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Introduction

B Where is SUSY breaking scale?

» There is no evidence for SUSY in multi TeV scale according to the LHC.

> It is interesting to consider SUSY is already broken at very high energies.

B We have more non-SUSY vacua than SUSY ones in 10D:

* Type llA * Type OA * Heterotic EZXSU(2)?
* TypellB * Type OB * Heterotic SO(24)%xS0(8)
e Typel * Heterotic SO(32)

* Heterotic SO(32) * Heterotic SO(16)XEg
* Heterotic EgXEg * Heterotic S0(16)xS0(16)

« difficulty: very large cosmological constant (vacuum energy density)
AP ~0(MP) M; : string scale

« We want to obtain small or vanishing cosmological const. without SUSY.



B Our approach: “interpolating models”

« Low-dimensional models constructed by Z, freely acting orbifolds
« The models are Non-SUSY where a radius R is finite.
« But SUSY can be restored in R — oo (and/or 0) limits.

(Example)

R Interpolate

10D non-SUSY :
il o¢ s | MRS between two 10D endpoints

9D interpolating model

B In SUSY restored region (R = ),

¢ : positive constant
ng, ng . # (massless fermion,boson)

A®) = %(np —ng)+ 0> )
ltoyama, Taylor (1986)

» ng = ng = exponentially suppressed cosmological constant



B The general heterotic models constructed by Z,-twists:

 d-dim. compactified with #(Z,-twisted directions) arbitrary
» With full set of moduli: C;; = G;; + B;; & A; turned on
(i=10-4d,..,9,I=1,..,16)
(e with all marginal deformations considered)

»Show various interpolation patternsind =1, 2
» Find solutions of np = ng where cosmol. const. is exp. supp.

» Analyze Wilson-line stability of the effective potential
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Narain lattice of SUSY heterotic strings on T¢

B Modular inv. = internal momenta P = Z€ € ['16+add

« Narain lattice: even self-dual lattice w/ Lorentz. sign. (16 +d, d)

» Labeled by an integer vector Z = (q,m,n) € Z'°xZ%xZ¢
winding numbers KK momenta
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Narain lattice of SUSY heterotic strings on T¢

B Modular inv. = internal momenta P = Z€ € ['16+add

Narain lattice: even self-dual lattice w/ Lorentz. sign. (16 + d, d)

Labeled by an integer vector Z = (q,m,n) € Z16xZ%xZ¢
winding numbers KK momenta

Turn on full moduli: d(d + 16) = d?* + 16d = (Gij + Bij) & A

Consider a rectangular d-torus: G;; = Rf6;;
> P = (Y., PL; PR) Narain, Sarmadi, Witten, (1986)

(00—l —miAl

1 . 1 A
o A, . j AL R._—A.. .
< DL \/iRi <7r A; +n; +m (G”—}—Bw A; AJ)> 16{ o

2
o A +n —m! G~-—B--—|—1A- A pril p '."t
\pRZ_\/iR@' T i TNy —Mm ] iJ 9 i j d { d Ri

n! = q'a,¢ € T'° < Spin(32)/Z, or EgXEg lattice



Construction of non-SUSY heterotic strings

W 7, freely acting orbifold (stringy Scherk-Schwarz comp.)

* Project out SUSY hetero on T¢ by L+ (2_ )Mo (+ twisted sec. added)

Z, generator : (—)F a F: spacetime fermion #
2E ' a: shift of order 2 such as « |P) = 2™F0 | P)

« § is called a shift vector : 28 € rtet+dd
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Construction of non-SUSY heterotic strings

W 7, freely acting orbifold (stringy Scherk-Schwarz comp.)

) Fa
2

Z, generator : (—)F a F: spacetime fermion #
2E ' a: shift of order 2 such as « |P) = 2™F0 | P)

* Project out SUSY hetero on T¢ by L+ (+ twisted sec. added)

« § is called a shift vector : 28 € rtet+dd

+ labeled by a vector Z = (g, m', fi;) whose components are 0 or 1
L. Non-SUSY strings depend on Z

« Splitting the Narain lattice ['6+%4 into I'}®*%% gnd rié+dad

ol ={per'®™di|s.pez} +|P) for Per T
= o|P) = 16+d,d
PIo+dd _ (p e P16+dd 5. p e 71 1/2) —|P) for Pel_
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Construction of non-SUSY heterotic strings

W 7, freely acting orbifold (stringy Scherk-Schwarz comp.)

) Fa
2

Z, generator : (—)Fa {F: spacetime fermion #

* Project out SUSY hetero on T¢ by L+ (+ twisted sec. added)

a: shift of order 2 such as «a|P) = 2™ | P)

« § is called a shift vector : 28 € rtet+dd

+ labeled by a vector Z = (g, m', fi;) whose components are 0 or 1
L. Non-SUSY strings depend on Z

« Splitting the Narain lattice ['6+%4 into I'}®*%% gnd rié+dad

Pt ={per'ottd 5. pez} +|P) for PeT St

P) =
= o |P) {—]P) for P e TL0+dd

potdd — fperlotdd |5. pez+1/2)

Bosons/Fermions live in [16*%¢ / [16+d.d raspectively wmmp SUSY breaking

12



1-loop partition function

» Heterotic strings on T¢ (with maximal SUSY)

727" = 787 (Vg — S8) Zpiosaa

‘ orbifolding by (=)«

/ 8—d 8—d \

Z( )—72 e (n)~ (8=

Zpictd,d =1 (16+d)_ d Z q% (j% PR
pcli6+d,d

= e2MT . So Og, Co: SO(8) characters
\CI g 08, Usg, Lg (8) 5

1 p
X
>X£' 1{“--“){-;1 ¢§?4
x* x4 Iwﬁé
A 4
L R
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1-loop partition function

» Heterotic strings on T¢ (with maximal SUSY)

727" = 787 (Vg — S8) Zpiosaa

‘ orbifolding by (=)«

* Non-SUSY Heterotic strings

ZM

(Z) Z(8 d) {‘/SZ 16+d,d SSZF1_6—|—d,d —|— OgZI,it(H_d d

CSZ 16—|—d d_|_5}

= e2MT . So Og, Co: SO(8) characters
\CI g 08, Usg, Lg (8) 5

vector spinor scalar co-spinor
(e _ _~%5 . (s-d) )
B = T2 (1)
Zysoraa = (VN7 ghrigivh
p€p16+d,d
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B 9D Non-SUSY heterotic models (d = 1)

> 22 = 4 classes exist

* class (1): ||?> = 0 (mod 4), (m;7A) = (0;0)

10D non-SUSY

* class (2): |®]?> = 0 (mod 4), (M, A) = (1;0)

10D non-SUSY

* class (3): |#|? = 0 (mod 4), (I, 7A) = (0;1)

10D SUSY

* class (4): |®]?> = 2 (mod 4), (M, ") = (1;1)

10D SUSY

R

<
0

R

10D non-SUSY

<
0

R

10D SUSY

<
0

<

R

10D non-SUSY

0

10D SUSY

ltoyama, Koga, Nkajima (2021)

7] 4 2

mat =0

(mod 4)
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B 9D Non-SUSY heterotic models (d = 1)

> 22 = 4 classes exist

ltoyama, Koga, Nkajima (2021)

* class (1): ||?> = 0 (mod 4), (m;7A) = (0;0)

10D non-SUSY

R

<
0

10D non-SUSY

#]* + 2mnl =0 (mod 4)

non-SUSY heterotic strings on a circle

* class (2): |®]?> = 0 (mod 4), (M, A) = (1;0)

10D non-SUSY

* class (3): |#|? = 0 (mod 4), (I, 7A) = (0;1)

10D SUSY

* class (4): |®]?> = 2 (mod 4), (M, ") = (1;1)

10D SUSY

R

<
0

R

10D SUSY

<
0

<

R

10D non-SUSY

0

10D SUSY
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B 9D Non-SUSY heterotic models (d = 1)

> 22 = 4 classes exist

ltoyama, Koga, Nkajima (2021)

* class (1): ||?> = 0 (mod 4), (m;7A) = (0;0)

10D non-SUSY

R

<
0

10D non-SUSY

#]* + 2mnl =0 (mod 4)

non-SUSY heterotic strings on a circle

* class (2): |®]?> = 0 (mod 4), (M, A) = (1;0)

10D non-SUSY

* class (3): |#|? = 0 (mod 4), (I, 7A) = (0;1)

10D SUSY

* class (4): |®]?> = 2 (mod 4), (M, ") = (1;1)

10D SUSY

R

<
0

R

10D SUSY

<
0

<

R

10D non-SUSY

0

10D SUSY
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B 9D Non-SUSY heterotic models (d = 1)
> 22 = 4 classes exist

ltoyama, Koga, Nkajima (2021)

class (1): |#|? = 0 (mod 4), (m;7A) = (0;0)

10D non-SUSY | <«

R

0

10D non-SUSY

non-SUSY heterotic strings on a circle

class (2): |#]|? = 0 (mod 4), (M, A7) = (1;0)

R

10D non-SUSY 04

class (3): |]?> = 0 (mod 4), (M, ) = (0; 1)

R

10D SUSY

10D SUSY 04

10D non-SUSY

class (4): |#|? = 2 (mod 4), (M, A) = (1;1)

R

10D SUSY 04

10D SUSY

SUSY restored at both of the endpoints

#]* + 2mnl =0 (mod 4)
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B 8D Non-SUSY heterotic models (d = 2)
> 2% = 16 classes exist

e class(2) &(1): —— e class(4) & (1): =
|£|2 = 0 (mod 4), (f; A) = (1,0;0,0) |2 = 2 (mod 4), (m;n) = (1,0; 1,0)
10D non-sUsY |4 9p non-susy B 10D susy 10D SUSY [#f 9D non-sUSY [ 10D SUSY
A AR, A A AR, A
0 00 0 00
9D non-SUSY |« »| 9D SUSY 9D SUSY |« »| 9D SUSY
Rl Rl

v oV v v oy v
10D non-SUSY (&4 9D non-SUSY B»| 10D SUSY 10D SUSY 4 9D non-SUSY B»| 10D SUSY




B 8D Non-SUSY heterotic models (d = 2)
> 2% = 16 classes exist

e class(2) &(1): —— e class(4) & (1): =
|£|2 = 0 (mod 4), (f; A) = (1,0;0,0) ||? = 2 (mod 4), (i; 7) = (1,0; 1,0)
class(l) _ _ _ _ _
4 \
| 1
i| 100 non-susy [ 9p non-susy B 10D susY 10D SUSY [ 9D non-SUSY [ 10D SUSY
! !
| A AR, A A AR, A
- I
1 1
| 1. 0 (0] 0 (0le]
|| 9D non-SUSY |« »| 9D SUSY 9D SUSY |« »| 9D SUSY
I 1 R R,
1 1
1 1
|
I v : 0, 4 * v oy v
|
1f 10D non-SUSY I{- 9D non-SUSY B» 10D SUSY 10D SUSY 4 9D non-SUSY B»| 10D SUSY
! 1
7

————————



B 8D Non-SUSY heterotic models (d = 2)
> 2% = 16 classes exist

class(1) _
7/

class (2) & (1) : ——
|£|2 = 0 (mod 4), (f; A) = (1,0;0,0)

——

‘I

]
10D non-SUSY I<

9D non-SUSY

>

10D SUSY

A

— o e e e e e o ey,

9D non-SUSY

o

AR,

A

v

0, £

9D SUSY

V8

!

10D non-SUSY

9D non-SUSY

>

10D SUSY

————————

\"T"____Z_____

class (4) & (1) : ——=
||? = 2 (mod 4), (i; 7) = (1,0; 1,0)

— o e o e m e M M e M M M e m M e e e ey

10D SUSY |«

9D non-SUSY

¥ 10D SUSY

------- AR, K

9D SUSY |«

SUSY

(0 0]
»| 9D
Ry

—————————————————————————

class(4)

No class(1)
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B 8D Non-SUSY heterotic models (d = 2)
> 2% = 16 classes exist

* class(2) & (1) :

]
|£|2 = 0 (mod 4), (f; A) = (1,0;0,0)

class(l) _ _ _ _ _
7

‘I

9D non-SUSY

>

10D SUSY

]
10D non-SUSY I<

A OOARZ

0

A

— o

=----

| 9D non-SUSY

v %4

9D SUSY

V8

v

9D non-SUSY

>

10D SUSY

1
1
1
1
|
10D non-SUSY I{-
1
7/

10D (Non-)SUSY condition:

class (4) & (1) :

=1
||? = 2 (mod 4), (i; 7) = (1,0; 1,0)

class(4)

— o e o e m e M M e M M M e m M e e e ey

9D SUSY |«

------- AR, K

9D

SUSY

class(4)

| Limits of Rq, Ro

|| 10D SUSY model | 10D Non-SUSY model |

(Rl,Rz)%(O0,00) mt 4+ m? >0 mt+m?2 =0
(Rl,Rg)%(O0,0) mt + 19 >0 mt +ne=0
(R, Ry) — (0,00) n1 +m? >0 f1 +m? =0
(R1,R2)—>(0,0) n1+ng >0 ny+ns =0

No class(1)
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Cosmological Constant

* 1-loop cosmological constant (effective potential) :

ACO = 2 /)00 [ & L g
f

Fundamental Region :

.7::{7:71+i7'2€(:| —

« Assignment of (m,n) :

—

,O for a(2):1,...,D2

SUSYat R, —» o

—
—

)
) for CL(4)ZD2—|—1,...,D

) for b(3)=D—|—1,...,D—|—D3}
) for b(l):D—|—D3—|—1,...,d

Y

-
—

Y

Non-SUSY at R, — oo
0,0

) =|(
) =|(
mb®) ﬁb(g)) =|(
) =|(
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Formula for cosmological constant

B Consider D > 1, all R; = oo : SUSY is restored
« Up to exponentially suppressed terms,

(10—d) 4!.2¢1 i = 2 12 é 2 12 ”
AVPTY ~ — : R; 2n, — 1)°RZ + 2ny)° R
7T15—d(\/§)10—d palet zn: az_:l( ) b§r1( b) b
D
x8|244 > exp lzm'{Z(zna—l ) + Z ny (m }
TEA, a=1 b=D+1

Ag: nonzero roots of SO(32) or EgXEg, not A,
= CC does not depend on all the other endpoint models

massless

condition
-5
» (10—d) 412471 2 p2
A ~ H i) D> (2ng —1)’R2+) (2m)°Ry ¢ (np — np)
i=1 w a b
2r - A, € 7

w- Ay €7
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Solutions of ny = ng

BSUSY S0(32) endpoint model:
Asoez) = {(£,+,0M)}

BSimplest configurations:
« Al (a =1,...,D) are the same configuration
« ALl(b=D +1,...,d) aretakento be 0

1

A, = (0p, <§>q> (p+q=16), A, = (0")
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Solutions of ny = ng

BSUSY S0(32) endpoint model:
Asoez) = {(£,+,0M)}

BSimplest configurations:
« Al (a =1,...,D) are the same configuration
« ALl(b=D +1,...,d) aretakento be 0

1

A, = (Op, <§>q) (p+q=16), A, = (0")

e DE2Z: Tlp—nB=—504‘:/:O
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Solutions of ny = ng

BSUSY S0(32) endpoint model:
Asoez) = {(£,+,0M)}

BSimplest configurations:
« Al (a =1,...,D) are the same configuration
« ALl(b=D +1,...,d) aretakento be 0

1

A, = <0p, (5)(1) (p+q=16), A, = (0")

e D e 2Z7: Tlp—nB=—504‘:/:O
e DeE2Z+1: np—ng=4pqg—{2p(p—1)+2q(q—1)} — 24

ng =ng = (p,q) =(9,7),(7,9)
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Solutions of ny = ng

BSUSY S0(32) endpoint model:
Asoez) = {(£,+,0M)}

BSimplest configurations:
« Al (a =1,...,D) are the same configuration
« ALl(b=D +1,...,d) aretakento be 0

1

A, = (OP, <§)q) (p+q=16), A, = (0")

e D e 2Z7: np—nB=—504‘:/:O
e DeE2Z+1: np—ng=4pqg—{2p(p—1)+2q(q—1)} — 24

ng =ng = (p,q) =(9,7),(7,9)

Cosmological constant is exponentially suppressed
when the gauge group is SO(18)xS0(14)
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* (10 — d)D Non-SUSY models are constructed by orbifolding by (=)«

( a : shift of order 2 in Narain lattice)
 Various interpolations are shown in d = 2 case
« Cosmological constant of (10 — d)D Non-SUSY models in R; = « is

-5

41. 24=1 /
A10=d) p (H l) Z {Z 2nq, — 1)*R2 + Z(an)QRg} (np —np)+ C’)(e_R/\/a_)
i—1 =

a b

 Find the configurations of WLs which give exp. supp. cosmol. const.

Out look

Higher-loop correction, (meta)stable vacua, cosmology, ...
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