rsns + 1 Rgng) with radii Ry, Rg and
integer numbers ns, ng. Further, when the bulk positions are identified by a Z, reflection
symmetry as z — —z, there are four fixed points on the orbifold: 2y = 0, 2, = 7Rs,
Z9 = iﬂ'R(j and Z3 = 7TR5 + i7TR6.

IFor some early works on string theory computation of the one-loop gauge couplings, see Ref. [17,18]



In order to break the bulk gauge symmetry down to the SM gauge group, let us in-
troduce nontrivial boundary conditions for bulk gauge fields A, with M = 0,1,2,3 = pu
and M = 5,6 = m. The boundary conditions are specified by unitary parity matrices
P;(i =0,1,2,3) at the fixed points,

772-14#(2)’PZ-71 = PA(—2z+ zi)Pfl =A,(z+2),
PiAm(z)Pi_1 = —PAn(—2+ zi)Pi_1 = An(z + z) (1)

where P? = 1(i = 0,1,2,3). The above boundary conditions can be rewritten simply in

terms of component fields with A,, = A$,7, in the group space as

Al(—z+2) = (Q)" bAZ(z+zi), (2)
Ap (=24 2) = —(Q)" AL (2 + 2) (3)
where
Q) = tr(T*PT,F;). (4)
Here the defined matrices (Q;)* (i =0, 1,2, 3) fulfill
Qi) (@) 6Mab = Ny Fabe(Qi)* (@) (Q) o = furprer (5)

where 17, is the Killing metric defined by tr(7,T}) = 14, on the group space and it is used
to raise and low adjoint indices, and f,;. are the group structure constants given in the
group algebra [T, Ty| = i fu.T¢. Note that Q? = 1 from the Z, symmetry and hence Q;
are real symmetric matrices. Eq. (@) and the second property in eq. (Bl) can be rewritten,
respectively, as

PTP, = (Q:)*T", (6)
QiTEQi (@) T¢, (7)

with (T%)® = 4 fabe.

We also discuss on the Wilson lines on a torus in comparison to the local boundary
conditions as given above. The boundary conditions along noncontractible loops on a torus
are defined by the unitary matrices Uy, Us as

UlAM(Z+27TR5)U1_1 = AM(Z), (8)

Since 2° + TRs — —a° + mR5 is equivalent to 2° + 7R — —2° — TR; — —2° + TR5 and
similarly for the other coordinate, we obtain the following relations,

Ulzplpo, UQZPQPU. (10)

Then, we can see that the consistency conditions for the Wilson lines on orbifolds, U; PyU; =
Py and Uy PyU; = Py, are satisfied. Moreover, since UyU; Py = P; and [Uy, U] = 0, the
parity matrix P; can be written as

P3:P2POP1:P1POP2. (].].)
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Therefore, the Wilson lines one can consider are not independent of local boundary condi-
tions, and one of the parity actions is not independent.

For simplicity, let us focus on the case with commuting parity matrices, i.e. [P;, P;] =0
or [, @;] = 0. For these parity actions, the rank of the gauge group is not reduced. In this
case, it is convenient to choose the Cartan-Weyl basis such that the orbifold actions become
diagonal. In this basis, the generators are organized into Cartan subalgebra generators
H;, I =1,--- rank(G), and the remaining generators, E,,a =1, -+, (dim(G)—rank(QG)),
with

[H],Ea] = CY]EO“ (12)

where oy is the rank(G)—dimensional root vector associated with E,. Then, it is always
possible to write the parity matrices as

R — e—?ﬂiW-H (13)

which defines the rank(G)—dimensional twist vector V; for each fixed point. Thus, the
relations (@) become

PHP; = Hy, (14)
PE.,P, = e ?maVip (15)

In this basis, the matrices @; are also diagonal such that (@;)’ ; = 6} and (Q;)%s =
e~?mVige and other entries are zero. Here we have that oo - V; = 0 or 5 mod Z for Z,
actions at the fixed points because @7 = 1. Then, a bulk field takes a combination of
parity eigenvalues (pg, p1,p2) with p; = +1 or —1 under three independent Z, actions, so

it is composed of a subset of basis functions on a torus with radii 2R5 and 2Rs.

3 The effective action on GUT orbifolds

In this section, we present the general formulae for the one-loop effective action in a 6D
N =1 supersymmetric GUT where the bulk gauge symmetry is broken by local boundary
conditions at the fixed points on the T?/Z, orbifold as described in the previous section.
As a result, we also discuss about the running of the gauge couplings for zero-mode gauge
bosons at low energy.

3.1 The one-loop effective action on the 7?/Z, orbifold

We consider a 6D N = 1 supersymmetric non-Abelian gauge theory compactified on the
orbifold T%/Z,. In terms of component fields, a vector multiplet is composed of gauge
bosons Ay and (right-handed) symplectic Majorana gauginos A while a hyper multiplet is
composed of two complex hyperscalars ¢ without opposite charges and a (left-handed) hy-
perino . Since all charged hyperinos have the equal 6D chiralities due to supersymmetry,
one is not allowed to write the 6D mass terms for hyper multiplets.
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In the process of taking the usual gauge fixing for a non-Abelian gauge theory [6], we
also introduce ghost fields ¢*. Then, the orbifold boundary conditions for bulk component
fields that we are considering are as the following,

AZ(x,—z+zZ~) (Qi)“bAZ(x,z+zi), Ab (z,—2z 4+ 2;) = —(Qi)“bAfn(x,anzi),
Az, —z + z;) Q) p P (w, 2+ 2), ANz, —2+2) = i7" (Qi)"s Nz, 2 + %),
Oz, —z+2) = VP, 2+ 2),

bz, —2+2) = niPoi(x,2+2), o_(v,—2+2)=—no_(x,2+ 2)P, (16)

with 2 = 0,1, 2, 3. Here the forms of the parity matrices depend on the representation of a
hyper multiplet under the bulk gauge group. Each hyper multiplet can take its own value
of n; as either +1 or —1.

Taking into account the group structure of propagators in loops as discussed in the
Appendix A and following the similar procedure as in the case with no orbifold breaking of
the gauge symmetry in Ref. [6], we obtain the one-loop effective action for the background
gauge bosons up to quadratic orders as

1 d'k a I\ Aa 7. 7 v v

D[4 ZTQQZ/(%)MM(—& ) ALk, B) (= (6 = 2)g™ + k)
k

i d*k

*5%/ (2r)]

X { —T0$, +4(k* g — bk, )G, — 2k - K'g,,, (T§_+11%,) — Hf}y} b

(—k, —K') A” (k. k) (17)

A
+ 115,

where I, =117, , + 1T

H _ 171h h :
o my, =1, +10,  + H;fl, with

d* ~ 7
(Huu )% = E :/ (27:;4Tr {{ —(2p+k)u(2p+ k)G x(p + kp'+ K, p+ k)
.’

+2iguuéﬁ,ﬁ+k‘_k‘/}Tng,ﬂ:(paﬁaﬁ)Ta] ) (18)

d'p . L
W = X [ 2] { - @0t Duen+ 1. Gusto-+ kg + B+
.’

+2Zg;w6 5 etk — k’}Tth :l:(p pap )Ta:|7 (19)

dp 1~ . L
ﬂ.p4TI' [DA(p,p,p_')’YuTbD)\(p + kap_' + k,7p+ k)fYVT :|7 (20)

), = Z/ .

(I,), = Z / Tr Dw )T Dy(p + k7' + B+ E)%T“], (21)



and

(G, — { @+hp+aﬁ+?ﬂuagp@*ﬂﬂ, (22)
P’
(M) = Z/ { (p+k, 5+ k9 + K),Gy s (p, B, ”)T“]
= (@d ). (23)

Here the propagators appearing in the loops are given in the Appendix A. Since we consider
the commuting parity matrices, the orbifold actions with respect to the fixed points other
that the origin are factorized out of the propagators which would be given for the case
with one Z, orbifold action only. Then, after identifying various equivalent terms, we get
the effective action in a simpler form as a decomposition into bulk and brane parts,

@ [Au] = 1—‘bUIk + 1—‘brane (24)
with
1 d'k b n P 2 702\ v w.v
Thux = 5 Z (27r)4Au(_k7 _k)Aau(kak )((k —k )g — k'k )
ik
1 , u -
X |: — —2(52 — Z(HG + HH) b(k, k) 6E,E” (25)
d*k . ~
Porane = —}j/“ ey~ ) gy (b, B (K29 — B[~ 4i(Tlg)"y] (26)
ik
where
a 1
(HG)a 4 d / - -
Z = )P+ k)* = (F+ k)?]
1
X—tI'AdJ 1+ COS(2p57TR5 Qng 1+ cos 2p67TR6)Q0Q2 T Tb (27)
4
- 1
I a k — 4 d / -
(ol E: P+ k)2 — (7+ F)?]
1
X ZtrR Hl + nom cos(2p57rR5)P0P1} 1+ none cos(2p67rR6)P0P2}T“Tb] , (28)
(FLa) (b, 7, ) = 4d§:/ S
o P)(p+ k)2 = 5+ F)]
1
X ZtrAdj |:{1 + COS(2p57TR5)Q0Q1 } { 1+ COS(2p67TR6)Q0Q2}Q0TaTb:| . (29)
Here 4 is the renormalization scale in dimensional regularization with d = 4 — ¢, and

ns ne

P'= (ps,p6) = (35, 35) With n5, ne being integer, and similarly for k and k'. In simplifying
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the expressions in the above, for the generators satisfying P,/ T* = £7°P;, we made use of
cos(2(ps + ks)mR5) = £ cos(2psmRs) and cos(2(ps + ke)mRg) = £ cos(2pgmRg). Further, we
notice that trag; is the trace over indices of the adjoint representation and trg is the trace
over indices of the R representation.

From eq. (24]), we can see that a vector multiplet gives rise to both bulk and brane-
localized corrections while a hyper multiplet only leads to a bulk correction. It has been
shown that the absence of the brane-localized corrections due to a hyper multiplet is
restricted to the case with even ordered orbifolds [5].

In order to simplify the expression for the bulk contribution (25]), we define the quantity

(p5.p6) — 4-—d ddp :
e Z/ Cr) (2 — P)l(p+ b2 — 5+ B

i

1
= 72‘/_(271'”)6/ dx j()[.fb'(l — x)(k2 + kZ), .ka5R5 + P55 l'kﬁRﬁ + pG] (30)

(47)
where j = ("5;5%, ”6;’)6) with ps, ps = 0 or 3 and ns, ng being integer, V = (27)?Rs R, and
leer el = ) / f- e/z ¢ mermmta )] (31)
ni,n2€Z

with a; = 1/R?,,(i = 1,2). Thus, we can rewrite the bulk contribution due to a vector
multiplet as

D (EX2)

lv\»—‘

1 1
()" = Jtrag[T"T) (M9 + @) 4+ 11t

1
+—trag[ Q@ T°T) (MO 4 [O2) — GO — q1(:3))

4
L 1 1 11
+7 A Qo@eT T (IO — 1105 4 TGO 163
1
oA [Q1 Qo) (IO — [13) — 1G9 4 [1G+3)), 32
4 J

Similarly, we can write the bulk contribution of a hyper multiplet as
1
M)y = L[] @OY + 10D 1o 4 1)
L 1 1 11
o [Py P TOT] (IO 4 1) — 10— 1(3:2)

1
— —nonatrr [Py P TOT;] (TTO0) — 3 4+ 10 — H(%,%))

4
]_ 1 1 11
_Zn1772trR[P1P2TaTb] (H(O’O) —1103) (3.0 4 H(@a))_ (33)
Also defining
4-d d L.
feswe) = H__ Z/ dp O opi & — (34)
2 2] = P+ k2 — (54 R
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= __ (n5+ps netpe
where p = (R—s’ R—6

brane contribution as

) with ps, pg = 0 or % and nz, ng being integer, we can rewrite the

1 - -
(Hg)a b = ZtrAdj [QoTaTb] (H(O’O) + H(O’%) + H(§,0) + H(

L 1 (0,2 ~ (L 11
g QU (O + 0D — [0 — [16:D)

1 2 s ind ~
+ A (QoT°Ty) (TIOY — TIO3) 4 [0 _ [1(:))
L ] (0,1 11
+trag QT T (100 — [0 — [G:0 4 [16-2), (35)

Thus, we find that the brane-localized contribution at each fixed point corresponds to the
brane projection of the bulk quantity by the local parity matrix.

3.2 Counterterms for loop divergences
After the KK summation given in the Appendix B, we can separate the divergent term as

[1(Ps:p6) — v R5R6(k2 + k2) |:

€
Thus, the bulk contribution becomes
i

a __ 1 a a
(HG + HH) b — Z(trAdj[T Tb] — tI"R[T Tb]) (4 )2V 6

R5R6(k2+k2){ 2]+0( ) (37)

€
Therefore, we find that the loop corrections generate a divergent higher derivative term
the coefficient of which is proportional to the universal A' = 2 beta function. At the
momentum scale higher than the compactification scales, the higher derivative operator
becomes important so that the gauge couplings run power-like in momentum scale rather
than logarithmically [6]. However, it does not affect the unification of the gauge couplings,
even if it is important in determining the value of the unified gauge coupling and the
unification scale.

For a given set of ingoing and outgoing momenta of gauge bosons satisfying p'=

E—k
2

we compute T1(Ps:0) ag

I

_ 3%2{%“11(4@26%)—/01 dz In {x(l—x)(k2+l%’2)+(%Hx—%)ﬁﬂ } (38)

Thus, the brane contribution becomes

[(ps06)

1
3272 €

(flg), = i 2 ZtrAdJ QIT"T,] (= — =) + O(&). (39)

Therefore, the appearing divergent term at each fixed point respects the corresponding
gauge symmetry which depends on the local orbifold action.

9



Consequently, in order to subtract the e poles in (Ilg)®3, (I;)*, and (I1g)*, obtained
in eqs. (B7) and ([BY), we require the following new counterterms which are not present in
the original action,

3

1 1
_ | 22 052
Loy = /d zd 9{2h2tr[w O W]+ 3 ZE:O <gi2’a W, W% (z — zz)>] + h.c. (40)

Here h? is a dimensionless bulk coupling while gza(i = 0,1,2,3) are dimensionless gauge
couplings correspoding to the local gauge groups at the fixed points. Note that the brane-
localized gauge coupling can be non-universal so it could affect the predictive power of the
orbifold GUTs.

3.3 Limiting cases

For a later use in the running of the zero-mode gauge coupling, let us take the asymptotic
limits of the loop corrections. First, in the low momentum limit k% < 1/R2 6 With £ =

k' =0, by using eq. (B.4)), we get the approximate forms for eq. (30),

8

: 9
o0 A #{% RsRghk? [— —1In {we”u%ﬁn(wﬂ_ﬂ
€

(4m)2V
—In [4#2672|77(iu)|4R§k2] }, (41)
1 ) -9
m03) ~ W{%RE,RGW [T —In(me" u?RE) — mu + 22(—1)”1n 11— 627”‘”|2]
n>1
I ‘191(1/2|zu) }, (2)
n(i
—7Tun 2
GO T RsRk? ——1n(47rew RZ)—2) In Le™
VLG n>1 L —e-mm
. . 2
. 191(—“{/2|W)6_m/4 | )
n(iu)
11 ) -2 1 4+ g~mun 2
nGs) ~ - J~ 2122 n(dme = 12R2) — 25 (- el —
53 (T o RsBok® | — — In(4me™" 1”5 nz;:( N
. . 2
I 191(1/2—zu/2|zu)6_m/4 } (44)

n(iu)

Further, using the fact that TI©0 + [10:3) 4+ T1G:9 4+ T1(3) is the same as the KK sum on
a torus with each radius double sized and with no Wilson lines, i.e. from the approximate

10



form of the sum,

) s —2 S\~
Z TT(Pssp8) A W{E(éLRg,RG)k? {T—ln [47re'rElu2R52,|77(Zu)| 4]]

/75416:0,%
“In [16ﬂ2e’2|n(iu)|4R§k2] } (45)
we note the useful identity for the theta functions,

V1(1/2iu) O (—iu/2|iv) 91 (1/2 — iu/2|iu) - 4|n(iu)|®e™. (46)

In the high momentum limit k% > 1/RZ ¢, with k =k =0, eq. B0 becomes, indepen-
dently of the orbifold actions,

. 9 2
T1(P506) ~ (47:)2‘/ {%R5R6k2 |:7 —In % —1In (47T68/3’YE‘>:| } (47)

Therefore, from egs. (32) and ([B3)), even the finite part of the bulk correction becomes
universal at high energy.

3.4 Running of the 4D effective gauge coupling

In this section, we consider the running of the effective gauge coupling which is defined as
the coefficient of the kinetic term of a zero-mode gauge boson. It also includes the bulk
higher derivative term and the brane kinetic terms.

From the one-loop effective action (24]), the zero-mode gauge coupling reads

1 1 K2V , . e .
2 (k2 =3 2 dap + 1V (g (k,0) + g (k,0))*y + 4i(I1g(k,0,0))*,  (48)
geff,ab gtree,ab tree

with

Lo {K + 23: %] 5. (49)

2 2
gtree,ab g i=0 gi,a

When taking the minimal subtraction scheme for divergences (37) and (39) at k* = M2,
where M, is the 6D fundamental scale, we define the renormalized bulk and brane gauge
couplings for & p? = M? with & = 4we? 7 at that scale. Then, below the compactification

scales (k* < 1/RZ), using eqs. (B8), [@I)-@4) with (HE), we have eq. [{ES) as

1
ggff,ab(kZ)

1 | M2l ' 1
S+ ——Byyln—x _ B Lii — —ka 50
P T =t e ER T v Jz::i ab™ij Ty fab (50)
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where g, , are the renormalized gauge couplings and the beta functions are

Bab =
3
_|_
i=1
and
1T
B++ - =
ab 4_
1T
Bt = -
ab 4_
1T
B* = -
ab 4_
1_
B, = -
ab 4_
with
L++ = ln
L__|_ = ln
L_|__ = ln
L__ = In

— tragi(Qu@Qi T Ty) + > _ ngmitrr(PyPiT )
R -
— traaj(QoQ2T"Th) + Z o 15 tre (Po Py TT,)

— trAqj(Qo@sT"Ty) + Z o 5 tre(Po PsT°T,)
R -

1=0

3
1
Z |: — tI‘Adj (TaTb) + XR: tI'R(TaTb) — 2 Z trAdj (QZTaTb)]
1
4

Z [ — trag;(

QoQ:T"T,) + Z n(?nftrR(POPiT“Tb)]
R

— trAdj (T“Tb) + Z tI'R(TaTb):| y
R

R

-4e*2|77(iu) |4uVMf] ,

1 4
015 liw)| w2,

1 4
ﬁl(—iiuﬁu)e_”/‘l uVMf],
1 1 4
191(5 - 5iu|iu)e_”“/4 uVMf]

(51)

(56)
(57)
(58)

(59)

Further, k4, corresponds to the power-like dependence on the momentum scale and it is
suppressed by the compactification volume at low energy as in the case without orbifold
breaking of the gauge symmetry [6]. B, are the A/ = 1 beta function coefficients of the
logarithmic running due to the massless modes. They are composed of both bulk and
brane corrections. On the other hand, B;’b are the A/ = 2 beta function coefficients for
the KK massive modes of the bulk fields. The logarithms L;; have the common volume
(V) dependence, but also they are functions of the shape modulus (u), being of different
form depending on the parities. Since the KK massive mode correction contains a non-
universal part due to the gauge symmetry breaking, they can affect the unification of gauge

couplings.
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4 Gauge coupling unification in a 6D SO(10) orbifold
GUT

We consider a 6D N = 1 supersymmetric SO(10) orbifold GUT and compute the gauge
coupling running by using the general formulae found in the previous section.

4.1 Orbifold breaking of SO(10)

In order to break the bulk SO(10) gauge group down to the SM one, we introduce the
parity matrices in eq. (Il) or (I6) for a fundamental representation [12] as

Py = Tioxo, (60)
P, = diag(-1,-1,-1,1,1) x o°, (61)
P, = diag(1,1,1,1,1) x 02, (62)

and P; = P, P, from the consistency condition (II)). Then, the parity operations P;, P,
break SO(10) down to maximal subgroups, the Pati-Salam group SU(4) xSU(2), xSU(2)g
and the Georgi-Glashow group SU(5) x U(1)x, respectively. The parity operation P3 also
breaks SO(10) down to the flipped SU(5) but it is not an independent breaking. Thus,
the intersection of two maximal subgroups leads to SU(3)¢ x SU(2), x U(1)y x U(1)x as
the remaining gauge group. This can be seen from the gauge bosons with positive parities:
45 is decomposed into (15,1,1); + (6,2,2)_ +(1,3,1); + (1,1,3); under P, (where +
indicate the parities) and 249 +10_4,_ + 104, + 19, under P,. Then, finally, the extra
U(1)x or U(1)p_y, has to be broken further by the VEV of bulk or brane Higgs fields.

For applying the parity action to other representations, from eq. (I3), we can rewrite
the parity matrices in terms of Cartan-Weyl generators@ as a special case of eq. ([3),

. 1
P, = e—27rz:v1(—6Ty+TX), T = 5, (63)
1

P2 = 672m-m2TX, l'QZg (64)

where Ty, T'x are the U(1)y and U(1) x generator, respectively. We consider a set of hyper
multiplets, Nip 10’s and Njg 16’s satisfying Niyp = 2 + Ny for no irreducible anomalies
[21,22]. Both Njg and Nyg have to be even for the absence of localized anomalies unless
there are split multiplets at the fixed points [22]. A 10 = (H, G, H¢, G°) is decomposed into
(6,1,1)_ +(1,2,2), under P, and 5_5 _ + 55 under P,. Then, we get a massless Higgs
doublet from H€ of 10. On the other hand, a 16 = (Q, L,U, E, D¢, N°¢) is decomposed
into (4,2,1), + (4,1,2)_ under P, and 10y +5 3 + 15, under P. Then, we also get
a massless lepton doublet from L of 16. The N’ = 2 partner of each hyper multiplet has
the parity matrices in the group space multiplied by the negative overall parity, due to the
discrete choice of the Scherk-Schwarz twist in SU(2)r space. We note that in eq. (I0),
no = 1 and n3 = nyn for each hyper multiplet.

20ne has to be careful with multiplying a U(1) phase for the correct parity matrices satisfying P? = 1.
3See the appendix D for details.
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4.2 Gauge coupling running at low energy

In order to break the extra U(1)x gauge symmetry by a usual Higgs mechanism, one can
introduce 16 Higgs multiplets in the bulk [13,14]. In that case, after the orbifolding, on
top of SM singlets, one ends up with extra color triplets as zero modes. Since the extra
color triplets can get masses of order the B — L breaking scale Mp_;, at the fixed points,
they already start contributing to the running of gauge couplings at that scale. Thus, from
the general result (B0), we consider the logarithmic running due to zero modes by taking
two steps across the B — L breaking scale.

The brane-localized B — L breaking masses for the color triplets can modify their KK
massive modes so that there exists an additional contribution to the the gauge coupling
running. However, when the B — L breaking scale is below the compactification scale, the
new contribution becomes suppressed as M3 ; /M? with M, = 1/y/V. Thus, henceforth
we assume this case to ignore the effect of the brane-localized B— L breaking masses. Then,
much below the compactification scale, the running of the 4D effective gauge coupling of
the SM gauge group is governed by

1 1 1 M?2 1 - M?2
— - = =3, B In—2=L 4+ _— B,In—*—
N U R R T e R T VPR
1 ;
T ZBGJIJL”—i—g Auap (65)
ij=%

where g, is the universal renormalized gauge couplinﬂ and A, are corrections due to renor-
malized gauge couplings localized at the Pati-Salam and flipped SU(5) fixed points. B!, =
bada» are the beta functions of the gauge couplings in the MSSM with b, = (33/5,1, —3)
given below the B — L breaking scale. Moreover, above the B — L breaking scale, the beta
functions for the gauge couplings are given by By, = Buy — Cup + By, where

1
Bab = Z [ — 3trAdj (TaTb) + XR: tI‘R(TaTb)]
1 3
+Z Z [ 3traqj(Q:TTy) + ZURU"R (PT"T}) (66)
i=1

with Q3 = Q1Q, Ps = PP, and nf = nfiplt, and C,, = c,d4 is the contribution coming
from vector-like massless modes which get tree-level brane masses of order the GUT scale
and By, = b,d,, comes from the brane-localized fields. Further, the beta functions of the

4Although there are also power-like threshold corrections in the cutoff regularization [6,9], they don’t
contribute to the differential running of gauge couplings. Nevertheless, the power-like contributions may
have the net effect of placing an upper limit on the possible volume of the extra dimensions [23].
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KK massive mode corrections are

B;;i— = i _ - tI‘Adj (TaT(,) + Z tI‘R(TaTb)] s (67)
- R

B;;i— == % _ - trAdj (QlTaTb) + Z?’]ftrR(PlTaTb)_ y (68)
L R J

B;bi == i _ - trAdj (QQTaTb) + antrR(PQT“Tb)- y (69)
L R d

Ba}: = i _ - trAdj (Q3TaTb) —+ Z?’]?I){tI'R(Pg,TaTb)_ . (70)
L R J

4.2.1 Computation of traces

Now we compute the necessary traces to get the running equations. To this, we define the
following invariant quantity including all SO(10) gauge fields,

B = BangO(IO)FgO(IO)

where
3 3
By = — [trAdeS%O(IO) + ZtrAdj(QiFg‘O(lo))]v (72)
i=1
1 3
By = Z 1 [trRFEO(m) + ZnﬁtrR(RFEO(m))]- (73)
R i=1
Moreover, similarly we define
BY = Bijl;FgO(m)Fgoao)- (74)

By using the traces for maximal subgroups of SO(10) in the Appendix D, we obtain
the following result for the vector multiplet,

3

By = —ZtrAdego(lo) + 6troaF oy, + 6traF gy,
—3tr5F§U(5) + 6F5(1)X - 3tI'5F‘5%U(5)/ + 6F5(1)X’ . (75)
For the hyper multiplets, we also have
BM = BIO + Bw (76)
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with

4

1 1
B10 = —ngtrloFgo(lo) + 5 Z 7’]%0 [ - tI"4F§U(4) + tr?FgU@)L + tr?FgU(Q)R
10

1
By = ZNlﬁtrIGFgo(lo) + Z 77%6 [tr?FbgU@)L N trZF"gU@)R]
16
1 16 o f2 §F2
—|—4 2772 I's L sy (5) + 9 U(l)x
16
1 3
+7 > mm’ [ = 2005 Fgyy + 56 5(1)X,]
16

Further, we have

1
B++ = —[—trAdego(lo) + NIUtrIOFSZ'O(IO) + NIGtrIGFgo(IO)]’

4

1

—+ Z ™ |:tr2FSU trgFgU(Q)R] ;

BT = —tr5FSU(5) +2F7 0,
1 3
+ Z '’ [ — 2tr5 Fop ) + §F5(1)X]
16
B™™ = —trsFeyey +2F5q),,

1 3
1 Z °n5° [ - 2'51"5F§U(5)' + §F5(1)X,]-
16

(78)

(79)

(80)

(81)

(82)

Therefore, by reading off the gauge kinetic terms for the SM gauge group in B and BY,
we can find the general expression for the beta function coming from the massless modes

in the bulk as By, = b,0,, with
bo = by + )"+ b’

where

by = (0,—6,-9),

po = Ly (1,1 1)+12n”’(l 1,-1)
a 4 10(+5 4y 4 — 1 57 ) )

1 1 6
b(11,6 = 1(2]\[16 - ZU%G)(L ]-7 ]-) + Z ZU%G(_ga 270)
16 16

1 7
+Z 277%677%6(? _17 _1)7
16

16

(83)

(84)
(85)

(86)



and the beta function for KK massive modes as B, = b8, with

bt = Z(—8+N10+2N16)(1 1,1), (87)
1 12

e

ba — 4 5 7 ZT] 7 7_ 277 T E 2 0 (88)

bjzri = 1(24_277%6)(_17_17_1)7 (89)

16

1,38 1 7

by” = —(—,-2,-2)+~ (=, —1,-1).

a 4(57 ) )+4Z771 U (57 ’ ) (90)

16

Here, in order to get the beta function for U(1)y, we made use of the relations between
U(1) gauge bosons (D.23)) in the Appendix D. The corrections due to hyper multiplets in
eq. (1) and (78) also contain mixing termdd between the U(1)y and U(1)x gauge bosons.
After transforming to the canonical gauge kinetic terms, this mixing leads to an overall
shift in the U(1)x charges as well as the coupled renormalization group equations for two
U(1) gauge couplings and the U(1)y charge shift [19]. However, when the extra gauge
boson gets a heavy mass for giving the see-saw scale for neutrino masses, the mixing effect
is not relevant for the low energy physics while the running of the gauge coupling for a
light U(1) gauge boson is not affected by the presence of the mixing term [19].

Consequently, compared to eq. (83]), we obtain the relation between beta functions as
bo = (0,—4,—6) + b "+ b, +b" + b, . (91)

The first term is only due to the difference between the beta functions of A/ = 1 vector
multiplets and A" = 2 vector multiplets for the SM gauge group. Apart from that, the sum
of the N' = 2 beta functions for the volume dependent part of the KK massive contributions,
ie. Y. ij b7, contains only the KK massive modes for the bulk fields containing the zero
modes. Therefore, from the beta functions (85), (86), (88) and (@0), one can find that the
terms proportional to nff or nfinlt i.e. the orbifold actions associated with Pati-Salam and
flipped SU(5) gauge groups generate the non-universal corrections to the gauge couplings.

From the obtained beta functions (83) and (87)-(@0), eq. (65]) becomes

AT AT 1~ M? 1 M? 1 g A
s = —Dln —*— 4+ — b In 2L — bILi; + =2 (92
9o .a(K?) 92 @ Tt Mg, Tt T 4dmr Z oL+ 50 (92)

Here b, = b, — ¢q + bg is the N = 1 beta function above the B — L breaking scale and b/
are the beta functions for the KK massive modes.

>The gauge kinetic terms localized at Pati-Salam and flipped SU(5) fixed points can also lead to a
mixing.
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4.2.2 The differential running of the gauge couplings

For a number of hyper multiplets with arbitrary parities, we assume that both vector-like
particles (getting brane masses of order the GUT scale) and brane-localized particles fill
GUT multiplets, i.e. ¢, and b, are universal. Then, we get the general formula for the
differential running of gauge couplings as

1 121 51 1 M, 1 1 A
4 = bl — bt — b L__ — 93
g TR 87r2< nMBL 2 Ty >+87r2 (93)
where
- 9 9 15 3
b - Z_ = 10 oY E 16 < E 16 .16 94

b = —g—%znw Zn (95)

B 12 3
b = —+=) nnh (96)

16

Thus, we find a general relation between coefficients as

-6
b= -+ bt +b". (97)
Then, from eq. (O3) with the relation ([@7)), we find the deviation from the 4D SGUT
prediction of the QCD coupling at My, i.e. Aa, = oK — ofGUT0 a5
1 ~ M, ~ 6
Aay(Mz) ~ —=—a*(Mz){bln —(b— ) In(M.VV)
2T B—TL 7
1 2 1 4
——b_+ln [67 191(—|z'u) u]
6 - 1 1 4 -
(b— b )in [ ) 191( - §¢u|m)ﬂu/4\ u] +A}. (98)

The first term corresponds to the contribution due to the extra particles above the B — L
scale. The second term is the volume dependent correction due to the KK massive modes
while the third part containing the theta functions is the shape dependent correction. The
last term A is the effect of the brane-localized gauge couplings.

When u ~ 1, the shape dependent term is subdominant compared to the other log-
arithmic terms. As can be shown explicitly in the specific models, the last term can be
also ignored by making a strong coupling assumption at the cutoff scale. Then, the first
two logarithms become a dominant contribution. For b(b — —) > 0, we can see that the
individual logarithm can be large, being compatible with the gauge coupling unification
due to a cancellation.
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Now we consider the behavior of our result in the 5D limit with u = Rg/R5 > 1. In
this case, the bulk gauge group becomes the Pati-Salam and there remain only two fixed
points with the Pati-Salam group and the SM gauge group enlarged with a U(1) factor,
respectively. Some relevant discussion on this limit has been made in Ref. [24], concerning
the power-like threshold corrections. Since |, (z|iu)| ~ 2e~™*/4|sin(7z)| for u > 1, the
shape dependent terms could give a significant effect on the gauge coupling unification by
the non-universal power-like threshold corrections. Thus, in this 5D limit, eq. (@8]) becomes

1 - M, - 6
Aoy (My) =~ —%ag(MZ){bln o —(b—?)ln(M*\/V)

1 - -
—§(b - g) In(4e 2u) + gb’J“u + A}. (99)

Therefore, we can interpret that the effective 5D gauge coupling(1/¢g2 = 1/(g3Rs)) also
gets a power-like threshold correction proportional to u/Rg ~ 1/Rs which is set by the
mass scale of heavy gauge bosons belonging to SO(10)/SU(4) x SU(2);, x SU(2)g.

On the other hand, when we take a different 5D limit for v < 1, the bulk gauge group
becomes SU(5) x U (1) x and there remain only two fixed points with SU(5) x U(1) x and the
SM gauge group enlarged with a U (1) factor, respectively. In this case, the appearing power
threshold corrections are universal so there is no power threshold correction in eq. (O8]).

4.3 Gauge coupling unification in some SO(10) orbifold GUT
models

Now we are in a position to apply our general formula ([O8) to particular cases for the
unification of the SM gauge couplings. To this purpose, we consider some known SO(10)
models of embedding the MSSM into the extra dimensions. In the minimal model(: model
I) [13] that contains Higgs fields in the bulk for breaking U (1) z_;, and the SM gauge groupﬁ,
there are 4 10’s with parities (1, 72) such as H, = (+,+), Hy = (+,—), H3 = (—,+) and
H, = (—,—), and one pair of 16 and 16 with parities ® = (—,+), ® = (—,+). Then,
the resulting massless modes are two doublet Higgs fields H{ and H, from H; and Hs,
and G$, Gy, (D, N°), (D, N) from Hs, H;,® and ®° in order. Moreover, each family of
quarks and leptons is introduced as a 16 being localized at the fixed point without SO(10)
gauge symmetry. After the B — L breaking via the bulk 16’s with (N) = (N°¢) # 0,
neutrino masses are generated at the fixed points by a usual see-saw mechanism. Moreover,

$, Gy, (D, N°), (D, N) can acquire masses of order the B — L breaking scale by the brane
superpotential [13,14] W = ANDG$ + N N°D¢G, for (N) = (N°) # 0. In this case, since
Som? =0, S emi® = S mitni® = —2, we get the values b = B b=+ =p~ = £ in
eq. ([@8)). Thus, in the 5D limit, because b~ is nonzero in eq. (@9)), there exists an effective

6Tn order to cancel the bulk anomalies due to one 45, we need to add in the bulk two 10’s. So, it is
necessary to have two Higgs doublets of the 10’s in the bulk unlike in 5D case [3]. Moreover, in order to
break the U(1)s_r, we need one 16 in the bulk. However, for cancellation of localized and bulk anomalies,
one needs one 16 and two more 10’s.
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Figure 1: The 1o and 20 band of Aay: the model I on the left and the model IT on the
right for u = Rg/Rs ~ 1. The dashed lines and the continuous lines denote 1o and 20
bounds of the experimental data, respectively. Only in the region above the straight line
at M./Mp_;, =1, the B — L breaking brane mass terms can be neglected.

5D power-like threshold correction to the QCD coupling so the threshold correction is
sensitive to the shape modulus.

We consider another 6D SO(10) GUT model where the realistic flavor structure of the
SM was discussed(: model II) [14]. In this case, on top of the minimal model, there are
more hyper multiplets: 2 10’s such as Hs; = (—,+) and Hg = (—,—), and one pair of
16 and 16 with ¢ = (+,+) and ¢¢ = (+,+). Then, there are additional zero modes
G¢,Gg, L, L° from H;, Hg,¢ and ¢° in order. They are assumed to get brane masses
of order the GUT scale. Thus, the running of gauge couplings between the GUT scale
and the B — L breaking scale is the same as in the minimal model. In this case, since
S0 = =2, 3 i = 30 nini® = 0, we get the values b = B t=0and b =2
in eq. (@8). Thus, in the 5D limit, because b=+ = 0 in eq. (@9), there is no effective 5D
power-like threshold correction to the QCD coupling.

From the data of the electroweak gauge couplings at the scale of the Z mass, one
can compare the predicted value of the QCD coupling in a theory to a measure one [25]
™ = 0.1176 £0.0020. In the 4D supersymmetric GUTSs, the prediction without threshold
corrections for the QCD coupling is a7¢UT0 = 0.130 & 0.004. Thus, in this case, there is a

S

discrepancy from the experimental data as da, = a2“UT0 — %P = 0.0124 + 0.0045.

First we consider the case with isotropic compactification of the extra dimensions,
u ~ 1. In both models, since b = %, we can see from eq. (O8) that logarithmic contributions
of zero modes and those of KK massive modes appear with opposite signs so that there is
a possibility of having the large volume of extra dimensions consistent with perturbativity
and gauge coupling unification. Ignoring the unknown brane-localized gauge couplings and
the B — L breaking effect, we depict in Fig. 1 the parameter space of (M., Mp_;) with
u ~ 1, being compatible with the experimental data. If we take M, /M, ~ 63/V/C ~

22 for strong coupling assumptionﬁ at the 6D fundamental scale [8], the correction due

"We included the group theory factor C' = 8 for the SO(10) bulk gauge group in the naive dimensional
analysis compared to [8].
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Figure 2: The 1o and 20 band of Aay: the model I on the left and the model II on
the right for M,/M, ~ 22. The dashed lines and the continuous lines denote 1o and 20
bounds of the experimental data, respectively. Only in the region above the straight line
at M./Mp_;, =1, the B — L breaking brane mass terms can be neglected.

to the brane-localized gauge couplings becomes A = O(1) so it is negligible to the KK
threshold corrections which is of order In(M,/M,) ~ 3. In the model I(I), for M, /M, ~ 22,
Mp /M. can be as small as 0.23(0.12) at the 20 level. For Mp /M. < 1, the KK
massive modes of the color triplets are modified to m;_, ~ (n5/2R5)* + (ne/2Rs)* +
cM%_; where c is of order unity independent of the KK level for Rs # Rg [26]. In
this case, the B — L breaking effect to the differential running is estimated as M3 ; /M?
in comparison to A in eq. [@]), so it is also suppressed compared to the KK threshold
corrections. Apart from the two models, we can consider other possibilities of embedding
the matter representations into extra dimensions, like in the field-theory limit of a successful
string orbifold compactification [16] where there are two families at the fixed points and
one family in the bulk. In view of the general formula (O8), however, as far as an extra
particle contributes to the running of the gauge couplings above the B — L breaking scale,
Mp_y, tends to be close to M, for the success of the gauge coupling unification.

Next we consider the shape dependence of the loop corrections. As in the previous case,
we make the strong coupling assumption and take the B — L breaking scale to be below the
compactification scale. Then, we depict in Fig. 2 the parameter space of (u, Mp_ 1) with
M,/M. ~ 22, being compatible with the experimental data. Therefore, we can see the
clear difference between the two models, through the dependence of the compatible B — L
breaking scale on the shape modulus. As shown in the limit of anisotropic compactification
of the extra dimensions in eq. (@9)), in the model I, the power-like threshold correction in
the effective 5D theory gives a sizable contribution to the differential running of the gauge
couplings, thus the B — L breaking scale is more sensitive to the shape modulus.

5 Conclusion

We have considered the one-loop effective action for gauge bosons in six-dimensional orb-
ifold GUT models with a number of hyper multiplets satisfying arbitrary local discrete
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twists. From the obtained effective action, we encountered the divergences which require
the introduction of brane-localized gauge kinetic terms and a bulk higher derivative term.
Moreover, we derived the general expressions for the running of the gauge couplings of
zero-mode gauge bosons in the low 4D momentum limit. Since the KK massive mode cor-
rections depend on the parity actions, in general they can give a non-universal contribution
to the gauge coupling running.

By taking a concrete example such as the SO(10) orbifold GUTSs, we estimated the
corresponding KK massive mode corrections to the QCD coupling at the scale of the Z
mass. The extra U(1) or the B — L symmetry is broken by the VEV of bulk singlets below
the unification scale. Then, the extra color triplets, which accompany bulk singlets for
a full 16, also appear as zero modes so that they can lead to an additional logarithmic
running of the gauge couplings starting at the B — L breaking scale.

In the case with isotropic compactification of the extra dimensions, there is a partial
cancellation between two dominant logarithmic corrections; the volume dependent part of
the KK threshold corrections and the threshold corrections due to the extra color triplets.
In this case, we argued that the large volume of the extra dimensions can be compatible
with the gauge coupling unification and perturbativity. We also considered the case with
anisotropic compactification of the extra dimensions for which a 5D orbifold GUT limit
can be discussed. In this case, the shape dependent part of the KK threshold corrections
corresponds to non-universal power-like corrections in the compactification scales. These
power-like corrections are calculable because they are finite in the 6D sense. This situation
is in contrast to the genuine 5D orbifold GUTs with non-simple groups where power-like
corrections with the cutoff dependence is uncalculable. Further, we showed that for a fixed
volome of the extra dimensions compatible with a strong coupling assumption, the B — L
breaking scale is sensitive to the change of the shape modulus, in order to maintain the
success of the gauge coupling unification.

Acknowledgments

The author would like to thank D. Ghilencea and K. Schmidt-Hoberg for early collaboration
on the related topic. This work is supported in part by the DOE Contracts DOE-ER-40682-
143 and DEAC02-6CH03000.

22



Appendix A: Propagators on GUT orbifolds
Suppose that the bulk gauge bosons satisfy the boundary conditions,

PiAL ()P = PA(—2+z)P7' = Au(z+2), (A1)
PiAm(2)P; ' = =P AL (-2 + )Pt Am(z+ 2;) (A.2)

where P? = 1(i = 0,1,2,3) and [P, P;] = 0. Then, we can write the gauge bosons A,; on
orbifolds in terms of gauge fields A, having 47 R ¢ periodicities along the extra dimensions

Ay(z) = H Ba +Pi)]AM(z) 11 Eu +73].1)]. (A.3)

After taking into account the relation (III), the field redefinition becomes in terms of

component fields in the group space

2
i) = %{5 VAL (2) + 3 0(Q0 A (2 4 22) + 3 (@) AL (e + 25 — 22)
i—0 i<j#3
+(QoQ1Q2)" bA(—2 + 220 — 221 + 222)] ; (A4)

2
|:(Sa bAb Z i (,Ab —Z+ 221) + Z (QiQ]‘)a bAl;n(Z + 2ZZ - 223)

i=0 i<j#3

P
3e
—~

[\
~—

I
ool —

—(Qo@1Q2)" AV, (—2 + 229 — 221 + 222)] (A.5)

where (Q;)%, = tr(T*P,T,P;). Thus, the orbifold-compatible functional differentiations for

gauge fields are
2

{&L b0% (21 — 22) £ > (Q0)" 0% (21 + 22 — 22)

|

Aum
(512#( ))ab =

+ Z (QiQ;)" v6%(21 — 22 — 22; + 22;)
i<j+3

+(QoQ1Q2)" 167 (21 + 20 — 220 + 221 — 229) | - 0*(zy — m3).  (A.6)

Consequently, the propagator of gauge fields in the Feynman gauge is given by

(A% (2) Apn (22)) = gun (515 Glzs — 24) (05)° s (A7)
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where G(z3 — z4) is a bulk scalar propagator satisfying 47 Rs¢ periodicities. Then, we
obtain the propagator of gauge fields in 6D momentum space as

(A0(21) A (22)) = Guom (1 + Qo@1 cos(2psmRs))* o(1 + Qo2 cos(2psm Re))* a

4
i (055 + Qo) _ ~ L e
X§ By p2 _0;2 z = gull(Gg,-i-(papa )) by (A8)
N - 1
(AL (21)Apn(22)) — gmnz(l—i_QOQl cos(2psmR5))" (1 + QoQ2 cos(2pemRg))¢ 4
i (6550 — Qo _i)" ~ o g
><§( = pZQ_OZ;;’ 2 = Gon (G- (P 9, 7)) s (A.9)

where p'= (ps,ps) = (n5/(2R5), n6/(2Rg)) with ns, ng integers. We note that the Wilson
line effects encoded into (), and (), are factorized as two matrices in front of the propagator
on orbifolds without Wilson lines.

Next let us consider a complex scalar field in the fundamental representation, satisfying
orbifold boundary conditions,

quz(z) = niPiq;(—z +2zi) = o(z + 2) (A.10)

with 7; = 4+1 or —1. Similarly, we can write the complex scalar field q~5 on orbifolds in
terms of a complex scalar field satisfying 47 R ¢ periodicities as

o(z) =[] {%(1 + Pi)] o(2). (A.11)

i

Then, we can write the above equation in terms of component fields as

2
P"(2) = % [5a bP(2) + Zm‘(Pi)a bd(—2 + 22;) + Z min; (PiP)* o’ (2 + 22; — 22;)
i—0

i<j#3

+n0mne(PoPrPa)* 40" (—2 + 229 — 221 + 222)] . (A.12)

Therefore, the orbifold-compatible functional differentiation for a complex scalar field is

2
5 1
(6%)" = 2 {&L b0 (21 — 22) + Zm(ﬂ)ab52(z’1 + 25 — 22;)
8 i=0
+ Z 77i77j(Pin)ab52(Zl — 29 — 2Zi + 22’]-)
i<j#3

+7’]07’]17’]2(POP1P2)a b62(21 + Z9 — 22’0 + 221 — 222) . 54(1'1 — l'Q). (A13)

Consequently, the propagator of a complex scalar is given by

(0°(21)Bn(22)) = (813)" G (23 — 24)(85,) (A.14)
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or in 6D momentum space,

(3"(21)Pp(22)) — i(l + 1om Po Py cos(2psmRs))® o(1 + nonaPo Pa cos(2psm Re) )

1 (S-‘,-*r—f-n P(S-‘7_-7 4
g o LB 2 (G ) (A.15)

For scalar fields of other representations, we only have to replace the parity matrices with
the ones for corresponding representations.

Finally let us consider a bulk left-handed fermion in the fundamental representation,
satisfying the boundary conditions,

Pitp(2) = i&"Pp(—2 + 2) = ¥(z + ) (A.16)

with & = +1 or —1. Following the similar procedure, the propagator of a bulk fermion is
given in 6D momentum space as

(7/}1(31)%(22» — %(1 + &1 Po P cos(2psmRs))" (1 4 §o&a PoPa cos(2psmRs) ) o
i 0 055 d Op—5r .
o) B rv— §o(Po)" p————1i75

P+ ¥s5ps + Do "B+ vsps + s
= (Dy(p,7.5))" » (A17)
On the other hand, for a bulk right-handed gaugino in the adjoint representation, the

propagator in 6D momentum space takes the above form with &;P; replaced by (); and
P+ Y505 + D5 — P+ vsps —

Appendix B: KK summations in 6D orbifolds

We consider the following KK summation (with ¢ > 0, a;5 > 0,0 <¢;5 < 1):

—€/2
Jolc;er,00) = Te/2] Z [7‘(’[6 +ar(ni +c1)? + az(ng + 02)2]]
ni,n2€Z
— Z = 6/2 77rt[c+a1(n1+cl)2+a2(n2+cz)2]. (Bl)
n1,n2€

If 0<c/ay <1, with notations vy(n) = v/z(n1)/va, —ice; and z(ny) = c+ay(n+a1)?,
u = +Jai/ay, sq, =2mhy/c/ar, yg = 0.577216..., we obtain [6] (in the text a; = 1/R2,
as = 1/Rj)
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e

A/ Q109
3 Inf1-eee

ni€Z

M

Jole;er, o] =

-2 1
{T +In [4# a e”EW(CI)W(_Cl)H +2mu [— +ci = (¢/ar + c7)

6

|

v Z p+1/2 {alr+1<c[2p+1,1+c1]+<[2p+1,1—01]) (B.2)

while if we have ¢/a; > 1, then

_2 9
Jolc;cr,col = \/%[TWLIH[?TCWEIH—nzezzln‘l—e?”(”l)
1

4\/; 3o 27m1 ¢1) Ki(sn,) (B.3)

11 >0

The pole structure is the same for both cases; if ¢/a; > 1 and except the first square
bracket, no power-like terms in ¢ are present (the last one being suppressed due to K7).
Here ([z,a] is the Hurwitz Zeta function and ¢ (z) = d/dx InT'[z] and K is the modified
Bessel function.

Finally, we quote here a limiting case for the behaviour of the function Jj

[—2 ——
jO[C << ]_’ 0’0] - \/;% T + ln |:47T€_7E(L1‘77(7; a1/a2)‘4]:|
—In [47# (i \/arfaz) ! agl] “Ine
mc [—2
Jolck 1;0,1/2] = — +In(dre ™ ""ay) — Tu + 2 "In |l — _2”“”2]
g P = | T e mw) > (1 |
_ln‘ﬁl(yzuu) ?
n(iu)
mc [—2 1+emn|?
1;1/2,0] = — +1 “Eay) — 2 In|———
j0[0<< ) / ) ] \/m|: B + H(ﬂ'e al) TLZ; n 1 — e—mwun :|
. . 2
—In ‘191(_@“/2““) efnu/4
n(iu)
1;1/2,1/2] = — +1 Fay) -2 FE——
j0[0<< a/a/] \/M|:g+n(e al TLZ; nl_e—ﬂun :|

2

o ‘191(1/2 —iu/20iu) (B.4)

n(iu)
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Appendix C: Definition of special functions

The Hurwitz Zeta function ([z, a| is defined as

(lz,a] =) (n+a) (C.1)

n>0

with Rez > 1 and a #0,—-1,—-2,---.
The modified Bessel function K, is defined through

>0 o aer 2 [a]?
/ dy x¥ te 0T = 2 [%] Kv(2Vab), Re(b), Re(a) >0 (C.2)
0 p P
with
v 3 15
K|zl =e %/ — |1+ — — 1/23 .
el =y o7 { * 85 Togz O/ (C.3)

which is strongly suppressed at large argument.
In the text, we used the Dedekind Eta function

77(7_) = eTriT/l? H(]- . e?iﬂ’rn),

n(-1/7) = VZEma(n), ar+ 1) = (), (C.4)

and the Jacobi Theta function 9

191(Z|T) = 2q1/8 sin(ﬂz) H(l _ qn)(l _ qne%m)(l _ qn6_2im), q= e 2imT

n>1
— Z(_1)n6i7r'r(n+1/2)26(2n+1)i7rz (05)
nez
which has the properties
Di(zlr+1) = ™49 (2|7),
(z+1r) = —vdi(z|7),
V1 (z+7|7) = —e Y (2]7),
Oi(—z/r| = 1/7) = ™72, (2]r). (C.6)

Appendix D: Some group theory for SO(10) GUT
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e Relations between fundamental and other representations:

For SU(N) and SO(2N) gauge groups considered in the paper, we have [20]

1
trAdeLgO(zN) = 2(N-1) tI"ZNFLgO(zN)a (D.4)
tI'QN—l F,S%O(QN) = 2N_4 tr2NF,5%O(2N) (D5)

where the subindex of the trace implies the representation of the group, for in-
stance, a/ (a”*) is the second(third) rank totally antisymmetric tensor representation
of SU(N). In the text, we take the normalization, try(T°T") = 16* for SU(N) and
tron (T°T?) = 6% for SO(2N).

e Computation of traces:
By standard representation theory, we can do the decomposition of the quadratic
Casimir for an adjoint representation of SO(10): under the Pati-Salam,

tragiFaone = tradiFspw + 4r6Fapu) + 12602 F ey + 12602 F g0,
+trAdj FgU(2)L + trAdeS%U(Z)R (D6)

and under the Georgi-Glashow,
traqiFeoo) = traaFaue) + trioFaues) + trFapes) + 8Ff )y - (D.7)

Using the definition trAdj(QiFgo(m)) = facdfbefnc‘iQ?ngO(w)Fsbo(m) and the fact that
Q; is equal to +1(—1) for Zs-even(odd) modes of gauge fields, we get

trAtii(Qng()(1o)) = tI"AdegU(zL) - 4tr6F52‘U(4) - 12tr2FgU(2)L - 12tr2FgU(2)R

== —8tr2F§U(2)L — 8tr2F§U(2)R (DS)
and
tragj(Q2Fé000) = traqiFiue) — trioFeues) — troFsues) — 8Foa)y
= 4tr5F52~U(5) - 8FC27(1)X (Dg)
and likewise
trAdj(QSFgouo)) - 4tr5F§U(5), - 8FL27(1)X,' (D.10)

Let us consider a similar decomposition of the index of the other representation of
SO(10). First, the index of a fundamental representation of SO(10) is decomposed
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as

trmFgo(w) = trGFgU(4) + 2tr2F52U(2)L + 2tr2F§U(2)R

1 1
— tr5F§U(5) + §F5(1)X + trgFgU(5) + 3 5(1);(- (D.11)

Then, with the parity matrices in the traces, we get

tryg (PlFSZ'O(IO)) = _trGFgU(él) + 2tr2F§U(2)L + 2tr2F§U(2)R
= —2tryFipy + 2t F o), + 2traFape, (D.12)

and

1 1
trm(PgFgO(m)) = —tr5F§U(5) — §F5(1)X + trgFgU@ + 5Fg,(l)x =0 (D.13)

and similarly trm(PgFgo(m)) = 0. Next, we also do the decomposition of the index
of a 16 spinor representation of SO(10) as

trlGFSZ'O(lO) — 2tr4F§U(4) + 2trZF§U(4) + 4tr2F§U(2)L + 4131“2F§U(2)R
1
= tri0F3y ) + trsFapes) + 4—0(10 +454 25)Fj - (D.14)
Then, we get the necessary traces for a 16 as
tr16(P1F§O(10)) = 2tr4F§U(4) — 2trZF§U(4) + 4tr2F§U(2)L — 4tr2F§U(2)R
= Aty Fépypy, — 4traF g, (D.15)
and
1
tris(PaFoa0) = —trioFsye + trsFayes) + 4—0(—10 + 45+ 25)F ),
3
= —2tr5Fipes + §F5(1)X (D.16)
and likewise 3

Relations between U(1) generators:

There are three maximal subgroups of SO(10), Georgi-Glashow (SU(5) x U(1)x)
and Pati-Salam (SU(4) x SU(2);, x SU(2)g) and flipped SU(5) (SU(5)" x U(1)x).
For a fundamental representation of SO(10), the U(1) generators are given by

111 1 1
Y = dlag(g,g, 5,—5,—5) X 0'2, X = d1ag(2,2,2,2,2) X 0'2,
B — L =di (22200)><2 Tsr = diag(0,0,0 L 1)><2(D18)
— = diag(—., —. — o = dla —_——, —— o . .
g 373737 ) ) 3R gy, U, u, 27 9
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Thus, we obtain the relation between U(1) generators appearing in the different
subgroups,

1
Y =T+ 5(B~ L), X=—4Tyz+3(B~L). (D.19)

Moreover, by comparing the flipped SU(5) to the Georgi-Glashow as N «» €§ and
u§ <+ df in 16 and hy <> he in 10, we get another relation

1 1
Y:g(—Y’—i—X’), X:g(24Y’+X’). (D.20)
Using the above relations, we can also find the relations between the U(1) gauge

bosons. To this, let us consider the bulk kinetic terms for U(1) gauge bosons Ay, Ax
and a charged field ¢:

1 1 3 1 2
Lowe D 15 Ff — 1 Fi+|[0- \[YA XAy)| D.21
bulk 2 4g%Y 42 x+ 5 Y+\/4—0 X)¢ ( )
where g, = gx at tree level. By writing
3 1 3 1
YAy + —XAx = \/jY'A 4+ ——X'Ax
\/; v A 51 Ayt gt Ax
3
— TypAp + \/g (B—L)Ag 1, (D.22)
and using eqs. (D.I9) and (D:20), we obtain the relations between the U(1) gauge
bosons as
Ay = ( Ay +2V6Ax), Ay = 2fAY+AX
AR - \/7(AY - \/7AX AB L — \/7 \/7AY +AX (D23)
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