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Abstract

We consider the brane-localized supersymmetry breaking in 5D compactified onS1/Z2. In case of a bulk gaugino wit
arbitrary brane masses for its even and odd modes, we find the mass spectrum and the wave functions of gaugino. We
the gaugino masses at the distant brane are soft in the usual sense in the effective field theory with zero modes of b
fields and they are also extremely soft in view of the one-loop finite mass of a brane scalar in the KK regularization.
 2003 Published by Elsevier B.V.
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1. Introduction

Orbifold compactification of extra dimensions is necessary to get a chiral fermion and a lower supersymm
zero modes from higher dimensions [1]. Moreover, in recent works on GUT orbifolds, Scherk–Schwarz tw
have been also used to break the GUT symmetry in higher dimensions into the SM gauge group and brea
the remaining supersymmetry after orbifolding. It is noticeable that as far as the mass spectrum and th
functions are concerned, a Scherk–Schwarz (SS) breaking in orbifolds represented by a local symmet
Lagrangian is equivalent to a Wilson-line breaking along extra dimensions [3,4]. For instance, a SS twist fo
symmetry breaking in orbifolds corresponds to a Wilson line of〈A5〉 �= 0 of the 5D gauge field, and a SS twist f
supersymmetry breaking in orbifolds corresponds to a Wilson line of〈V 1

5 + iV 2
5 〉 �= 0 of theSU(2)R gauge fields

in the 5D off-shell supergravity [5], which is the nonzeroF term of the radion multiplet [6]. There has been a
of discussion on the softness of SS breaking of supersymmetry in 5D compactified on the orbifold in view
one-loop corrections for the zero mode of a bulk scalar [7–12]. It has been shown that the one-loop finite
SS breaking mainly comes from the so-called KK regularization [7,8,11,13].

As an alternative to the Scherk–Schwarz breaking of supersymmetry, in this Letter, we consider the
localized supersymmetry breaking [14–23]. For simplicity, we consider the 5D SUSYU(1) gauge theories o
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S1/Z2 where the brane-localized supersymmetry breaking is parametrized by general brane mass t
gaugino. When one introduces brane mass terms for gaugino, it is likely to simply drop the mass term
odd mode of gaugino [6,19]. However, in case that the wave functions of odd modes have a discontinuit
branes, the odd mass term also contributes to the equations of motion so that it makes the wave function
modes discontinuous on the branes [20–22]. Then, the brane coupling of the even modes are determined
careful integration of the brane action, but not from the equations of motion.

In this Letter, with general brane mass terms for gaugino, we find the mass spectrum and the wave f
of gaugino. While the mass spectrum is the same as the case with a specific Scherk–Schwarz parameter
functions of gaugino are modified due to the brane mass terms. Therefore, we find that the generic bra
terms are not soft even in the usual sense in the effective field theory with zero modes of gauge fields.
show that for the same brane couplings of gauge boson and gaugino, the one-loop finiteness of a brane sc
in our model is guaranteed in the KK regularization scheme. We find that this is the case with distant b
of supersymmetry [15–18], i.e., brane matters at one brane and only brane masses of gaugino at the oth
The one-loop finiteness in our model is due to the distant supersymmetry breaking which is necessary fo
supersymmetric gauge coupling at the brane where matter fields are located.

This Letter is organized as follows. For comparison with our brane-localized supersymmetry breaking,
give a brief review on the Scherk–Schwarz boundary condition in 5D compactified onS1/Z2. In Section 3, we
consider the general brane-localized supersymmetry breaking in the gauge sector and show the wave fun
the mass spectrum of the bulk gaugino. Then, in Section 4, we present the one-loop KK gauge correct
massless scalar located at the brane and discuss its finiteness in the context of the distant supersymmetry
In Section 5, the conclusion is drawn.

2. Scherk–Schwarz boundary conditions

Let us first give a review on the Scherk–Schwarz breaking on orbifolds. One can impose a general SS b
condition on a bulk fieldΦ(x,y) living in S1 with the radiusR as

(1)Φ(x,y + 2πR) = e2πiωΦ(x, y),

wherex, y denotes 4D and extra dimension coordinates respectively andω is the SS parameter. Then, one get
mode expansion of the bulk field as

(2)Φ(x,y) = 1√
2πR

∞∑
n=−∞

ei(n+ω)y/RΦ(n)(x).

After theZ2 orbifolding, which identifiesy with −y in S1, the bulk field becomes even or odd underZ2 as follows

(3)Φ+(x, y) = 1

2

(
Φ(x,y) + Φ(x,−y)

)= 1√
2πR

∞∑
n=−∞

cos
(
(n + ω)y/R

)
Φ(n)(x),

(4)Φ−(x, y) = 1

2i

(
Φ(x,y) − Φ(x,−y)

)= 1√
2πR

∞∑
n=−∞

sin
(
(n + ω)y/R

)
Φ(n)(x)

with the mass spectrum

(5)M2
n = (n + ω)2

R2 , n = integer.
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Therefore, from Eqs. (3) and (4), we can rewrite the SS boundary conditions onS1/Z2 as

(6)

(
Φ+
Φ−

)
(x, y + 2πR) =

(
cos(2πω) −sin(2πω)

sin(2πω) cos(2πω)

)(
Φ+
Φ−

)
(x, y).

For instance, in 5D SUSYU(1) gauge theories compactified onS1/Z2, the bulk gaugino is composed of tw
Weyl spinorsλ1 andλ2, which are even and odd underZ2, respectively. Then, performing a SS twist of the b
gaugino and replacing the twisted gaugino by the untwisted bulk gaugino (λ̃1, λ̃2) as

(7)

(
λ1

λ2

)
(x, y) =

(
cos(ωy/R) −sin(ωy/R)

sin(ωy/R) cos(ωy/R)

)(
λ̃1

λ̃2

)
(x, y),

one can show that the twisted bulk gaugino without mass terms is equivalent to the untwisted bulk gaug
constant bulk mass terms such as

(8)−1

2
(λ1∂yλ2 − λ2∂yλ1) = −1

2

ω

R
(λ̃1λ̃1 + λ̃2λ̃2).

3. Brane-localized supersymmetry breaking

Now we are in a position to consider the brane-localized supersymmetry breaking. We consider a 5D
U(1) model compactified onS1/Z2 with the radius ofR. After orbifolding, there appear two fixed points aty = 0
andy = πR where brane matters can be located. The 5D action for the bulk gaugino we are considering is

S =
∫

d4x

πR∫
−πR

dy

[
λ̄1iσ̄ µ∂µλ1 + λ̄2iσ̄ µ∂µλ2 − 1

2
(λ1∂yλ2 − λ2∂yλ1) + h.c.

(9)− ε0(λ1λ1 + ρ0λ2λ2)δ(y) − επ(λ1λ1 + ρπ λ2λ2)δ(y − πR) + h.c.

]
,

whereε0,π are the dimensionless parameters of brane mass terms for gauginos andρ0,π are the ratios betwee
brane mass parameters of even and odd modes of gaugino at each brane. The brane mass terms hav
considered only at one fixed point inS1/Z2 in the presence of the Scherk–Schwarz breaking [22]. In our cas
consider a more general situation where brane mass terms exist at both two fixed points inS1/Z2.

We have chosen two Weyl components of the bulk gaugino,λ1 andλ2, to be even and odd underZ2 respectively
as the following

(10)λ1(−y) = λ1(y), λ2(−y) = −λ2(y).

Then, when we make a KK reduction of the gaugino as

(11)

(
λ1(x, y)

λ2(x, y)

)
=
∑

n

Nn

(
u

(n)
1 (y)

u
(n)
2 (y)

)
λ(n)(x),

whereiσ̄ µ∂µλ(n) = Mnλ̄(n) with the KK massMn andNn is the normalization constant, the equations of mo
for the gaugino become

(12)∂yu
(n)
1 + (

Mn − 2ρ0ε0δ(y) − 2ρπεπδ(y − πR)
)
u

(n)
2 = 0,

(13)−∂yu
(n)
2 + (

Mn − 2ε0δ(y) − 2επδ(y − πR)
)
u

(n)
1 = 0.
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Now one can find it easy to solve the equation for the ratiotn ≡ u
(n)
2 /u

(n)
1 as follows

(14)
∂tn

∂y
= Mn

(
1+ t2

n

)− 2ε0
(
1+ ρ0t2

n

)
δ(y) − 2επ

(
1+ ρπ t2

n

)
δ(y − πR).

Thus, after integrating both sides of the above equation over an infinitesimal interval around the branes, w
the following limiting values oftn on the boundaries

(15)
1√
ρ0

arctan(
√

ρ0 tn)

∣∣∣∣
y=0+

= −ε0,

(16)
1√
ρπ

arctan(
√

ρπ tn)

∣∣∣∣
y=πR−

= επ .

Then, we get solutions fortn as

(17)tn =
{

tan
[
Mny − arctanα

(
ρ0, ε0ε(y)

)]
, −πR < y < πR,

tan
[
Mn(y − πR) − arctanα

(
ρπ, επε(y − πR)

)]
, 0 < y < 2πR,

where

(18)α
(
ρ0, ε0ε(y)

)= 1√
ρ0

tan
(√

ρ0 ε0ε(y)
)
,

(19)α
(
ρ0, επε(y − πR)

)= 1√
ρπ

tan
(√

ρπ επε(y − πR)
)
,

with ε(y) being the step function of periodicity 2πR given by

(20)ε(y) =
{+1, 0 < y < πR,

0, y = 0,

−1, −πR < y < 0.

Here we noteα(ρ0, ε0) = tanh(
√|ρ0| ε0)/

√|ρ0| for ρ0 < 0 and α(ρπ , επ) = tanh(
√|ρπ | επ)/

√|ρπ | for ρπ < 0.
We also find the mass spectrum of the gaugino as

(21)Mn = n

R
+ 1

πR

(
arctanα(ρ0, ε0) + arctanα(ρπ , επ)

)
,

wheren is an integer. The mass spectrum withα(ρπ , επ) = 0, i.e.,επ = 0, is the same as the result in Ref. [2
Thus, we find that the mass spectrum of gaugino is shifted by the amount given in terms of the bran
parameters. This is equivalent to the one from a Scherk–Schwarz breaking of parameter

(22)ω = 1

π

[
arctanα(ρ0, ε0) + arctanα(ρπ , επ)

]
.

Particularly, forα(ρ0, ε0) = −α(ρπ , επ), we have the remaining supersymmetry restored. This would be the
with two fine-tunings ofε0 = −επ andρ0 = ρπ .

For the strong supersymmetry breaking,ε0  1 and/orεπ  1, the mass spectrum depends on the sign oρ0
and ρπ . For positive sign of odd-mode mass parameters, depending on the large even-mode mass pa
the zero-mode gaugino mass oscillates between two values:M0 � ±1/R for ρ0 > 0 andρπ > 0 in the case
with strong supersymmetry breaking on both branes whileM0 � (±1

2 + 1
π

arctanα(ρπ(0), επ(0)))/R for ρ0(π) > 0
in the case with strong supersymmetry breaking on either brane. On the other hand, for negative sign
mode mass parameters, the leading mass spectrum becomes independent of the large even-mode mas
but the still depends onρ0 and/or ρπ : M0 � [arctan(1/

√|ρ0| ) + arctan(1/
√|ρπ | )]/(πR) for ρ0 < 0 and

ρπ < 0 in the case with strong supersymmetry breaking on both branes whileM0 � [arctan(1/
√|ρ0(π)| ) +

arctanα(ρπ(0), επ(0))]/(πR) for ρ0(π) < 0 in the case with strong supersymmetry breaking on either brane.
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Moreover, from Eqs. (12) and (13), we get the eigenmodes for the gaugino for−πR < y < πR as follows

(23)

(
u

(n)
1 (y)

u
(n)
2 (y)

)
= A

(
ρ0, ε0ε(y)

)(cos
[
Mny − arctanα

(
ρ0, ε0ε(y)

)]
sin
[
Mny − arctanα

(
ρ0, ε0ε(y)

)] ) ,

where

(24)A
(
ρ0, ε0ε(y)

)≡
(

1+ α2(ρ0, ε0ε(y))

1+ ρ0α2(ρ0, ε0ε(y))

)1/2

.

The prefactorA(ρ0, ε0ε(y)) has been already found in Ref. [22]. However, for the analysis of brane coup
of gaugino, we need to know the correct normalization constant which is obtained by inserting the equa
motion in the action as

(25)Nn =
( πR∫

−πR

dy
[(

u
(n)
1

)2 + (
u

(n)
2

)2])−1/2

= 1√
2πR

1

A(ρ0, ε0)
.

Likewise, we get the eigenmodes for the gaugino for 0< y < 2πR as follows

(26)

(
u

(n)
1 (y)

u
(n)
2 (y)

)
= (−1)nA

(
ρπ, επε(y − πR)

)(cos
[
Mn(y − πR) − arctanα

(
ρπ, επε(y − πR)

)]
sin
[
Mn(y − πR) − arctanα

(
ρπ, επε(y − πR)

)] )

with the normalization constant

(27)Nn =
( 2πR∫

0

dy
[(

u
(n)
1

)2 + (
u

(n)
2

)2])−1/2

= 1√
2πR

1

A(ρπ , επ)
,

where we inserted(−1)n in comparison with the previous solutions for 0< y < πR.
Then, the values of even and odd mode functions of gaugino at the branes are given by the definition oε(y) as

u
(n)
1 (0) = 1,u(n)

1 (πR) = (−1)n andu
(n)
2 (0) = u

(n)
2 (πR) = 0 in any case. However, one should be careful in find

thereal brane coupling of gaugino with the integration of the product of a discontinuous mode function and
function. The brane coupling of thenth (n is a nonnegative integer) KK mode of the bulk gauge boson1 is given
as

√
2(1−δn,0) g4 at y = 0 and(−1)n

√
2(1−δn,0) g4 at y = πR whereg4 = g5/

√
2πR. On the other hand, the bran

couplings of thenth (n is an integer) even mode of gaugino aty = 0 and y= πR are given from the integration
of the brane action, respectively,

(28)g0 ≡ g5

∫
dy δ(y)Nnu

(n)
1 (y) = g4A−1

0

sin(
√

ρ0 ε0)√
ρ0 ε0

and

(29)gπ ≡ g5

∫
dy δ(y − πR)Nnu

(n)
1 (y) = g4(−1)nA−1

π

sin(
√

ρπ επ)√
ρπ επ

,

whereA0 ≡ A(ρ0, ε0) andAπ ≡ A(ρπ, επ). Of course, the brane couplings of the odd modes of gaugino tur
to be zero after the integration of the brane action.

For genericρ0,π andε0,π , the brane coupling squared of the gaugino is different from that of the gauge b
Henceforth let us use the word ofbrane coupling for brane coupling squared without confusion. Irrespectiv
of the mass spectrum of gaugino, the same brane coupling of gauge boson and gaugino is necessa

1 The loop correction coming from each massive KK mode with the brane coupling squared of 2g2
4 corresponds to those from two ext

momentum states with the brane coupling squared ofg2
4.
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quadratic divergence, i.e., softly broken supersymmetry in usual sense, for a brane scalar which is located
brane [23]. However, since our mass spectrum of gaugino is given as that of a Scherk–Schwarz twist, t
brane coupling of gauge boson and gaugino would give rise to one-loop finiteness, i.e.,extreme softness of brane
localized supersymmetry breaking, which is the case with the distant supersymmetry breaking as will be
the next section.

Particularly, forρ0 = ρπ = 0, which is the usual assumption in the literature [6,19], the brane couplin
y = 0 and y= πR are proportional to 1/(1 + ε2

0) and 1/(1 + ε2
π ), respectively. In this case, the mass spect

of gaugino isMn = n/R + (arctanε0 + arctanεπ)/(πR), which is the same result as in [23]. Then, imposing
additional conditionε0 = 0 or επ = 0 is necessary for the same coupling at either brane. On the other han
the equal masses of even and odd modes, i.e.,ρ0 = ρπ = 1 [21], the brane couplings aty = 0 andy = πR are
proportional to(sinε0)2/ε2

0 and(sinεπ)2/ε2
π , respectively. In this case, the mass spectrum of gaugino is give

Mn = n/R + (ε0 + επ)/(πR), which is different from the case with vanishing odd mass terms. For the same
coupling of gauge boson and gaugino at either brane, we need the conditionε0 = 0 or επ = 0 again. Thus, for
generalρ0 andρπ , which then contributes to the shape of wave functions and the mass spectrum, we can sh
with the local supersymmetry breaking at the distant brane, the brane couplings of gauge boson and ga
the same at the other brane.

4. One-loop corrections at the brane

As far as the gauge interaction with brane matters is concerned, the only difference between the brane-
breaking and the Scherk–Schwarz breaking comes from the brane scalar-gaugino-brane fermion vertic
reducing the relevant brane interaction of gaugino, we get in the mass eigenstates

L5 ⊃
∫

dy g5
[−√

2iq0φ
†
0λ1ψ0δ(y) − √

2iqπφ†
πλ1ψπ δ(y − πR) + h.c.

]

(30)=
∞∑

n=−∞

[−g0q0
√

2iφ
†
0λ(n)ψ0 − gπqπ

√
2iφ†

πλ(n)ψπ + h.c.
]
,

where(φ0,ψ0) and(φπ ,ψπ ) are brane matter multiplets aty = 0 and y= πR, respectively, andg0,π given by
Eqs. (28) and (29) are brane couplings of gaugino andq0,π denoteU(1) charges of brane matters. For comparis
in the case with a Scherk–Schwarz twist,g0 = g4 at y = 0 which was used to show the one-loop finiteness of
mass of a brane scalar aty = 0 from the infinite sum of KK modes [7].

Thus, due to brane masses of gaugino, the one-loop correction to the mass of a massless scalarφ0 at y = 0 [7,
15,18,23] becomes nonzero as

−im2
φ0

= 4g2
4q2

0

∞∑
n=−∞

∫
d4p

(2π)4

[
1

p2 − (n/R)2 − r0

p2 − (n + ω)2/R2

]

(31)= i
g2

4q2
0

2π2R2

∞∑
n=−∞

∞∫
0

dx x3
[
− 1

x2 + n2 + r0

x2 + (n + ω)2

]
,

wherer0 ≡ g2
0/g2

4, andω given by Eq. (22) corresponds to a sort of SS parameter and in the second lin
changed to the variablex = pER with the Euclidean momentumpE . Likewise, the one-loop correction to th
mass of a massless scalarφπ at y = πR is given bym2

φ0
with (g0, q0, r0) → (gπ , qπ , rπ = g2

π/g2
4). Then, with

the Λ cutoff regularization for the 4D loop integral at each KK level and the cutoff of the number of KK m
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N = [ΛR] [23], we get the one-loop scalar mass as

(32)m2
φ0

= g2
4q2

0

4π2R2

N∑
n=−N

[
(1− r0)(ΛR)2 − n2 ln

(ΛR)2 + n2

n2 + r0(n + ω)2 ln
(ΛR)2 + (n + ω)2

(n + ω)2

]
.

Thus, forr0 �= 1, the one-loop scalar mass aty = 0 has a quadratic divergence as well as a log divergence at
KK level. In fact, r0 �= 1 is not the supersymmetric gauge coupling in the 4D effective field theory with s
broken supersymmetry. For the small brane mass parameters,ε0 � 1, we getr0 � 1+ (2

3ρ0 − 1)ε2
0 +O(ε4

0) from
Eq. (28), which gives rise to the reduction of the sum of quadratic divergences with the cutoff of the numbe
modes [23].

Now let us take a different regularization scheme for the loop divergence. When we can rewrite the o
scalar mass aty = 0 as

(33)m2
φ0

= g2
4q2

0

2π2R2

(
C(0) − r0C(ω)

)
,

where

(34)C(ω) =
∞∑

n=−∞

∞∫
0

dx
x3

x2 + (n + ω)2 ,

and change the infinite sum of KK modes inC(ω) into the contour integral [7,15], we get

C(0) − r0C(ω) = π

2

∞∫
0

dx x2[coth(πx) − r0 coth
(
π(x + iω)

)+ h.c.
]

(35)= π(1− r0)

∞∫
0

dx x2 + 1

4π2

[
2ζ(3) − r0

(
Li3
(
e−2iπω

)+ Li3
(
e2iπω

))]
,

whereζ(3) is the Riemann’s zeta function and Li3(x) is the trilogarithm as

(36)Li3(x) =
∞∑

k=1

xk

k3 .

Therefore, forr0 �= 1, there would still appear a cubic divergent one-loop mass, which corresponds to the
quadratic divergences coming from KK modes. However, there is no other divergence in this regularizat
no cubic divergence in this regularization, we must taker0 = 1, i.e.,ε0 = 0, for which the SS parameter is give
by ω = arctan(α(ρπ , επ ))/π . This is the case with gaugino mediation of supersymmetry breaking at the d
brane [17]. In this case, the one-loop radiative mass squared for a brane scalar is positive and finite, whic
that the brane-localized supersymmetry breaking is extremely soft in the so-called KK regularization schem
infinite sum of KK modes was advocated from the mixed position-momentum propagator of the bulk fiel
Likewise, a massless scalarφπ at y = πR also gets a similar finite one-loop mass forgπ = g4, i.e., επ = 0, for
which the corresponding SS parameter is given byω = arctan(α(ρ0, ε0))/π .

This result also sheds light on the aspect of supersymmetric flavor problem. In the presence of
supersymmetry breaking in the gauge sector, we can generalize the result to the case with a bulk non
group. Thus, we find that radiative soft masses of brane scalars are to be finite and flavor diagonal as

(37)
(
m2

φ0

)i
j

= δi
j

g2
4C2(φ)

4π4R2

∞∑
k=1

(1− cos(2πkω))

k3 � δi
j

g2
4C2(φ)

π2

(
ω

R

)2[3

4
− 1

2
ln(2πω)

]
,
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where we picked up the leading term in powers ofω2 andC2(φ) is the quadratic Casimir of theφ-representation
under the gauge group.

5. Conclusion

To conclude, we considered the brane-localized supersymmetry breaking onS1/Z2 by introducing brane mas
terms for the bulk gaugino. We have found that the brane mass terms for the odd mode of gaugino play
modifying the mass spectrum of gaugino and determining the brane coupling of the even mode of gaug
showed that in the presence of brane gaugino mass terms, the mass spectrum of gaugino is shifted by th
given by brane mass parameters. For the local supersymmetry breaking at the distant brane, we found
gauge corrections to the self-energy of a brane scalar is soft and flavor diagonal at one-loop order.
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