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Introduction



Motivation

difficulty

in general, Λ(") ~ 𝒪(𝑀$
")

very large cosmological constant

How can we obtain small (or vanishing) cosmological constants WITHOUT SUSY?

ØString theory is a promising candidate for unified theory.

ØBut, no signal of low-energy SUSY
→ non-supersymmetric string phenomenology?

(landscape of non-SUSY vacua > landscape of SUSY vacua)

string w/ 16 supercharges

D=10 D=4

string w/ 4 supercharges 
Calabi-Yau
(orbifold)

a well-known scenario

SUSY breaking 
at low-energy

comp. on 𝑿!

e.g. 𝐸"×𝐸" Het. (MSSM-like model)

w/ 𝑆𝑈(3) holonomy



Heterotic strings with SUSY
ØWhat is heterotic string theory?

[Gross-Harvey-Martinec-Rohm ‘85]

closed string theory with different left and right d.o.f.

L R

𝑋!"(𝜎 + 𝑡)

spacetime

on 
𝑇!#$= ℝ#$/Γ#$
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9+1 9+1𝑋!
%(𝜎 + 𝑡) 𝑋&

%(𝜎 − 𝑡) 𝜓&
%(𝜎 − 𝑡)

bosonic string in 26 dim. superstring in 10 dim.

modular invariance (+ spacetime SUSY)

Γ#$ must be a Euclidian even self-dual lattice

Γ#$ =Γ'()*(,-)/ℤ! Γ#$ =Γ1"⨁Γ1"#or(𝑆𝑂 32 Het.) (𝐸2×𝐸2 Het.)

only two inequivalent such lattices in 16 dim.



Heterotic strings without SUSY (rank 16+d) 
ØConstruction: freely acting ℤ+-orbifold

ingredients: three ℤ- generators

SUSY Het.D=10

D=9 interpolating model (w/ rank 16+1)

𝛾3𝚻(−1)4 𝑅 → ∞ 𝑅 → 0

• 𝛾3 : half shift in 𝑇!#$ 𝑋!" → 𝑋!" + 𝛿" (2𝛿" ∈ Γ#$)

• 𝚻 : half shift in 𝑆# 𝑋# → 𝑋# + 𝜋𝑅

Non-SUSY Het. (w/ rank 16)
𝛾3(−1)4

[Dixon-Harvey ’86]

• Non-SUSY 𝑆𝑂 32
• Non-SUSY 𝑆𝑂(16)×𝐸$
• Non-SUSY 𝑆𝑂(16)×𝑆𝑂(16)
• Non-SUSY 𝐸%&×𝑆𝑈 2 &

• Non-SUSY 𝑆𝑂(24)×𝑆𝑂(8)
• Non-SUSY 𝑆𝑈(16)×𝑈(1)

[Itoyama-Taylor ‘87]

The 1-loop cosmological constant is evaluated as

𝑛# , 𝑛$: #(massless fermions, bosons)

• (−1)4 : 2𝜋 spatial rotation SUSY breaking

exponentially suppressed cosmological constant!

𝑛4 = 𝑛5



Heterotic strings without SUSY (rank 8+d) 
ØConstruction: asymmetric ℤ+-orbifold

𝑅 → ∞ 𝑅 → 0

• 𝚻 : half shift on 𝑆#

• (−1)4 : 2𝜋 spatial rotation

𝑋# → 𝑋# + 𝜋𝑅
SUSY breaking

• 𝐑 : exchange of the two 𝐸2 factors Γ1"⨁Γ1"# → Γ1"#⨁Γ1"

D=10 𝑬𝟖×𝑬𝟖 Het. Non-SUSY 𝑬𝟖 Het. 
𝐑(−1)4 [Kawai-Lewellen-Tye ‘86]

D=9 CHL string

𝐑𝚻

16 supercharges
reduced rank 8+1

w/

[Chaudhuri-Hockney-Lykken ‘95]

Non-SUSY CHL string

𝐑𝚻(−1)4

• enhancement to non-simply-laced groups

• exponentially suppressed c.c.

today’s talk

(except for 𝑑 = 1)

ingredients: three ℤ- generators



• Summary

•Review: CHL strings

•Non-SUSY CHL strings

•Cosmological constant

Outline



Review: CHL strings



Closed strings on orbifolds

𝑋±7 𝜎 + 2𝜋 = 𝑋±7 𝜎 + 𝑄±7

𝑋# 𝜎 + 2𝜋 = 𝑋# 𝜎 + 2𝜋𝑤𝑅 (𝑤 ∈ ℤ)
(𝑄±7 ∈

#
-
Γ1")

untwisted sector

Ø (toroidal) orbifold: 𝑇//Ρ (𝑇/ = ℝ//Γ)
untwisted sector
𝑋 𝜎 + 2𝜋 = 𝑋 𝜎 + 𝑄 (𝑄 ∈ Γ)

twisted sector
𝑋 𝜎 + 2𝜋 = 𝑔𝑋 𝜎 + 𝑄 (𝑔 ∈ Ρ)

Ø the CHL model

𝐑: (𝑋!7 , 𝑋!782) → (𝑋!782, 𝑋!7) 𝚻: 𝑋# → 𝑋# + 𝜋𝑅

𝑋±7 𝜎 + 2𝜋 = ±𝑋±7 𝜎 + 𝑄±7

𝑋# 𝜎 + 2𝜋 = 𝑋# 𝜎 + 𝜋𝑅 + 2𝜋J𝑤𝑅

twisted sector

𝐑: 𝑋±7 → ±𝑋±7
𝑋±& : = (𝑋'& ± 𝑋'&(")/ 2

example: 𝑆#/ℤ-
𝑔: 𝑋 → −𝑋
𝑋 = 𝑋 + 2𝜋𝑅

0 2𝜋𝑅−2𝜋𝑅 𝜋𝑅
𝑋

−𝜋𝑅

𝑔

[Dixon-Harvey-Vafa-Witten ‘85]

= 𝑋) 𝜎 + 2𝜋𝑤𝑅 (𝑤 ∈ ℤ + #
-
)



Spectrum
Ø Mass formula

𝑀&
- = 𝑝&- + M𝑁

𝑀!
- = 𝑃!- + 𝑁 − 𝑎

𝑎 = 2
1

(untwisted sector)
(twisted sector)

𝑁, M𝑁 ∈ ℤ9:

𝑃!; 𝑝& = ℓ8, 𝑝!; 𝑝& = (𝜋,𝑤, 𝑛)ℇ(𝐺, 𝐵, 𝑎) ∈ charge lattice w/ (8+d,d)
internal momentum

Ø Massless spectrum

• Right:

• Left:

• Left:
untwisted sector 

𝑃!- = 0

𝑃!- = 1

𝑃!- = 2

gravity multiplet
gauge bosons of 𝑈(1)28;

short roots

long roots

→

→

→

• Right: 𝟖<, 𝟖' of the spacetime 𝑆𝑂(8)𝑝&- = 0 →

twisted sector

𝑃!- = 1 short roots→

enhancement to non-simply-laced



Non-SUSY CHL strings



• Non-SUSY CHL strings (twisted by 𝐑𝚻(−𝟏)𝑭)

untw.

Partition function
Torus partition function:

• CHL strings (twisted by 𝐑𝚻)

untw. tw.𝟖* 𝟖+ 𝑤) ∈ ℤ 𝑤) ∈ ℤ + 1/2

𝐑𝚻 even 𝐑𝚻 odd𝟖+𝟖*

𝟖,scalar
tw.

• Orbifold projection for states w/ long roots 

even
oddFermionic

Bosonic
states with 𝑛# survive under the projection.

(∆>: a set of nonzero roots of a non-Abelian group 𝐺)

∆>𝒩()= 𝑃! ∈ ∆>*+, 𝑤
# ∈ ℤ ∆>𝒩() ∖ ∆>*+,= 𝑃! ∈ ∆>*+, 𝑤

# ∈ ℤ + 12



Spectrum
Ø 𝑑 = 1 𝑎 = 0 𝐺?@! = 𝐺𝒩B: = 𝐸2×𝑈(1)C (at generic 𝑅)

Gauge sym. 𝟖+ 𝟖, Scalar

Example 1 𝐶)×𝐶- (𝟏, 𝟏𝟓𝟐) (𝟐, 𝟏𝟖) (𝟏, 𝟏𝟓𝟐)×4

Example 2 𝐴.×𝐶/×𝐶. 𝟐𝟒⨁𝟓⨁𝟒𝟐 (𝟒, 𝟖) ⎯⎯⎯⎯

𝐺,0' = 𝐸"×𝑆𝑈(2)

𝟖' in the adjoint rep. of the 𝐸2

Ø 𝑑 = 2

Example 1.

Example 2.

(𝐸 ≔ 𝐺 − 𝐵 + 𝑎 Q 𝑎)

→ 𝐺,0' = 𝐶)1

→ 𝐺,0' = 𝐴.×𝐶!



Cosmological constant



Cosmological constant

• cosmological constant ⇔ vacuum energy density at one-loop

Background: 𝑆#×𝑇;D#

SS mechanism

↴ the moduli: (𝑅, 𝑎#; 𝐺E, 𝐵E, 𝑎E)

• 𝑑 = 1 No solutions of 𝑃!E- = 2

< 0

(𝜌 ≔ 𝜋 − 𝑤2𝑎′)

𝑅 ≫ 1

gravitational sector gauge sector with long roots
+ KK bosons

+ 𝒪(𝑒D&)

𝜌 Q 𝑎)
even → bosonic
odd → fermionic

𝑛) = 𝜌 Q 𝑎) ∈ ℤ
assume



Exponential suppression
The condition for the suppression: 

• Example in 𝑑 = 2: 𝑆#×𝑆#

𝑝&E- = 0, 𝑃!E- = 2 the eight solutions:

• Example in 𝑑 = 3: 𝑆#×𝑇-

𝑝&E- = 0, 𝑃!E- = 2 the sixteen solutions:



Summary



Conclusion & Outlook

Ø Exponential suppression of the cosmological constant is 
possible maybe at unstable points. 

Is it possible to realize the suppressed cosmological const. 
with the moduli stabilized?

Wilson lines, radion

Thank you for your attention!

Ø The gauge symmetry can be enhanced to non-simply-laced groups.

Does a systematic way to explore the moduli space exist?
(c.f. [Font-Fraiman-Grana-Nunez-Freitas ’20 ’21])

Ø The reduced rank non-supersymmetric model is constructed 
by the asymmetric orbifold twist 𝐑𝚻(−1)U.
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