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Introduction
n Where is SUSY breaking scale?
ØThere is no evidence for SUSY in multi TeV scale according to the LHC.
Ø It is interesting to consider SUSY is already broken at very high energies.

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

• difficulty: very large cosmological constant (vacuum energy density)

Λ(")~𝒪(𝑀$
") 𝑀! : string scale

• We want to obtain small or vanishing cosmological const. without SUSY.
2

• Type IIA
• Type IIB
• Type I
• Hetero-c 𝑆𝑂(32)
• Hetero-c 𝐸!×𝐸!

• Type 0A
• Type 0B
• Hetero-c 𝑆𝑂(32)
• Hetero-c 𝑆𝑂(16)×𝐸!
• Hetero-c 𝑆𝑂 16 ×𝑆𝑂 16

• Hetero-c 𝐸"#×𝑆𝑈(2)#
• Hetero-c 𝑆𝑂 24 ×𝑆𝑂 8
• …



n 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 → ∞ (and/or 0) limits.

(Example)

n In SUSY restored region (𝑅 ≈ ∞), 

Ø 𝑛# = 𝑛$ ⇒ exponentially suppressed cosmological constant
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𝑅
∞0

10D SUSY10D non-SUSY

9D interpola3ng model 

𝜉 :	positive constant
𝑛!, 𝑛" : # (massless fermion,boson)

Itoyama, Taylor (1986)
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n The general heterotic models constructed by ℤ!-twists:
• 𝑑-dim. compactified with #(ℤ0-twisted directions) arbitrary
• With full set of moduli: 𝐶12 = 𝐺12 + 𝐵12 & 𝐴13 turned on 

(𝑖 = 10 − 𝑑,… , 9 , 𝐼 = 1,… , 16)

(↔ with all marginal deformations considered)

ØShow various interpolation patterns in 𝑑 = 1, 2

ØFind solutions of 𝑛& = 𝑛' where cosmol. const. is exp. supp. 

ØAnalyze Wilson-line stability of the effective potential
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Narain lattice of SUSY heterotic strings on 𝑇!

n Modular inv. ⇒ internal momenta  𝑃 = 𝑍ℰ ∈ Γ4567,7

• 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()

Ø𝑃 = (ℓ+, 𝑝+; 𝑝,)
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winding numbers      KK momenta
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Narain, Sarmadi, Wi?en, (1986)
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Construction of non-SUSY heterotic strings
n 𝑍( 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 E𝑍 = H𝑞$ , I𝑚' , H𝑛' whose components are 0 or 1

• Splitting the Narain lattice Γ%&(),) into Γ(
%&(),) and Γ+%&(),) :
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𝐹: spacetime fermion #
𝛼: shi= of order 2 such as

SUSY breakingBosons/Fermions live in Γ(
%&(),) / Γ+%&(),) respec-vely

𝑍# generator : (−),𝛼

Non-SUSY strings depend on E𝑍
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1-loop partition function
• Heterotic strings on 𝑇7 (with maximal SUSY)

• Non-SUSY Heterotic strings
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n 9D Non-SUSY heterotic models (𝑑 = 1)
Ø2" = 4 classes exist
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• class (1):  | 6𝜋|# = 0 (mod 4),  ( 9𝑚; 6𝑛) = (0; 0)

• class (2):  | 6𝜋|# = 0 (mod 4), ( 9𝑚, 6𝑛) = (1; 0)

• class (3):  | 6𝜋|# = 0 (mod 4), ( 9𝑚, 6𝑛) = (0; 1)

• class (4):  | 6𝜋|# = 2 (mod 4), ( 9𝑚, 6𝑛) = (1; 1)

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

Itoyama, Koga, Nkajima (2021)
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𝑅
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𝑅
∞0 10D non-SUSY10D SUSY

𝑅
∞0 10D SUSY10D SUSY

𝑅
∞0

10D non-SUSY 10D non-SUSY

non-SUSY hetero3c strings on a circle

Itoyama, Koga, Nkajima (2021)
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Itoyama, Koga, Nkajima (2021)
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n 8D Non-SUSY heterotic models (𝑑 = 2)
Ø2/ = 16 classes exist
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• class (2) & (1) : 
| 6𝜋|# = 0 (mod 4), ( 9𝑚; 6𝑛) = (1,0; 0,0)

• class (4) & (1) : 
| 6𝜋|# = 2 (mod 4), ( 9𝑚; 6𝑛) = (1,0; 1,0)
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n 8D Non-SUSY heterotic models (𝑑 = 2)
Ø2/ = 16 classes exist
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| 6𝜋|# = 0 (mod 4), ( 9𝑚; 6𝑛) = (1,0; 0,0)

• class (4) & (1) : 
| 6𝜋|# = 2 (mod 4), ( 9𝑚; 6𝑛) = (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

10D SUSY

9D SUSY

𝑅'∞

0

𝑅&

∞0

9D non-SUSY

9D non-SUSY 10D SUSY10D SUSY

9D SUSY

10D SUSY

class(2)

class(1) class(2)

class(4)

class(4)

No class(1)



n 8D Non-SUSY heterotic models (𝑑 = 2)
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Cosmological Constant
• 1-loop cosmological constant (effective potential) : 

• Assignment of          : 
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Fundamental Region :
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Formula for cosmological constant
n Consider 𝐷 ≥ 1,	all 𝑅1 ≈ ∞ :  SUSY is restored
• Up to exponentially suppressed terms, 
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Solutions of 𝑛" = 𝑛#
nSUSY 𝑆𝑂 32 endpoint model:

nSimplest configurations:
• 𝐴3* (𝑎 = 1,… , 𝐷) are the same configuration 
• 𝐴4* (𝑏 = 𝐷 + 1,… , 𝑑) are taken to be 0

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

𝑛T = 𝑛U ⇒ 𝑝, 𝑞 = 9,7 , (7,9)

Cosmological constant is exponentially suppressed
when the gauge group is 𝑆𝑂 18 ×𝑆𝑂(14)
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Summary
• 10 − 𝑑 D Non-SUSY models are constructed by orbifolding by (−)#𝛼

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

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

Higher-loop correction, (meta)stable vacua, cosmology, …
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( 𝛼 : shi' of order 2 in Narain la2ce)
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