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Abstract

We study radiative corrections localized at the fixed points of the orbifold for the field theory in six
dimensions with two dimensions compactified on the T»/(Z2 x Z4) orbifold in a specific realistic model for
low energy physics that solves the proton decay and neutrino mass problem. We calculate corrections to the

masses of the lightest stable KK modes, which could be the candidates for dark matter.
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1 Introduction

One of the important questions in particle physics today is the nature of physics beyond the standard
model (SM). The new Large Hadron Collider (LHC) machine starting soon, experiments searching for dark
matter of the universe as well as many neutrino experiments planned or under way, have raised the level of
excitement in the field since they are poised to provide a unique experimental window into this new physics.
The theoretical ideas they are likely to test are supersymmetry, left-right symmetry as well as possible hidden
extra dimensions [I][2][3] in nature, which all have separate motivations and address different puzzles of the
SM. In this paper, I will focus on an aspect of one interesting class of models known as universal extra
dimension models(UED) [4](see for review [5]). These models provide a very different class of new physics
at TeV (see [6] for the constraints on size of compactification R ) scale than supersymmetry. But in general
UED models based on the standard model gauge group, there is no simple explanation for the suppressed
proton decay and the small neutrino mass. One way to solve the proton decay problem in the context of
total six space-time dimensions, was proposed in [7]. In this case, the additional dimensions lead to the new
U(1) symmetry, that suppresses all baryon-number violating operators. The small neutrino masses can be
explained by the propagation of the neutrino in the seventh warp extra dimension [§]. On the other hand
we can solve both these problems by extending gauge group to the SU(2)r x SU(2)gr x U(1)p—[9]. Such
class of UED models were proposed in [I0]. In this case, the neutrino mass is suppressed due to the B — L
gauge symmetry and specific orbifolding conditions that keep left-handed neutrinos at zero mode and forbid
lower dimensional operators that can lead to the unsuppressed neutrino mass.

An important consequence of UED models is the existence of a new class of dark matter particle, i.e.
the lightest KK (Kaluza-Klein) mode[II]. The detailed nature of the dark matter and its consequences for
new physics is quite model-dependent. It was shown recently [12] that the lightest stable KK modes in the
model [10] with universal extra dimensions could provide the required amount of cold dark matter [13]. Dark
matter in this particular class of UED models is an admixture of the KK photon and right-handed neutrinos.
In the case of the two extra dimensions, KK mode of the every gauge boson is accompanied by the additional
adjoint scalar which has the same quantum numbers as a gauge boson. In the tree level approximation KK
masses of this adjoint scalar and gauge boson are the same, so they both can be dark matter candidates.
The paper [12] presented relic density analysis assuming either the adjoint scalar or the gauge boson is the
lightest stable KK particle. These assumptions lead to the different restrictions on the parameter space. My
goal in this work was to find out whether radiative corrections could produce mass splitting of these modes,
and if they do, determine the lightest stable one. In this calculations I will follow the works [14],[I5]. Similar
calculations for different types of orbifolding were considered in [16] (7/Z4 orbifold),and [I7](My x S*/Z,
and T?/Z5 orbifolds).



2 Model

In this sections we will review the basic features of the model [I0]. The gauge group of the model is

SU(3)e x SU(2), x SU(2)r x U(1)p—r, with the following matter content for generation :

Q1-,9_=(3,2,1,3); Q4,05 =(31,2,3);
1/11,—71%,_ :(172717_1)7 ¢2,+a¢§,+:(171727—1)§ (1)

We denote the gauge bosons as G4, WiA, le%E,A’ and By, for SU(3)., SU(2)r, SU(2)g and U(1)p—_1,
respectively, where A = 0,1,2,3,4,5 denotes the six space-time indices. We will also use the following short
hand notations: Greek letters u,v,--- = 0,1,2,3 for usual four dimensions indices and lower case Latin
letters a, b, - -+ = 4,5 for the extra space dimensions.

We compactify the extra x4, x5 dimensions into a torus, T2, with equal radii, R, by imposing periodicity
conditions, p(x4,5) = @(z4+27R, x5) = p(x4, x5 + 27 R) for any field ¢. We impose the further orbifolding
conditions i.e. Zo: ¥ — —yand Z : ¢’ — —y ' where § = (24,25), ¥ ' = ¥ — (nR/2,7R/2). The Z5 fixed
points will be located at the coordinates (0,0) and (7R, 7 R), whereas those of Z} will be in (7R/2,+7R/2).
The generic field ¢(x,,, z,) with fixed Zy x Zj parities can be expanded as:

1 n4x +n T
©.0) (na,ms) (o cos< 4 575
2 R(p \/EFR n4+r;cvcnsp ( H)

¢(+7 —) = ;}% Z s0(714,715)('%#)005 <TL4I4 + n5x5)

¢+, +) =

\/iﬂ- na+ns -odd

1 . [ nyTy + n5Ts
(= +)=—F%=— Z eMam5) () sin (
\/QWR na+ns -odd

1 Nn4T4 + Nsx
- )= —= (na.ns) i (LAT4 T 155 9
¢( , ) \/§7TR n4+n'§Z—CVcn <P (I#)Sln ( R ) ( )

One can see that only the (+, —I—) fields will have zero modes. In the effective 4D theory the mass of each

mode has the form: m% =m3 + RQ, with N = 72 = n% + n? and my is the physical mass of the zero mode.

We assign the following Z5 x Z} charges to the various fields:

Gu(+.+): Bu(+,+)i W+, 4) Wi, (4, 4); Wi, (+,-);
Ga(_a_); Ba(_a_); Wziai(_u_);WIB%,a(_u_);W]:%t,a(_u—’—)' (3)
As a result, the gauge symmetry SU(3). x SU(2) x SU(2)r x U(1) p—r, breaks down to SU(3). x SU(2)r, X

U(1)1,, xU(1)p—r on the 3+1 dimensional brane. The WI% picks up a mass R~!, whereas prior to symmetry

breaking the rest of the gauge bosons remain massless.



For quarks we choose,

= (i) ) = (D))
Q= (D)) an=( D))
au=(s ) e=(0T)
oo (1)) = (03))
and for leptons:
sa= (00 ) = (ED):
wa= (000 ) we= (4500 )
o= (200) = ()
= () = (0D .

The zero modes i.e. (+,+) fields correspond to the standard model fields along with an extra singlet neutrino
which is left-handed. They will have zero mass prior to gauge symmetry breaking.

The Higgs sector of the model consists of

_ () bl (+-) Y,
i (¢;(+,+) ba(+,—) )
= () s (800

with the charge assignment under the gauge group,

¢ = (1725270>5
(172517_1)7 XR = (151725_1) (7)

XL

In the limit when the scale of SU(2) is much smaller than the scale of SU(2)g (that is, v, < vg) the
symmetry breaking occurs in two stages. First SU(2)p x SU(2)r x U(1) — SU(2)r x U(1)y, where a linear
combination of Bg_p, and WI%, acquire a mass to become Z’, while orthogonal combination of Bg_, remains

massless and serves as a gauge boson for residual group U(1)y. In terms of the gauge bosons of SU(2)g and



U(1)p—r, we have

_ 9rW3 4 — 95-1BB-L,a

Z = ,
\/ 9%+ 951
9rBB-1.A+ 95-LW3 4
By = R4 (8)

\/9123+91237L

Then we have standard breaking of the electroweak symmetry. A detailed discussion of the spectrum of the
zeroth and first KK modes was presented in [12]. The main result of the discussion is that in the tree level
approximation only the KK modes By, By,, and v, will be stable and can be considered as candidates for
dark matter, and the relic CDM density value leads to the upper limits on R~! of about 400-650 Gev, and
the mass of the Mz < 1.5 Tev. However, radiative corrections can split the KK masses of the By,, and
By, and only the lightest of them will be stable. The goal of this work is to find out which of the two

modes is lighter and serves as dark matter.

3 Propagators

To calculate the radiative corrections, we follow the methods presented in Refs. [I4] and [I5]. We derive the
propagators for the scalar, fermion, and vector fields in the T2/(Zy x Z4) orbifold, ¢ and ¢’ are the Z, and

7, parities respectively, so arbitrary field satisfying the boundary conditions

¢(x47 1'5) = €¢(_$47 _$5)
d(xg,75) = €'¢(TR — x4, TR — 5) (9)

can be decomposed as (we always omit the dependence on 4D coordinates)

¢(£L‘4, $5) = (I)(LL'4, 1'5) + E(I)(—$4, —$5)
+&'®(mR — x4, TR — 15) + e’ ®(x4 — TR, x5 — TR). (10)

The field ¢ will automatically satisfy the orbifolding conditions of Eq. (@), and one can easily calculate
(0|¢p(z4, x5)P(x), 5)|0) in the momentum space. This leads to the following expressions for the propagators

of the scalar, gauge and fermion fields. Propagator of the scalar field is given by

. { 1P (TR)a

1D = M (1 + €¢E:ﬁe Pa(TR) ) (6;Dap; + Ed’épa—p;) R (11)
where p,(TR), = mR(ps + p5). Propagator of the gauge boson in(§ = 1) gauge is

. _ —igaB ! ipa(nR)a
ZDAB—i(l—l-aAa e'? ) Spup! +EA0p,—p ) 12
4(]92 _pg) A ( PaPyg D pa) ( )



where fields A, and A, will have opposite Z» x Zj parities: (e, = —¢q, €, = —¢;,). The fermion propagator
is given by

. o 1 ! ipa(TR)q , ,
1Sp = 74(?—%) (1 + EgEyC ) (6Papa =+ 2455111511117@1) , (13)

where we have defined

Yo = pal's + psTs. (14)

4 Radiative corrections to the fermion mass

Now we want to find corrections for the mass of the v5 field. First let us consider general interaction between

a fermion and a vector boson,
Lint = gepPT ath A%, (15)

where ggp is 6 dimensional coupling constant that is related to the 4 dimensional coupling g by

9= (292?3)' (16)

The gauge interaction will give mass corrections due to the diagram Fig.1 (a). The matrix element will be

- - —
a)
d T b
/ \
! \
o A o o
/
Pa ko k. Pa
b)

Figure 1: Fermion self energy diagrams



proportional to the

d*k 1 1
29/2744(19 k)% — (pa — ka)?

K- /f/
k2 —

x 'z [6k/k +€w2455 K, ]FA[5(p,k)a7(p/,k/)a +€A6(p,k)a1,(p/,k/)a] (17)

The ey and sip, are the Z, x Z} parities of the fermion and £ ,EA/ are the parities of the gauge boson. The
sum is only over the k, which are allowed by the Zs x Z) parities i.e. for the ones where 1+a¢5’ etha(mR)a oL ()

There are two types of terms that can lead to the corrections of the fermion self energy, the bulk terms
appearing due to the nonlocal Lorentz breaking effects and brane like terms which appear because of the
specific orbifold conditions, but the bulk terms for fermion self energy graph appear to vanish (see [19]), so
we will concentrate our attention only on the brane like terms. In the case of our 72/(Zy x Z5) orbifold
they will be localized at the points (0,0), (7R, 7R), (mR/2,£mR/2) (see Appendix). The numerator of the

integrand simplifies to

Pa(W = Ho)T4 e 01 p)0 200 + DAl = Ho)SasT 48010 28,
= 4%5#5 a D, 2k + 4%161&24552%@&,;% (18)

We can then write Eq. (I7) as

Z d4k 4]%/ (e"0po+pl, 2k0 + Ep 24502k, pu—p), )
p k) (pa - ka) )(k2 k?z)

—ig2 — ’
_ Lln <u2) [l’a a2 Y A N W . Vo () 4 eyel vt ey, |

2(4m)? 2
(19)
where A is a cut-off and p is renormalization scale. After transforming to the position space we get
2 2
o = gz (7 ) (B2 as + 20 + TT) (g% - )0)
o+ (I (i) (€ Sam + ) + o)~ Sas — )6} (20)
where
0(I)=6(xq) + 6(xy —mR), O(II) =6(xq — TR/2) 4+ 6(xq + TR/2), (21)

and v is normalized as four dimensional fermion field related to the six dimensional field by 1 = /P (27 R).
In our case the corrections to the self energy of the neutrino will arise from the diagrams with W}‘{ VAR

but one can see that these fields have nonzero mass coming from the breaking of SU(2)g, thus in Eq. (I39)



P2 = P2+ (1 —a)M?

Wiz The contribution of the diagram with W,% will be

2 2
g —A "R . . JE—
5L = m In (H%V ) [5(1){1/5(—84 — 105 )k + (=04 + 105 ) E VL)

+ O(ID){vE (=04 + 105l + (=04 — i85 )VEVEY (22)

where 3y, ~ p? + Mg, . The terms proportional to the §(I) and §(I1) will lead to the corrections to the
four dimensional action that will have equal magnitude and opposite sign, so the total correction to the

fermion mass will vanish. The contribution of the diagram with Z’ will lead to the

9R+QB L1 (A2

) [5([){@(—84 —i05 Uk + (=0, + 105 ) E VL)

SV (94 — i05)vft + (01 + is)uvE} | (23)
where p2, ~ p2+M2,. Let us look on the first term of the formula (23), it is proportional to the §(I)vEd,vF,
but one can see from the KK decomposition (), that profiles of the v{*(+, —) and 9,04 (—, +) are both equal

to the cos(2484£R525) j e, are maximal at the §(I). The same is true for the others terms of the (23], thus

the correction to the effective 4D lagrangian, and KK masses will be

gR—i-gB I A2 —ng —ins \ —5 I, —ng +ins\ —F p
Lip="——"—"1In e RN
D= T 42 ( 12, R veve R i

vine) AR(1r)? W)
So the correction to the mass of the first KK mode for v will be:
(9% +9b-1), (A

om, = ———"“In| — ). 25

™= iR M\ ()
Now we have to evaluate contribution of the diagram Fig.1 (b)

d*k 1 1 K-
N = Zf2/ 27‘( 4 4 (p k) ( —k )2 kQ k2 [Ew245610a —pl,2ka + 8055 a+Pfl,2/€a]7 (26)

where f is the 4D Yukawa coupling , and again we will consider only the terms that are localized at the fixed

points of the orbifold.

d4/€ 1 (K — K. [epZa50p, —pr 2ke + E6Opy+p' 2ka ]
2 a Pa—Pyr4Ra aTPg4Ra
=2t | & / TR0 — ) — 2(kp)as + 726 — (pa — ha)?a]? &)

2We are assuming that at the cut off scale brane like terms are small, and that one loop brane terms are small compared to
the tree level bulk lagrangian, so to find mass corrections we can use unperturbed KK decomposition and ignore KK mixing
terms , in this approximation our results coincide with the results presented in [18].



Proceeding in the same wave as we have done for the diagram with the vector field we find
Y= if? In A {(p(—p' + Pa)eySas (1 + eye ePaPa)(TRa/2y
16(4m)2  \ 12 a T Ha)my Ve

(Vo= a)op(1 + epelyer T2 (28)

In our model we have the following Yukawa couplings
E; ‘bl/);r = ﬁl (1)21/2 + El ‘I)l; Vo + Dl ‘1)2_62 + él (1)262 (29)

So the corrections to the self energy of neutrino will arise from the diagrams with ®J and ®;. This leads to

the following corrections in the lagrangian

f2 A2 — _ ' )
5L = S(1)? In v [6(D{vEigvdt + vE(0y + i0s)vy + (04 — i05) Vi vE} +

FO(ID){—vFigvE + vE (04 — i0s)vE + (04 + 105)VFVE )] (30)

The terms proportional to () and §(II) lead to the corrections to the four dimensional action that will
cancel each other, so the total mass shift due to the diagrams with @2’_ will be equal to zero, thus the mass

of the neutrino will be corrected only due to the diagram with the Z’ boson (23)).

5 Corrections to the mass of the gauge boson

As we have mentioned above the dark matter in the model [I0] is believed to consist from mixture of the
KK photon and right handed neutrinos, so we are interested in the corrections to the masses of the By,
and By, bosons. The lowest KK excitations of the By, and By,, fields correspond to |ps| = |ps| = % , SO
everywhere in the calculations we set (py = p5 = %) At the tree level both By,, and By,, fields have the
same mass %, but radiative corrections can split their mass levels, and only the lightest one of these two
will be stable and could be the candidate for the dark matter. In this case the bulk corrections do not vanish
by themselves but as was shown in the [I5] lead to the same mass corrections for the By, u and By, fields.
First we will calculate radiative corrections for the By, field (calculations are carried out in the Feynman
gauge £ = 1), see Fig.2 for the list of the relevant diagrams. The contribution of every diagram can be

presented in the form:

AL — 1 9B _19R ( A? )
AU 9h b \ iy
2 /2
Pa t+ Pa
X Ap2g;w + Bpup,j + CTgHV 4+ DMI%VRgHV] (31)



1)

(c)-ghost loop, (d, e, f)-loops with

mu’

Figure 2: self energy diagrams for the By, fild:(a,b)-loops with W}j{
W}j{_, (g, h,1)-with goldstone bosons Xﬁ, (j)-fermion loop

The coefficients A, B, C, D are listed in the Table 1. The sum of all diagrams is equal to

) 2 2 2 2, 2
. { 9B-19R A > { Py + P | 22, 4
iIl,, = In 149, —— + — (PG — PuDv)| - 32

M AAr )2 g+ 9%, <M12/VR Ty 3 (P o = Dub) (32

this leads to the following corrections to the lagrangian

o= (Fegrorn ) [ G |95 o

These diagrams will not lead to the mass corrections due to the factor [§(1) — §(1I)]. The field By also

Yp_L

interacts with xz and ¢, because the U(1)y charge is equal to Qy = T} + —5%, where Yp_r, is U(1)p_L

hypercharge. These diagrams will have the same structure as diagrams (g) and (h), the only difference will

be that xr and ¢ will have no mass from the breaking of SU(2)g. The contribution from the fields xr and

10



Table 1: Coefficients A,B,C,D for the self energy diagrams for By, from the gauge sector and X§

Diagram | A B C | D
(a) 19/31-22/3 ]9 |18
(b) 0 0 6 | -12
(c) 1/3 [2/3 [-1]-2
(d) 4/3 | -4/3 | -4 |-8
(e) 0 0 4 |8
5 0 0 1210

(@ xz |0 |0 2 |4
(h)xz |-2/3]2/3 [2 |4
() 0 0 0 |4
(1) 0 0 0 [0

g’Jr will have the factor [§(I) — 6(I1)], so only the loops with ¢%~ lead to the nonvanishing result.

2 2 2
5L = 1 29B7L29R In A_ 5(I)+6(II) _EF#UFHV
12(4m)% g% + 951, u? 4 4
1 927 92 2 A2
2 _ B-LIR 4 A
S T R R <u2 ' (34

Now we will calculate the mass corrections for the By, field. At the tree level the mass matrix of the By,
arises from (—%(F45)2), and it has two eigenstates: massless and massive. The massless one is eaten to
become the longitudinal component of the KK excitations of the By, field, and the massive state behaves
like 4D scalar, and is our candidate for dark matter. In our case (py = ps = %), the (B4 = B“;\@R”) is the
longitudinal component of the By, and B_ = % is the massive scalar. Nonvanishing mass corrections
will arise only from the loops containing ¢% ~ fields, the other terms will cancel out exactly in the same way

as for the By, field.

. 2 2 2
. —1 9B-LIR / / A
Ha = c cda — Pa 1 )
Mo = qany 7 + gy PPl ~ parelIn <u2>
1 1 9% .9% A? §(I) +6(11)
5L = = (Fy5)? In (= || |22
2 TP 2+ g, 2 4
1 9B 9% 2 A?
omy, = — —In( = 35
TBye T T v g B2\ WP (35)

Comparing equations (B3] and ([34)), we see that in the one loop approximation By _ will be the lighter than
By, so our calculations predict that within the model [10], dark matter is admixture of the By _ and 1
fields. It is interesting to point out that the same inequality for the radiative corrections to the masses of

the gauge bosons was found in the context of model [16].

11



6 Conclusion

We studied the one-loop structure in the field theory in six dimensions compactified on the T2/(Z2 x ZJ)
orbifold. We showed how to take into account boundary conditions on the Ts/(Z2 x Z4) orbifold and derived
propagators for the fermion, scalar and vector fields. We calculated mass corrections for the fermion and
vector fields, and then we applied our results to the lightest stable KK particles in the model [I0]. We
showed that the lightest stable modes would be, By _ and v, fields. These results are important for the

phenomelogical predictions of the model.
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Appendix

In the appendix we will show that contribution of the terms, which do not conserve magnitude of the |p,],
will lead to the operators localized at the fixed points of the orbifold. We will follow the discussion presented
in the work of H.Georgi,A.Grant and G.Hailu [14] and apply it to our case of T?/(Zy x Z}) orbifold. So let

us consider general expression.

(14 ermtmetms) ) BTy P) (36)

N =

>

Pl =Pa+
where T' is some generic operator, 9 is six-dimensional fermion field, and factor 1 + e™("4+m5) appears
because initial and final fields have the same (Zy x ZJ) parities. The action in the momentum space will be
given by
1 1 , _
S = (1 / z(ﬂ'R)apa) (1 zﬂ'(m4+m5)) (1 ! i(mR)aka ) / r , 37
Z—(%R) Zm g (1+eee +e +eiee b(p)Te(p),  (37)
Pa Pl =Pa+
where €; ., €], are the Zy and Zj parities for the particles in the internal and external lines of the diagram
respectively, and k, is the momentum of the internal line (we omit integration over the 4D momentum in

the expression). Transforming fields « to position space we get

27TR SRR Z / dzqda), e~ PeetiPata .

Pa p,=pa+t+

[ et ) (1 4 eyl T n ptmal 0/2) e”<m4+m5>>} T Ty(), (39)

12



the upper and lower signs in the expression (1 4 ;¢! ("f)a(Patpatma/R)/2) correspond to the ky = % in

the propagator. Now we can use identities:

eipa(xafz:})

pza W = 0(xq — ),

[e'e] i (o9} T
Z er = Z o(m — —27TR). (39)
SO
§=1 / 4O D)) 3 [50ma — =2 + 6(ma — = — 2 +
4 - 2TR 2 2R
1 1 wa | f(eigh)eee)) for kg = 23
+(Bma = § = 5+ 8ma+ § — ) ) { for hy, = Pt “0)

So the brane terms will be localized at the points (0,0), (7R, 7R), (£7R/2,£7R/2).
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