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Introduction
• 加速器実験
⟹到達可能なエネルギースケールではSUSYの証拠なし

• String/Planck scale 程度の⾼エネルギー領域で
既にSUSYが破れている可能性

⾮超対称な弦理論 (Non-SUSY string) に注⽬
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Introduction
• 10 次元の弦理論 (with modular invariance)：

• Non-SUSY “Heterotic” string theoryに焦点を当てる
（後述）
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# (Strings with SUSY) < # (Strings without SUSY)

• Type IIB
• Type IIA
• Type I
• Heterotic 𝑆𝑂(32)
• Heterotic 𝐸!×𝐸!

• Type 0B
• Type 0A
• Heterotic 𝑆𝑂(32)
• Heterotic 𝑆𝑂(16)×𝐸!
• Heterotic 𝑆𝑂 16 ×𝑆𝑂 16

• Heterotic 𝐸"#×𝑆𝑈(2)#
• Heterotic 𝑆𝑂 24 ×𝑆𝑂 8
• …

tachyon free例外群



Introduction
ØNon-SUSY stringの問題点：宇宙定数が極めて⼤きくなる

• 𝑛! = 𝑛" ⇒指数関数的に抑圧された宇宙定数をもつ
• しかしモジュライ不安定性の問題（最⼩値negative等）があった
• 構成法：1⽅向に対してのみ 𝒁# Scherk-Schwarz twists

任意の次元数に対して 𝒁. twistsして得られる模型を調べた
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∞ 0

9D Interpolating 
model 

10D SUSY 
string

10D Non-SUSY 
string

𝑅
（例）

SUSYが漸近的に回復する 𝑅 ≈ ∞の領域での宇宙定数：
:  positive const.

,       :   # of massless  B, F

Itoyama, Taylor (1986)

Our approach：

Interpolating model
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Heterotic Superstring
ØHybrid(“heterotic”) theory including only closed strings:

• Left: bosonic string (26D) 
• Right: superstring (10D)

ØCompactified on 𝑇2 (with maximal SUSY)

• 𝑋$,&
' , 𝑋$,&

(,) / 𝜓&
',) : bosonic / fermionic coordinates

(𝜇 = 0,…9 − 𝑑 , 𝑖 = 10 − 𝑑,… , 9 , 𝐼 = 1,… , 16)
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L R
bosonic string
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superstring 

(10D)

𝑋!
" 𝑋#

" Target 
spacetime10

𝑋!$
Compact
space

16

𝜓#
"

Compactified 
on 𝑇$

L R

𝑋!
" 𝑋#

"10 − 𝑑

𝑋!% 𝑋#%

𝑋!$16

𝑑

𝜓#
"

𝜓#%

bosonic string
(26D)

superstring 
(10D)

Gross, Hervey, Martinec, Rohm (1985)



Heterotic Superstring
ØThe internal momenta  𝑃 = (ℓ4, 𝑝4; 𝑝5) ∈ Γ6782,2

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

• Labeled by an integer vector 𝑍 = 𝑞(, 𝑚), 𝑛) ∈ 𝒁*+×𝒁,×𝒁,

• Turn on full moduli: 𝑑 𝑑 + 16 = 𝑑# + 16𝑑 ⇒ 𝐺)- + 𝐵)- + 𝐴)(

• Consider a rectangular 𝑑-torus: 𝐺)- = 𝑅)#𝛿)-
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Construction of Non-SUSY Hetero
Ø𝑍# freely acting orbifold (stringy Scherk-Schwarz comp.)

• Project out SUSY hetero on 𝑇, by                    (+ twisted sec. added)

• 𝛿 is called a shift vector : 2𝛿 ∈ Γ-./,,,

• labeled by a vector !𝑍 = $𝑞! , '𝑚" , $𝑛" whose components are 0 or 1

• Splitting the Narain lattice Γ#$%&,& into Γ%
#$%&,& and Γ(#$%&,& :
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Dixon, Harvey (1986)
Ginsparg, Vafa (1987)

Non-SUSY strings depend on F𝑍
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1-loop Partition Function
• Heterotic strings on 𝑇2 (with maximal SUSY)

• Non-SUSY Heterotic strings
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𝛼!

𝜏 = 𝛼!/𝛼"

𝛼"

𝜓#
" , 𝜓#%𝑋!

" , 𝑋#
" 𝑋!$ , 𝑋!% , 𝑋#%

orbifolding 
by (−)*𝛼

L R
𝑋!
" 𝑋#

"10 − 𝑑

𝑋!$ 𝑋#$

𝑋!%16

𝑑

𝜓#
"

𝜓#$

vector spinor scalar co-spinor
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Endpoint limits &Interpolations
ØConsider 𝑑 = 1,2 cases with 𝐴 = 𝐵 = 0
• 1-loop partition function:

• The behavior of 𝑍K±2345,5(8L) in the limits of 𝑅M → 0,∞
• Take 𝑅) → ∞ ⇒ only 𝑚) = 0 contributes
• Take 𝑅) → 0 ⇒ only 𝑛) = 0 contributes
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Endpoint limits &Interpolations
• 9D Non-SUSY heterotic models (𝑑 = 1)
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• class (1):  | 3𝜋|! = 0 (mod 4),  ( 7𝑚; 3𝑛) = (0; 0)

• class (2):  | 3𝜋|! = 0 (mod 4), ( 7𝑚, 3𝑛) = (1; 0)

• class (3):  | 3𝜋|! = 0 (mod 4), ( 7𝑚, 3𝑛) = (0; 1)

• class (4):  | 3𝜋|! = 2 (mod 4), ( 7𝑚, 3𝑛) = (1; 1)

non-SUSY heterotic strings on a circle

interpolation between SUSY and non-SUSY vacua (Interpolating model)

Itoyama, Taylor ’86

( 6𝑍 = (:𝑞, <𝑚, :𝑛) ∈ 𝒁&'×𝒁×𝒁)
:𝜋 = :𝑞𝛼&' ∈ Γ&'

Itoyama, Koga, Nkajima (2021)

𝑅
∞0 10D SUSY10D SUSY

SUSY restored at both of the endpoints

𝑅
∞0

10D SUSY10D non-SUSY

𝑅
∞0 10D non-SUSY10D SUSY

𝑅
∞0 10D SUSY10D SUSY

𝑅
∞0

10D non-SUSY 10D non-SUSY



Endpoint limits & Interpolations
• 8D Non-SUSY heterotic models (𝑑 = 2)
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• class (1) & (2) : 
| 3𝜋|! = 0 (mod 4), ( 7𝑚; 3𝑛) = (1,0; 0,0)

• class (1) & (4) : 
| 3𝜋|! = 2 (mod 4), ( 7𝑚; 3𝑛) = (1,0; 1,0)

10D non-SUSY

10D SUSY

9D SUSY

10D non-SUSY

9D non-SUSY
0

𝑅&

∞0

9D non-SUSY

10D SUSY

𝑅(∞

9D non-SUSY

class(2)

class(1) class(2)

10D SUSY

9D SUSY

𝑅(∞

0

𝑅&

∞0

9D non-SUSY

9D non-SUSY 10D SUSY10D SUSY

9D SUSY

10D SUSY

Koga (2022)
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Limits of R1, R2 10D SUSY model 10D Non-SUSY model

(R1, R2) ! (1,1) m̂1 + m̂2 > 0 m̂1 + m̂2 = 0
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(R1, R2) ! (0, 0) n̂1 + n̂2 > 0 n̂1 + n̂2 = 0

10D (Non-)SUSY 
condition

class(4)
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Cosmological Constant
• 1-loop cosmological constant (vacuum energy density) : 

16

Fundamental Region :

• decompose ℱ into  ℱ,& = 𝜏 ∈ ℱ 𝜏# ≥ 1 and ℱ-& = 𝜏 ∈ ℱ 𝜏# < 1

ℱ-& = 𝜏 ∈ ℱ 𝜏# < 1

ℱ,& = 𝜏 ∈ ℱ 𝜏# ≥ 1

𝜏&

𝜏(

-1 1

1 exp. suppressed

The integral can be evaluated
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(10−𝑑)D non-SUSY Heterotic models
• Consider compact coordinates                           below :

• Assignment of          : 
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SUSY at 𝑅% → ∞

Non-SUSY at 𝑅& → ∞

𝐷 𝑑 − 𝐷

𝐷! 𝐷 − 𝐷! 𝑑 − 𝐷' − 𝐷𝐷'
class (2) class (4) class (3) class (1)

𝑌(
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) = (1, 0) for a(2) = 1, . . . , D2

(m̂a(4) , n̂a(4)
) = (1, 1) for a(4) = D2 + 1, . . . , D

(m̂b(3) , n̂b(3)) = (0, 1) for b(3) = D + 1, . . . , D +D3

(m̂b(1) , n̂b(1)) = (0, 0) for b(1) = D +D3 + 1, . . . , d
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i = a(2) + a(4) + b(3) + b(1)

class (#) in 9D 

<latexit sha1_base64="HqU6JO9TUSDSSpwflUuN3lZuPlw="></latexit>

(m̂, n̂)



Formula for CC
• Consider 𝐷 ≥ 1 :  SUSY is restored at all 𝑅M ≈ ∞

• Up to exponentially suppressed terms, 

18

<latexit sha1_base64="K+1rra5WzLvtTWEob76Hc0Uj5So="></latexit>

⇤(10�d) ⇠ 4! · 2d�1

⇡15�d

 
dY

i=1

Ri

!
X

�!n

(
X

a

(2na � 1)2R2
a +

X

b

(2nb)
2R2

b

)�5

(nF � nB)

<latexit sha1_base64="8NH5CCaSewf6ce6+hH3Tq+V/fgI="></latexit>

⇤(10�d) ⇠ � 4! · 2d�1

⇡15�d(
p
↵0)10�d

 
dY

i=1

Ri

!
X

n

(
DX

a=1

(2na � 1)2R2
a +

dX

b=D+1

(2nb)
2R2

b

)�5

⇥ 8

0

@24 +
X

⇡2�g

exp

"
2⇡i

(
DX

a=1

(2na � 1)(⇡ ·Aa) +
dX

b=D+1

nb(⇡ ·Ab)

)#1

A

Δ.: nonzero roots of 𝑆𝑂(32) or 𝐸!×𝐸!
⇒ CC does not depend on all the other endpoint models 

massless 
condition
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Solutions of 𝑛! = 𝑛"
ØSUSY 𝑆𝑂 32 endpoint models:

ØSimplest configurations:
• 𝐴E( (𝑎 = 1,… , 𝐷) are the same configuration 
• 𝐴F( (𝑏 = 𝐷 + 1,… , 𝑑) is taken to be 0

• 𝐷 ∈ 2𝒁:          𝑛! − 𝑛" = −504 ≠ 0
• 𝐷 ∈ 2𝒁 + 1:    𝑛! − 𝑛" = 4𝑝𝑞 − 2𝑝 𝑝 − 1 + 2𝑞 𝑞 − 1 − 24

𝑛Z = 𝑛[ ⇒ 𝑝, 𝑞 = 9,7 , (7,9)

CC is exp. supp. when gauge group is 𝑆𝑂 18 ×𝑆𝑂(14)
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Wilson-line Moduli Stability (1)
• SUSY 𝑆𝑂 32 endpoint models:

• Simplest configurations are critical points:
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Wilson-line Moduli Stability (2)
ØHessian matrix:

• Simplest configurations

• 𝐷 ∈ 2𝒁:

⇒ Hessian is positive definite

ØA global minimum when the gauge group is 𝑆𝑂(32)
and  no massless fermions exist (Λ < 0)
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Wilson-line Moduli Stability (3)
ØHessian matrix:

• Simplest configurations

• 𝐷 ∈ 2𝒁 + 1:

⇒ Hessian is positive/negative definite for 𝑝 = 0,16/ 𝑝 = 8

22

<latexit sha1_base64="6E61CXHP/rG+ecEaWU3Hmexq8VE="></latexit>

Aa =

✓
0p,

✓
1

2

◆q◆
(p+ q = 16) , Ab =

�
016

�

Ø A global minimum when the gauge group is 𝑆𝑂(32)
while a local maximum when the gauge group is 𝑆𝑂 16 × 𝑆𝑂(16)

<latexit sha1_base64="UzH0UrIe7YnqvsK/+JLpOaut+wA="></latexit>

@2⇤(10�d)

@AI
i @A

J
j

⇠
(
(2p� 17) ⇠0�IJ�ij (I = 1, . . . , p),

(�2p+ 15) ⇠0�IJ�ij (I = p+ 1, . . . , 16)

<latexit sha1_base64="ap7X/v24V5PiKrbYn3aNKdxLmOI="></latexit>

⇠0 > 0

Ø 𝑝 = 7,9 (𝑛! = 𝑛") ⇒ saddle points
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Summary
• 10 − 𝑑 D Non-SUSY models are constructed by orbifolding by (−)!𝛼

• Various interpolation are shown in 𝑑 = 2 case
• Cosmological constant of (10 − 𝑑)D Non-SUSY models in 𝑅) ≈ ∞ is

• Find the configurations of WLs which gives exp. supp. CC
• Analyze WL-moduli stability:  𝑛! = 𝑛" ↔ saddle points 

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

24

( 𝛼 : shift of order 2 in Narain lattice)
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