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@ Motivation: warped SUSY GUT and SUSY Breaking

9 Setup: 5-Dim SU(N) with Warped Compactific'’n on St/Z,

© Analysis: KK Expansions and Effective Potential
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U st SY/7,
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—7mR 0 Yy ! "
Zo identification
Py

Fy

In general fields are twisted :

St: Au(y +27R) = UAy(y)u™?
Zy: Aw(-y) =+ PoAw(y)Pot
Z): Aw(rR+y) =+PiAy(#R —y)P*

where P5 =PZ =1and U = P;Py.
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U st SY/7,

. . . -
—7mR 0 Yy ! "
Zo identification
Py
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In general fields are twisted : Comments:

1 B 1 @ Only two are
S*: Am(y +27R) = UAy(y)U independent.
Zy: Au(-y) =+ PoAw(y)Po @ For SU(N),

Z): Aw(rR+y) =+PiAy(#R —y)P* eigenvalues of P;
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1 B 1 @ Only two are
S*: Am(y +27R) = UAu(y)U independent.
Zy: Au(-y) =+ PoAw(y)Po @ For SU(N),

Z): Aw(rR+y) =+PiAy(#R —y)P* eigenvalues of P;
are +1.
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5-dim SU(5) GUT on St/Z,

Kawamura’s realization of doublet-triplet (2-3) splitting

Take [Kawamura ‘00, '01; Altarelli, Feruglio '01; Hall, Nomura '01, '02; Hebecker, March-Russell '01]

—I —I
Po = Is, P1=< s Iz), U=P1Po=< s |2>.

Then, (Pg, P1) parities are

_ 4 ++ +- -— —+
5”’5H:<++>’ A“:<+— ++>’ Ay:<—+ ——>'
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Kawamura’s realization of doublet-triplet (2-3) splitting

Take [Kawamura ‘00, '01; Altarelli, Feruglio '01; Hall, Nomura '01, '02; Hebecker, March-Russell '01]

—I —I
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Then, (Pg, P1) parities are

_ 4 ++ +- -— —+
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KK expansions for n-th mode: Comments:
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o {3} (3 )y
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_ 4 ++ +- -— —+
5”’5H:<++>’ A“:<+— ++>’ Ay:<—+ ——>'
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Gauge Twist and Scherk-Schwarz SUSY Breaking

Similarly, for SU(2)r auxiliary gauge field, continuous twists
cosf —sind 1 cosf  sind
U= <sin9 cos&)’ Po = < —1)’ Pr= <sin9 —cos@)

yield SUSY breaking: Mgysy =~ (9/R Recall: U = Py Py, P2 = PZ = 1
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yield SUSY breaking: Mgysy =~ (9/R Recall: U = Py Py, P2 = PZ = 1

@ It would be beautiful if we can @ However, quantum correction
break also SUSY by twist. leads [von Gersdorff, Quiros, Riotto '02]

@ One might think of putting 0=0 or H~1

)om M . 10-13
susy/Mgur w/o extra boundary term.
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Gauge Twist and Scherk-Schwarz SUSY Breaking

Similarly, for SU(2)r auxiliary gauge field, continuous twists

cosf —sind 1 cosf  sind
u_<sin9 cos&)’ P°_< —1)’ 7Dl_<sin9 —cos@)
yield SUSY breaking: Mgysy =~ (9/R Recall: U = Py Py, P2 = PZ = 1

@ It would be beautiful if we can @ However, quantum correction
break also SUSY by twist. leads [von Gersdorff, Quiros, Riotto '02]

@ One might think of putting 0=0 or H~1

)om M . 10-13
susy/Mgur w/o extra boundary term.

at classical level. (sawier, Hai, Nomura017 @ SUSY unbroken

or broken at GUT scale!



Motivation: Warped SUSY GUT 5-dim SU(5) GUT on st Z

Scherk-Schwarz SUSY Breaking
Motivation: Warped Space, Two Hierarchical Scales

Motivation

We can use large hierarchy
In Randall-Sundrum
warped compactification,
which is also on St/Z,,
if we learn how to treat
continuous Wilson lines
associated with continuous twists!
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AdS Metric for
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!
os| Warp factor
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Scherk-Schwarz SUSY Breaking
Motivation: Warped Space, Two Hierarchical Scales

Randall-Sundrum Geometry

AdS Metric for

—-mR <y < 7R: @ Myy in this coordinate frame
(normalized at UV brane)
will be observed as

the physical mass:

e~ 2kVlp,, dxtdx” + dy?

(k: [AdS radius] * < Mpjanck)

e~y mig = e “"Myy,

sl Warp factor

[

by an observer at IR brane.

04]

02]

Ky

I 2 7 T 10

UV bran IR brane
y=0 y=7R
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Randall-Sundrum Geometry

AdS Metric for

—-mR <y < 7R: @ Myy in this coordinate frame
(normalized at UV brane)
will be observed as

the physical mass:

e~ 2kVlp,, dxtdx” + dy?

(k: [AdS radius] * < Mpjanck)

e~y mig = e “"Myy,

o| Warp factor by an observer at IR brane.

o @ If, say, KR ~ 11,
large hierarchy generated
UV b IRb = k™R 10715
v oran ) orans a=e ~ 107
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

Winson Line in Orbifold S*/Z,

@ In compact space, there’s non-contractable loop.
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In compact space, there’s non-contractable loop.
Integral along the loop cannot be gauged away.

Wilson line:
R
/ dy Ay
—7R
becomes dynamical d.o.f.

Only zero modes (massless KK mode) survive the integral.
Therefore, Wilson line <= zero modes of A,
(Ay), flat direction classically

W = Pexp
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In compact space, there’s non-contractable loop.
Integral along the loop cannot be gauged away.

Wilson line:
R
/ dy Ay
—7R
becomes dynamical d.o.f.

Only zero modes (massless KK mode) survive the integral.
Therefore, Wilson line <= zero modes of A,

(Ay), flat direction classically

(Ay), determined by one-loop effective potential

W = Pexp
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

Winson Line in Orbifold S*/Z,

In compact space, there’s non-contractable loop.
Integral along the loop cannot be gauged away.

Wilson line:
R
/ dy Ay
—7R
becomes dynamical d.o.f.

Only zero modes (massless KK mode) survive the integral.
Therefore, Wilson line <= zero modes of A,

(Ay), flat direction classically

(Ay), determined by one-loop effective potential

Make use of zero modes of A, as adjoint Higgs fields.

Kin-ya Oda Wilson Lines in Warped Space

W = Pexp




Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

General Twists, Zero Modes

@ Most general SU(N) gauge twists can be
block-diagonalized into SU(2) subspaces:

U— cosf) —sind P _ 1 P, cos® sind
“\sing coso ) O —1)> "7 \sing —cosh)’

other than diagonal blocks with +1's.
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

General Twists, Zero Modes

@ Most general SU(N) gauge twists can be
block-diagonalized into SU(2) subspaces:

cosf) —sind 1 cos® sind
U= (sine cos ) » Po= < —1> » P1= (sine —cos@) ’
other than diagonal blocks with £1’s.
@ Zero modes of (Ay) is living only inside each SU(2).
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General Twists, Zero Modes

@ Most general SU(N) gauge twists can be
block-diagonalized into SU(2) subspaces:

U— cosf) —sind P _ 1 P, cos® sind
~ \sind cosb )’ O ~1)> "1~ \sind —cosd)’
other than diagonal blocks with +1's.

@ Zero modes of (Ay) is living only inside each SU(2).

@ Kawamura’s twist doesn’t contain any SU(2) blocks
and hence any continuous d.o.f.
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

General Twists, Zero Modes

@ Most general SU(N) gauge twists can be
block-diagonalized into SU(2) subspaces:

U— cosf) —sind P _ 1 P, cos® sind
~ \sind cosb )’ O ~1)> "1~ \sind —cosd)’
other than diagonal blocks with +1's.

@ Zero modes of (Ay) is living only inside each SU(2).

@ Kawamura’s twist doesn’t contain any SU(2) blocks
and hence any continuous d.o.f.

@ Hereafter concentrate on a SU(2) block with above twists.
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

Hosotani Mechanism

Large gauge transformation

Q=eT: g(A) - glA) -2, 0-0-p, mpom,

T: gauge direction of the zero-mode (r « o, in this case)
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Q=eT: g(A) - glA) -2, 0-0-p, mpom,

T: gauge direction of the zero-mode (r « o, in this case)
@ Defined only in covering space R, non-periodic
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Hosotani Mechanism

Large gauge transformation

Q=eT: g(A) - glA) -2, 0-0-p, mpom,

T: gauge direction of the zero-mode (r « o, in this case)
@ Defined only in covering space R, non-periodic
@ (Ay) nor twist ¢ invariant, while KK masses invariant
@ Can gauge away one of them but not both
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Hosotani Mechanism

Hosotani Mechanism

Large gauge transformation

Q=eT: g(A) - glA) -2, 0-0-p, mpom,

T: gauge direction of the zero-mode (r « o, in this case)
@ Defined only in covering space R, non-periodic
@ (Ay) nor twist ¢ invariant, while KK masses invariant
@ Can gauge away one of them but not both

@ When we fix to, say, ¢ = 0 gauge,
(Ay) is determined by one-loop effective potential
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Setup: Warped 5-Dim SU(N) on Sl/’Zz Gauge Twists and (Ay ) Are Mixed
Hosotani Mechanism

Hosotani Mechanism

Large gauge transformation

4

Q=e": 9<Ay>—>9<Ay>—ﬁa 0—0—p, mp—mp

T: gauge direction of the zero-mode (r « o, in this case)
@ Defined only in covering space R, non-periodic
@ (Ay) nor twist ¢ invariant, while KK masses invariant
@ Can gauge away one of them but not both

@ When we fix to, say, ¢ = 0 gauge,
(Ay) is determined by one-loop effective potential

@ Symmetry breaking pattern
determined by dynamics rather than by hand!
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Kaluza-Klein Expansions, Simple when Even or Odd

@ When field has definite odd or even patrity,
KK expansions, obtained straightforwardly (cherghetta, Pomaroi‘00]
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Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Kaluza-Klein Expansions, Simple when Even or Odd

@ When field has definite odd or even patrity,
KK expansions, obtained straightforwardly (cherghetta, Pomaroi‘00]

@ Asin flat case, there is zero mode of Ay
contributing to Wilson lines
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Kaluza-Klein Expansions, Simple when Even or Odd

@ When field has definite odd or even patrity,
KK expansions, obtained straightforwardly (cherghetta, Pomaroi‘00]

@ Asin flat case, there is zero mode of Ay
contributing to Wilson lines

@ This time, it is not flat but
exponentially localized on IR brane o z(y)?, where

z(y) = eIVl

(Recall: k is [AdS curvature radius] ! < Mpjanck)
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
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Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
@ Perform large gauge transformation as in flat case
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
@ Perform large gauge transformation as in flat case

Large gauge transformation (same as before)
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
@ Perform large gauge transformation as in flat case

Large gauge transformation (same as before)

—i, 0—0—-¢, my—m
TR

Q~e¥: v=g(A) —gA))

@ This time, all higher KK modes other than
zero mode « z?, generated too
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
@ Perform large gauge transformation as in flat case

Large gauge transformation (same as before)

—i, 0—0—-¢, my—m
TR

Q~e¥: v=g(A) —gA))

@ This time, all higher KK modes other than
zero mode « z?, generated too

— We've found a gauge-transf. to remove higher modes!
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Expansions for Most General Twist and B.G.

@ Difficulty: Non-diagonal twist 6 # 0
@ Perform large gauge transformation as in flat case

Large gauge transformation (same as before)

—i, 0—0—-¢, my—m
TR

Q~e¥: v=g(A) —gA))

@ This time, all higher KK modes other than
zero mode « z?, generated too

— We've found a gauge-transf. to remove higher modes!
— Then we can freely take # = 0 gauge (or whatever)
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Exp’ns for Most General Twist and B.G. (Cont'd)

KK expansions in ¢ = 0 gauge:
2

N vz? vz
AL~ cosTile(y)smT z [and1(pnz) + BnY1(unz)],

n vz? . vz?\ L,

+1 fory >0,

where z = eklYl v ~ (A,) and =
Ay) ) {—1 fory < 0.

Note:
@ ap, On, coefficients of two independent solutions to KK eq
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Exp’ns for Most General Twist and B.G. (Cont'd)

KK expansions in ¢ = 0 gauge:
2

N vz? vz
AL~ cosTile(y)smT z [and1(pnz) + BnY1(unz)],

n vz? . vz?\ L,

+1 fory >0,

where z = eklYl v ~ (A,) and =
Ay) ) {—1 fory < 0.

Note:
@ ap, On, coefficients of two independent solutions to KK eq
@ 1, dimensionless KK masses
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

KK Exp’ns for Most General Twist and B.G. (Cont'd)

KK expansions in ¢ = 0 gauge:
2

N vz? vz
AL~ cosTile(y)smT z [and1(pnz) + BnY1(unz)],

n vz? . vz?\ L,

+1 fory >0,

where z = eklYl v ~ (A,) and =
Ay) ) {—1 fory < 0.

Note:
@ ap, On, coefficients of two independent solutions to KK eq
@ 1, dimensionless KK masses
@ Wave functions continuous, even if accompanied by ¢(y)
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Calculation of Effective Potential for (Ay)

Effective potential forv = <Ay>/k (Recall: k = [AdS curvature radius] ~* < Mpjanck)

Veir(V) = a*lir + luy

(ka)* Ood 310q |1 lo(X)K1(x) — Ko(x)l1(x) — 2 cosa—?v
g J, s [ )

+ 2l0()l1(x) (7 + log %)

9

where a = e *™R ~ 1015 is warp factor
© Dimensional reduction in UV frame
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Calculation of Effective Potential for (Ay)

Effective potential forv = <Ay>/k (Recall: k = [AdS curvature radius] ~* < Mpjanck)

Veir(V) = a*lir + luy

(ka)* Ood 310q |1 lo(X)K1(x) — Ko(x)l1(x) — 2 cosa—?v
g J, s [ )

+ 2l0()l1(x) (7 + log %)

9

where a = e *™R ~ 1015 is warp factor
© Dimensional reduction in UV frame
@ Dim-reg in 4-dim with infinite number of KK towers
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Calculation of Effective Potential for (Ay)

Effective potential forv = <Ay>/k (Recall: k = [AdS curvature radius] ~* < Mpjanck)

Veir(V) = a*lir + luy

(ka)* Ood 310q |1 lo(X)K1(x) — Ko(x)l1(x) — 2 cosa—?v
g J, s [ )

+ 2l0()l1(x) (7 + log %)

9

where a = e *™R ~ 1015 is warp factor
© Dimensional reduction in UV frame
@ Dim-reg in 4-dim with infinite number of KK towers

@ Zeta-function regularization,
replacing infinite KK sum by contour integral
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Calculation of Effective Potential for (Ay)

Effective potential forv = <Ay>/k (Recall: k = [AdS curvature radius] ~* < Mpjanck)

Veir(V) = a*lir + luy

(ka)* [~ 4 lo(X)K1(x) — Ko(x)l1(x) — 2 cosa—?v
e, ten 1= G e )

_|_

where a = e *™R ~ 1015 is warp factor
© Dimensional reduction in UV frame
@ Dim-reg in 4-dim with infinite number of KK towers

@ Zeta-function regularization,
replacing infinite KK sum by contour integral

© |r, lyy: independent of v and a
— Can be renormalized by brane tensions
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?
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v/

Fixed to ¢ = 0 gauge, a = 1015
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?

0.1 401
_ 005 1005
Ul
>

0 40
-0.05 4 -0.05
0 T bd 3 2n
2 2
v/

Fixed to ¢ = 0 gauge, a = 1015
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?

@ Symmetric vacuum chosen
ot dynamically
_ 0% (Restored U(1))
0
-0.05 ‘
0 s b 3 2n
2 2
v/

Fixed to ¢ = 0 gauge, a = 1015
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?

n 3
: ? - ? & @ Symmetric vacuum chosen
oty ot dynamically
005t {005 (Restored U(1))
” ob o @ Adding e.g.
many adjoint fermions
Rk ; e NSO leads to DSB vacuum.
e Z (SU(2) completely broken)

Fixed to ¢ = 0 gauge, a = 1015
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KK Expansions
Analysis: KK Expansions and Effective Potential 1-Loop Determination of Wilson Lines

Effective Potential for (Ay)

Normalized effective potential ~ a~*Veg
vs  Dimensionless VEV (A,)/ka?

n 3
0 2 n 3 2r
‘ ? ? @ Symmetric vacuum chosen
oty ot dynamically
005t {005 (Restored U(1))
of 1o @ Adding e.g.

many adjoint fermions

s - e NSO leads to DSB vacuum.
e 2 (SU(2) completely broken)
Fixed to # = 0 gauge, a = 10~ %° @ DSB scale is ka ~ TeV!
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Summary

@ Studied 5-dim SU(N) pure gauge theory
with warped compactification on S/,
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Summary

Summary

@ Studied 5-dim SU(N) pure gauge theory
with warped compactification on S/,
@ Kaluza-Klein expansions obtained
for most general gauge twist and (Ay)
by clarifying large gauge transformation for this setup
@ Obtained full one-loop effective potential for (Ay)

@ Outlook
@ Inclusion of bosons and fermions in various rep’s
(All conceptual difficulties solved!)
@ Gauge-Higgs unification models

[In flat space: Haba, Shimizu '03; Scrucca, Serone, Silvestrini, Wulzer '04; Biggio, Quiros '04]
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Summary

Summary

@ Studied 5-dim SU(N) pure gauge theory
with warped compactification on S/,
@ Kaluza-Klein expansions obtained
for most general gauge twist and (Ay)
by clarifying large gauge transformation for this setup
@ Obtained full one-loop effective potential for (Ay)

@ Outlook

@ Inclusion of bosons and fermions in various rep’s

(All conceptual difficulties solved!)
@ Gauge-Higgs unification models

[In flat space: Haba, Shimizu '03; Scrucca, Serone, Silvestrini, Wulzer '04; Biggio, Quiros '04]

@ Dynamical Schwerk-Schwarz SUSY breaking

Necessary to find a supergravity configuration

proposed by Abe and Sakamura

[Recently appeared toy models: Eto, Maru, Sakai '03; Correia, Schmidt, Tavartkiladze '04]
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