9

RAIF IR REMIN 712022
2023/03/16

SYZ,A—ETA—=)LRLED SUN) T—185m
([CHNVTDENEFRDFFER 317

Presented by: Kota Takeuchi (Hiroshima U.)

Based on: KT, T. Inagaki, arXiv:2301.12938 [hep-th]



‘ Table of Contents

01. Introduction: the Arbitrariness problems of BCs
02. Techniques for Analysis
03. Results

04. Summary




Introduction



‘ Extra dimensions

matter (fermions) gauge bosons
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up quark charm quark top
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quark

leptons

SM: 4-dimension String Theory: 10-dimension
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‘ Extra dimensions

models
* Gauge Higgs Unification (GHU),
- Large Extra Dimension (LED),
- Randall Sundrum (RS),

Scenario beyond the SM:
4-dimension +.Extra-Dimension?

approach

* Hierarchy Problems,
(% * DM, Strong CP, Baryon Asym,
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Fairlie (1979)
Manton (1979)

‘ Gauge Higgs Unification sosotan (1983

Embedding Higgs in extra-dimensional.components.of gauge fields

M= (xky) Ay =A,4,)  (u=01273)

LSM = gauge + fermion + Higgs + Y\kwoL

"

U

L2 = gauge + fermion Naturally solve Hierarchy Problem

Reduced parameters and high predictability

@



‘ Boundary Conditions (BCs)

infinite interval: y € (—oo, +0)

S compactification

Ty

¢(y = +00) = 9¢(y = £o0) =0

finite interval: y € [ 0, 21R)
0

¢y =0) = +o(y = 27R)?
oy =0) = —¢(y = 2mR)?
oy =0) = e’¢p(y = 2mR)?

There are many.candidates for BCs. %




P, P
y—> —y—>y +2nR
*

&) s'/z, Orbifold —

SU(N) gauge theory with S*/Z, orbifold

S1/Z, compactification

BCs: two parity transformations

identificated Au(xv 0— y) — PoAu(fUa 0+ y)PO
- A (z,TR—y) =P A,(x,TR+y)P,

P; (i = 0,1) are any N XN matrices satisfying,

1

P?=1, P' =P

There are many.candidates for BCs. %




Haba et al.(2004)

‘ the Arbitrariness Problem of BCs

Different BCs produce different symmetry.

e.g.) SU(3)model

Py P, symmetry
(+1,+1,+1) (+1,+1,+1) SU(3)
(+1,+1,-1) (+1,+1,—-1) || SUR)xU(1)

diag
(+1,+1,-1) (+1,-1,+1) || U(D)xU(D)
(+1,+1,-1) (+1,0,) U(1)
Which BCs should be selected? : Candidates:

the Arbitrariness Problem of BCs e



[P’ Qz,y; — y) PO (2, y; +y)]

ouP =0, PT=p

‘ Equivalence Classes (ECs) 7 oo

Haba et al. (2003)
Haba et al.(2004)

Some of BCs are connected by a particular gauge transformation:
— Equivalence Classes (ECs)

Which ECs?
(Po, Pr) ~ (P, P{) PN
l f’\‘l \
\ \
The number of ECs in SU(N) on S*/Z,: (N + 1)2 \__B SN C\.
N—-2 ,//, \\\\ \:::_\\
N+3C'3 — Z k+1C1 N—g—1C1 = (N 4+ 1)? '\ C\ K /’ ‘
k=0 \\ // '\ //
The remaining arbitrariness: Candidates: -

Which.of the (N_+.1)% ECs.should be selected? %



[aMPi/:0> Pi,T:Pi/ ]

‘ O u r WO rk KT, T. Inagaki, arXiv:2301.12938 [hep-th] /

Are.there really. (N.+.1)? a lot.of ECs?
Not connected more?

(Po, P1) ~ (P, Pp) - -

/ N7 RN
Previous: . f_\.‘, ( S
\ BCs \

Pz/:Q<x7yz_y)PzQT(x7yz+y)a yOZO, Y1 =R e RN Sso-

4 \ -7 TS
/ \ 7 \
. a. ! o
Gauge transf.  §2(y) = exp [i)c*T*] T'™: generators ‘\C\ K ( .) |

c? : constants S 7

Candidates:
%> Analyzing comprehensively by: Q(y) = exp [i[f“(y)T] %



Techniqgues for Analysis



Haba et al.(2004)
Kawamura et al.(2020)

‘ Simultaneous Diagonalizable

Tech. 1

Always simultaneous.diagonalizable on S'/Z, o: diagonal
ECs—--

BCs / K\'
diag ? / /\diag .
(Po, P2 % (7, P C\, 'j

E’{ = Qz,y; — y) PO (z,y; + yﬂ \ Just examine the one
Q

(y) = exp [1.f*(y)T"] from.diagonal.to.diagonal %

(Po, P1) ~ (P58, P;*)




[y():Ot ylan]

ClaSSificatlon Of GeneratOrS Kawamura et al.(2020)

Exchangeability with P; :

Tech. 2 .
' : p P1 |commute antl—t
Classify U(N) generators into 4-types 0 commute
commute A+ Ay
{T9) = {T*} @ (T*} @ {T*} @ (T ) i
anti-
commute To-+ T4~

Requirements for building ECs:

commutative : f“(y; +y) — f*(y; —y) = const.
anti-commutative: f*(y; +vy) + f*(y; — y) = const.
N { aTfa a
Just examine, P{ = e {0 /T p, %

diag ? / /\diag
(P07P1) _>(P07P1)

P = Q(z,y; — y)PY (z,y; + v),
Qy) = exp [i f*(y) T







Result:

P’ — e_i(fa $fa)TaP

\

fe(y) =c/2

‘ for Global parameters

c%: constant

[ com. feyi+y)—fiyi—y) =0

(yO= O!Yl = T[R)

anti. fYyity)+f%0yi—y) =c?

< |

Generator {7%}

(F5, 1)

Commute: {T%++}

(Po, 1)

Mixed: {T %+-}

(Po, 6iT+_P1)

anti-commute: {T%--}

73 Y 3
\6 P(),e Pl)

T+— — Ca+_Ta+_

T—— = c@—-Ta——
> connect nothing
> connect nothing

> connect nothing @



UV-brane

—

Bulk

for Local parameters

IR-Brane

\

y=0(=yo)

\

0 <y<mR




Result:

‘ for Local on UV-brane

P! = e~ iU FOTp

\

UV limit: y - 0

[ com. fey;+y) -

anti. fYQi+y)+ 1%y

—y)—>0

Yo= 0,y = 7R
yea 0= 0y=R)

s

Generator {7'“}

(Fg, Pr)

Commute: {T%++}

(PO,Pl)

Mixed: {T%+-}

(P07

anti-commute: {T %--}

T P, ‘P1

/fa(y) any function\
)2 p------ |
sip~S
\__ Y0=0 y=nR ")
To~ =co T
Ty~ =c; T%-

> connect nothing
> connect nothing

> produce (N + 1)2@



‘ for Local on Bulk & IR-brane

Result:

P’ — e_i(fa $fa)TaP

\

Bulk & IR: 0 <y < 7R

[ com. feyi+y)—feyi—y) =cf (+0)

s

( feG) ~tanh(y—y) )

cf/2 Temm e ——

> Y

Vi

N jchieved by parameters with a kink!

Generator {7%}

(Fg, P1)

Commute: {T%++}

Mixed: {T %+-}

anti-commute: {T%--}

a — — — —

\_Ci /2 = /

a
‘ le"l' — C0++Ta++

a
T1++ — Cl ++Ta++

> ?

> connect nothing

> connect (N + 1)2@



Result: IR
‘ for Local on Bulk & IR-brane @7

P! = =i FfITp (" fe) ~tanh@y-y) )
cl/2 M ——
Bulk & IR: 0 <y < 7R y
Y /o/ . Yi
4 a _ fa _ _ .a —c; /2 N -t
com. fUi+y) =4y —y) =cf (#0) - /
\. e schieved by parameters with a kink! Tt = C(C)l++Ta++
Generator {7*} (Py, Py) Tt = T+
. N
Commute: {T%++} (7" Py, 1)) (P, 62T1++P1 > connect all set of BCs!
Mixed: {T %+-} (P, '™ Py) > connect nothing
anti-commute: {T%--} (6iT0__Po, eiTl__P1) > connect (N + 1)? @




‘ On the Bulk and IR-brane

/{_/ “ 0\
P/ P/ — (P iT1++P T+ — @2
(Po, P1) = (Fo, e 1) 1
__\¢ )/
eiTl‘H‘ _ dlag (eia1’ 6ia2,"' ’eiaN)

— ] :diagonal matrix with +1 (P'1r =P))

P, 428 — [ p dia& — € Al patterns of P; }

o, All set of the BCs are connected!




ummary




‘ Summary

We have comprehensively investigated gauge connected BCs in SU(N) on S1/Z,.

® There are only (N + 1)? Equivalence Classes (ECs) on.UV-brane; (y = 0).

@® The arbitrariness of boundary conditions is completely
resolved on Bulk.and IR-brane: (0 < y < mR).

Future Work

We can freely choose BCs on Bulk & IR

- Apply to existing S1/Z, models

ECs are unrelated on UV, but related on Bulk & IR

— Construction of a mechanism to transition between ECs on UV




Thank you for listening ﬁ

‘ Summary

We have comprehensively investigated gauge connected BCs in SU(N) on S1/Z,.

® There are only (N + 1)? Equivalence Classes (ECs) on.UV-brane; (y = 0).

@® The arbitrariness of boundary conditions is completely /y =0 — nR
resolved on Bulk and IR-brane: (0 < y < mR). ?

Future Work &)

“o
We can freely choose BCs on Bulk & IR _—

\ J\
- Apply to existing S1/Z, models

(N + 1 2 All BCs (ECs)

ECs are unrelated on UV, but related on Bulk & IR are connected /
— Construction of a mechanism to transition between ECs on UV %




Follow-up




‘ Two pictures for S'/Z, Orbifold

The field are treated in two equivalent pictures on S*/Z,.

(a) S compact space (b) St/Z5 compact space
+y
Yy
TR e ® () TR e o (
Za-invatiant Fundamental region
)

Physical fields are defined only on the fundamental region: 0 < y < R



‘ Step parameters "
Parameters with a kink: 0 y/2mR

foly) = 5 tanh A (y — (0 — €))]

-0.54- ----------- ] 105

The transformed gauge field and the BCs: k C w=0) (y=mR) /
A’,:Q,A,Q_l,—iﬁ,ﬁﬁ_l,

o) = QU y) Ay (2, 9)Q () = U, 9)0, 07 (2,y) Well-defined

/ I Al ! (. ! i i
Al (x,y; —y) = —P/ A, (v,y: +y)P,T — gPi (—0,) P, in the fundamental region
Redefine Bulk & IR-brane area: 1/ A< e<y<7R
= fo(O+y) — fo(0—y) =1 —<%—> Commutative type produces

fo(rR+y) — fo(rR—y) =0 the phase factor e!T++



‘ by Multiple Generators

It.is.expected.that they cannot produce non-trivial diagonal matrix.

c-number sub-matrix e
generators
components components Tors —
oo Done! Done!
(eX eT+_ + T__) ) : Ta+- —
three
(ex. eT+= tT-++T—) Done! Not yet. o+ —
full a
(eT+++ Tom +T-4+ T Not yet. Not yet. T =

OO ©O DO X OO0 O XX OO

X O OO OXFX OO OO X O OO O X%
O OO X O OO OO O X OO X O

O OO X OO O OFx OO X O OO




‘ Compact space

Where??

%\ . . .
N Extra space is.curled up with small radius!
3
X2
X1 R ]

_Caom ey
i i

G ) — @

10%GeV K 1/R



‘ SU(N) model on S§'/Z, orbifold

( 1
4

A/J('Tayi

\

Unitary
p~l_pf

L=—-FynF"N(x,y) + Uil Dy ¥ (z,y)
U(z,y; —y) = Py’ (x,y; + )
—y) = PiAu(z,ys +y)P;  (i=0,1)

Y = (v#,i7°)
[T TN) = 2N,
Dy = 0y —1gANm
Fyun = ; D, D]

yozo,ylsz

+ Parity - Hermite b Hermitian N XN matrices
P =1 Pj =P =P "7 with +1 eigenvalues @



‘ Symmetry Breaking by BCs

Different BCs generally produce different symmetry.

e.g.) SU(3)model

-1 0 0 -1 0 0\ /-1 0 0 -1 0 0\ /-1 0 0
PO: P (0 ~1 0) 0 -1 0) (0 1 0) 0 -1 0) (o 0 —z)
0 0 1 o o0 1/,\0 0 -1 0 0 1/,\0 4 0
* % 0 * 0 0 0 0 O
A2 (* * O) (O * 0) (O 0 *)
0 0 « 0 0 « 0 ~ O
generators | {T T2 T3 T8} {T°, 7%} {?T3 %TS}
symmetry SU(2)xU(1) U(1)xU(1) U(1) Q




N\

( U(z,yi —y) = P’ U(z,y; +y) (P =P =P
Az, yi—y) = PA,(z,y; +y)P;
Ay(xayi — y) — _PiAy(xayi + y)qu
\
1
[ U2,y —y) = P[0 (2, y; + )
A (wy; —y) = PLA, (2, yi + y) P, = PO, P!
/ Y. "t / "t
P! = Q(z,y; — y)Piﬂ‘L(x, yi +y)

‘ Gauge transformation for BCs

Not.invariant!

32



‘ Gauge transformation for BCs

( W(z,y; —y) = Py U(z,y; +y) (Pl =P =P

! Aulz,yi —y) = PiA(z,yi +y) P
Ay(xayi —y) = _PiAy(xayi + y) P;

P/ = P (i=0,1)

1

= gauge invariant

N\
>
t\
S ST ~ ~
~» \.R Y
<
~
I
<
~—
I




‘ Gauge transformation for BCs

( \IJ(CU, Yi

Ay(xa Yi

I
t ~
N ~~ ~—
&
S

{ A,Uu(xayi -

Y)

_y):

—y) = PY°U(z,yi +y) (P =P, =P
= PA,(x,yi +y)P;

—PiAy(z,yi +y) P

1
PI’Y5\I]/(CU n i y>

P’A/<£U yﬂry)PT——]j’,Q/

= notinvariant,

but P; become
other BCs !




‘ Physical Symmetry

® Wilson line phase (AB phase)

2T R
WT = Pexp z'g/ dyA,(z,y)| T (T =P FP)
0

® There is one physics in one EC. "o°0rn(1989)

Vers(ASss Po, Pr) = Veyp(Axys Py, PY)
® Physical symmetry
(AZ ;PO,P1> ~ (A;JC =20 ;PghyS,Pfhys)
prhys — {T“E G ) [T%Pfhﬂ —0 (i =0, 1)}



‘ ECs in SU(N) on S1/Z,

® Rearrangement N
Py=diag+1,....tL+L. . +L-1. .. -1-1. . -1
P, = dia,g(:l—l, o+ =10, -1 41+, -1 —%),
? ; b szNjg—q—r

<P07P1) = [p7Q7r78]

® Well-known ECs gauge transformations on S1/Z,

N—-2

N+3C3 — Z k101 N_p_1C1 = (N +1)?
k=0

[p,q,T,S] ~ [p—l,q—Fl,’l“—Fl,S—l]

~[p+1l,g—1,r—1,s+1]




‘ Simple Example

e.g.) mixed type for U(2) matrix




‘ Simple Example

e.g.) mixed type for U(2) matrix

(") ne(t ) s me( ) 7O

P, P, P} Pl
p=1| = = N C q=1 » [@)
q=1 » - p=1 = \»/

[1,1,0,0] [1,1,0,0]\/

A set of BCs |p, g, 1, 5] are invariant %



‘ General Example

e.g.) anti-commutative type for U(N) matrix

diag(e'’ ) =

A, B: sub-matrices L, x: diagonal (pxp) sub-matrix with +1
X :the number of —1 components



‘ General Example

e.g.) anti-commutative type for U(N) matrix
Po P4
» o

<
f

e.g.
X
Y

1
0

L dhd R
e

=

“|
NZ
=

Tt

Tt
LIk

[p,q,7,s].is invariant!




‘ On the UV-brane

e.g.) anti-commutative type: [p,q, 1, s] = [2,0,0,2]

diag(eo ) = diag(l,x, Isx)

diag(er ) = diag(/p2), Is2)

/ f‘j:(?) \
cf/2;17/
512 5

1 >5}
\_ O /2 )




‘ Applications (1/2)

® Apply to phenomenological.models

e.g.) Pp = P; =diag (—1,—1,+1)

-

SUQ)xU(1)

0 —
- (

S X ot
S ot
x O O

|

l\

N

/
==
|
- O &
/ )75\
UV-brane Bulk IR-brane

o

SU(3) A
A2=<: : :)
*x kK /
-
SU)xU(1)

* %
AO= * ok
3 0 O




‘ Applications (2/2)

® Approach to the arbitrariness problem of BCs:
[ Which type of BCs should be selected ]

without relying on phenomenological information?

/—- B /
Each EC s @__ e~ All ECs are
unrelated A lated
( ‘?’ 1 ’_/_?_ ) relate
O -=-
-7

UV-brane Bulk IR-brane



