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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)XEjg
* Heterotic EgXEg * Heterotic SO(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 =~ o),

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

A®) = %(np —ng)+ O™ )

ltoyama, Taylor ‘86
» ng = ng = exponentially suppressed cosmological constant



B The general heterotic models constructed by 7Z,-twists:

 d-dim. compactified with #(Z,-twisted directions) arbitrary

» With a full set of moduli: C;; = G;; + B;; & Aj turned on
(i=10-d,..,9,I=1,..,16)
< with all marginal deformations considered:

A / 2:0X19X% + O, / 220X 0X,

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

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

B Hybrid(“heterotic”) theory including closed strings:
« Left: bosonic string (26D)

* Right: superstring (10D)

B Compactified on T¢ (with maximal SUSY)

16 «

10{

bosonic string

Constrained by modular invariance
pd y N\

~N

Xr | V=

J

L

R

Internal
space

—

Compactified

16 <

d {

Spacetime on T4 10 — d {

superstring

bosonic string

o XFo X% 1h" : bosonic / fermionic coordinates
(u=0,.9-d,i=10-d,..,9,1=1,..,16)

superstring



Narain lattice

B Modular inv. = internal momenta P = Z€ € rtetad

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

» P is labeled by an integer vector Z = (q,m,n) € Z'®xZxZ*

winding numbers KK momenta

 Turn on full moduli: d(d + 16) = d? + 16d = (Gl’j + Bij) & Al

- Consider a rectangular d-torus: G;; = Ri25ij

»P = (£1,pL; PR)
( fI—

\.

L—Wl—miAf,
1 i 1
pLi:\/iR. m-A;+n;+m Gij+B¢j——A7;'Aj
1

2
. 1

n! = q'a,q € I''° & Spin(32)/Z, or EgXEjg lattice

[Narain, Sarmadi, Witten '86]




Construction of non-SUSY heterotic strings

[Ginsparg, Vafa '86]
W 7, freely acting orbifold (stringy Scherk-Schwarz comp.)

Yo

* Project out SUSY hetero on T¢ by = (2

7, generator : (—)Fa F: spacetime fermion #
’ ' a: shift of order 2 such as « |P) = €>™F | P)

(+ twisted sec. added)

« § is called a shift vector : 26 e rtetdd = 285 = 7¢

[ltoyama, Koga, Nakajima '21]
« labeled by a vector Z = (q’ ,r?li,ﬁi) whose components are 0 or 1
L. Non-SUSY strings depend on 2

« Splitting the Narain lattice [''6+%¢ into I}®*%% gnd rié+dad
ol ={per'®™di|s.pez} +|P) for Per T

P) =
= o |P) {—]P) for P e TL0+dd

potdd — fperlotdd |5. pez+1/2)

Bosons/Fermions live in [16*®¢ / [16+dd raspectively wmmp SUSY breaking



1-loop partition function

» Heterotic strings on T¢ (with maximal SUSY)

1 )
d _ — —
7" _ Z](98 d) (V8 — 58) Zr164d.d @ 16 { Xi
X[ Xg YRk XLXLXE L x X3 vk J

B A 4
‘ orbifolding by (=)« L R

* Non-SUSY Heterotic strings

d _ _ _
Z_ES;)LS’Y’ Z(8 ) {VSZ 16+d,d SgZF1_6+d,d + OSZFitG—l—d,d_'_é — CgZF1:F6+d,d+5}
vector spinor scalar co-spinor
/Z(S d) _ o = ()~ (8—d) * SO(2n) characters : )
) . O . 1 0 n n
Zl"16+d,d = n_(16‘|‘d)77— Z qipiq%p?% ,q = e2miT (an) = ﬁ (19 [0] == i} [1/2] )
peT16+d.d
. 0 San) _ 1 (,[1/2]" 1/2
_ 9 M (2,7) = _Z exp (mi(n + )27 + 2mi(n + a) (2 + B)) (C%) = o (19 { 0 ] +9 [1/2] ) y

10



Simplestcase : d =0

B10D non-SUSY heterotic models

- shift vector § =~ (7 € T''¢), I'6: 16D Narain lattice

« ['16 = EgxEjq root lattice

7~ -

1 1,2 1\2
sesrte (1,(0)7; (0)®) ((E) ,(0)°; (5) 0% | (L0)7:1,0))
Gauge sym. SO(16)xEg (SU(2)XE-)? L S0(16)x50(16) )

- 'l = $pin(32)/Z, root lattice

!

tachyon-free

l

[Dixon, Harvey ‘86]

1 1\* 1 1\8
et | @@ | (5) @ (@ [ (3) @ ]
Gauge sym. S0(32) SO(24)xS0(8) | SU(16)xU(1) lSO(16)><SO(16) J

% Modular invariance = 62 : integer

-

11
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Endpoint limits & interpolations

B Consider d = 1,2 cases (9,8D models) with A =B =0
»1-loop partition function:

Z,ES;U)/SY Z(S d) {VSZ 16+d,d — Sg pl6+d.d -+ OSZFi6+d d Cg 16+d d+6}

» The behavior of Z rie+dd in the limits of R; - 0,0 (i = 1,2)

(+6)
« Take R; » o0 = only m! = 0 contributes 1 /n
, pL/Ri:_<_+/_mi >
« Take R; —» 0 = only n; = 0 contributes V2 \ R

_ R 1 £2 2) 1,2
Zrit6+d’d(+5) — /r] (16+d)n d Z qz( L+pL)q2pR
peTii+dd (4 g) \‘

o~ T2 (L} +PE+DR) ginT1 (¢1 +PE—DR)

* Recall: "% ={per'otid|s.Pez}

Pt = {per®tid 5. pez+1/2}

13



d = 1 case

B Example with (m?!, ;) = (1,0) (Z = (4, ™, 7) € Z6XxZxZ)

Inner product: §-p= - (7 -7+ ny)

DO | —

mp - {pzzé\(w,ﬁ,n)e(Ff,gz_z)}@{pzzé\(w,ﬁ_) (r16ZQZ+1},

1
(m,m,n) € (Fli6+ Z,Z+§,2

Fg’l +0 = {p: ZE

@{p Zg( EKE(F:F +§,Z+§,2Z+1>}
where T¥#)={rel'|7.-7e€2Z}, TYH)={rel' |7 re2Z+1}.
Loy Tazoe, fh — (1 7' Z Z m 0, SUSY
R1—0 1 R1—0 1 N—1
Z ar, S Z Z > s, . _
Fij 1 n, = 0 Rl\/g (7777) P16 Pilj 1-|—5 n, = 0 Rl\/ﬁ (7777) Fil:6+§ NOH SUSY

77" = 728D (Vg — 8s) Zprosa.a

7555Y Z(8 d) {VgZ 16+d,a — SgZ pLo+d.d OsZ plotdd s — CsZ riot. d+5}
14
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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)

R
10D non-SUSY | « » | 10D non-SUSY

0 0

non-SUSY heterotic strings on a circle

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

10D non-SUSY | « R > 10D SUSY
0 0o
* class (3): |#|? = 0 (mod 4), (I, 7A) = (0;1)
R
10D SuUsY| < » | 10D non-SUSY
0 00
* class (4): |7|?> = 2 (mod 4), (M, 7A) = (1;1)
R
10D SUSY 04 ’oo 10D SUSY

SUSY restored at both of the endpoints

[ltoyama, Koga, Nakajima '21]

7> + 2mal =0 (mod 4)

>¢Modular inv.
=>8%2€7

15



d = 2 case

BExample with (1, m2; iy, A,) = (1,0;0,0)
1 \——l Class(1) in 9D
9 (7 -7+ n1) Class(2) in 9D

» pis2 = {p — Z& |(x,m,n) € (TS, 72,2Z x 7)) }

@{p ZE |(m,m,n) € (F#6,£27(2Z+1)XZ)}

* Inner product: 0 -p =

R1—>OO Rl

_ o R1R _
ZF18 2 ( _) ! Zri7,1 fa > 1 (7777) 2 Zrie,
+ m1 - 0 2 7-2
v . SUSY
/18,2 R2_>oo 2 ( _)_1 y/ARTE Rl_mo 1712 ( _) Z 16,
2 m, = 0 /T2 R 1) r
R1—0 1 -1 a0, 1
ZF18,2 > (7777) Y/ ZFlG
n -0 R /T Ty
=0 T R\ Non-SUSY
R2—0 1 \—1 R1—>0
> Z 17,1 Z

T e
Ri—00,R5—0 Rl N—
L s, > Zris, .
ris RoTs ()™ Zps SUSY Class (#) in 9D

R1—0,Ry—00 R
Zpasa —2 2 ()2 Zms, Non-SUSY
- Rl +

16



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

* class(2) & (1) :

A12 .5 — :
|T|* = 0 (mod 4), (Mm; 1) = (1,0;0,0)

class(l) _ _ _ _ _
7

‘I

1
10D non-SUSY I<- 9D non-SUSY

>

10D SUSY

A OOARZ

o

9D non-SUSY

v %4

9D SUSY

V8

— o e o o e e o e e e e o ey,

10D non-SUSY 9D non-SUSY

>

10D SUSY

\"T"____Z_____

10D (Non-)SUSY condition:

class (4) & (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

[Koga '22]

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)

17
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Cosmological Constant

* 1-loop cosmological constant (effective potential) :

2
A(lO—d) _ _1(27_‘_ /a/)—(lo—d) / d ;ZM
2 F ’7'2 (Z)

Fundamental Region :

.7-"={7'=7'1+7JT2€C‘ ——-—<7n <

, !T\Zl}

* decompose Finto Fs; ={t € Flt, = 1} and F, = {1t € F|r, < 1}

DO | =
DO | =

Foq ={1t € F|lt, =1} The integral can be evaluated

Foi = {1 € Flr, < 1} exp. suppressed

19



(10—d)D non-SUSY heterotic models

« Compact coordinates Y’ (i =1,...,d) :

i =ae@) +aw +be) +ba) Yig ~I-
D, D —-D, D —D3 =D
class (#) in 9D class (2) class (4) class (3) class (1)

« Assignment of (1, 7) :

e ,ﬁa(z)) =|(1,(0) for ag) =1 D, } Uy At R s o
(Aa(4)’ﬁa(4))=(1,1) for agy=D2+1,...,D ¢
(@ Ay, ) =|(0f1) for by =D+1,...,D+ Ds } Mo SUSY ot R s o0
(b A ) =|(0)0) for bay =D+ Dy +1,....d ’

20



Formula for cosmological constant

B Consider D > 1, all R; = co SUSY is asymptotically restored

Z,(gzy)»sr 7= {VSZ 16+d,a — SgZpi6ta.a W}

_ Exponentially suppressed
« Up to exponentially suppressed terms,

(10—d) 412471 . = 2 2 é 2 2 ”
A ~ gy IR )D 9D @na—1)°R2+ > (2n)°R;

1=1 n a=1 b=D+1
D
x 8| 24 + Z exp [2m’{2(2na—1 )+ Z ny(m }
Ag: nonzero roots of SO(32) or EgXEg , not A,
= CC does not depend on all the other endpoint models

TEA, a=1 b=D+1

massless
condition

1.9d—1 d -
» AR0=d) 4%13_51 (H Ri) Z {Z(zna - 1)2R2 + Z(an)2R%} (np —np)
i=1 w a b
2m - A, € 7
m-Ap €7

21



Solutions of ny = ng(1)

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)

22



Wilson-line Moduli Stability(1)

BSUSY S0(32) endpoint models:
z\“o_d)hu——zzz(ln (24%4 j{: COS[QW@I}COS[2WQJ])

1<I<J<16

- D d
0" =) (2n, — DAL+ ) mA] sum of WLs

a=1 b=D+1

4! . 2d+2

4 -5
Cn = m15—d(\/q/)10~d <HR> {Z 2n, — 1)*R; + Z (2nb)2R%}

b=D+1

N—

BSimplest configurations are critical points:

A, = <0p, (%>q> (p+q=16), A,=(0")

A(lO—d)
) 88AI ~0 (I=1,...,16, i=1,...,d)

)

23



BHessian matrix:
« Simplest configurations

Aaz(Op, (%)q) (p+q=16), A,=(0")
e De2Z:

82A(10_d)
0Al9A]

~ €010 (I, J=1,...,16, i,j=1,...,d)

= Hessian is positive definite

» A global minimum when the gauge group is SO(32)
and no massless fermions exist (A < 0)

£E>0

24



BHessian matrix:
« Simplest configurations

A, = (Op, (%)q) (p+q=16), A,=(0")

* De2Z+1:

& >0

92\ (10—d) (2p —17) &'01.5645 (I=1,...,p),
814{814:7] (—2]? -+ 15) 5’51J5ij (I =p+1,..., 16)

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

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

» p =79 (nr =ng) = saddle points

25



Solutions of ny = ng(2)

BSUSY EgXxEg endpoint model:

1
AEgXEg — {(iaiaofsaog) ) 5 (:I:aj;j:a:l:):l:a:ta:l:):t_'_;()S)}

1
8. 6 8.
+{(0 4+ +.0 ),5 (o ,i,i,i,i,i,i,i,i+)}

BmSimplest configurations: A, = (A;;42), A, = (A}; A))

1 dk
AkZ(OP"’,(—> ) (pk +ar=8), A, =(0°), fork=1,2 (pg:even)

2
e D E2Z: npk—an=—252¢O
e De2Z+1:
Ngpr — N = —252 for Pk = 0,8
Ngr — Npi = —28 for Pk = 2,6 nF(B) - Z nF(B)k

Ngr — Npr = +4 for Pk = 4 k=12

No solutions for np = ng

26



Wilson-line Moduli Stability(2)

BSUSY EgXxEg endpoint models:

A(10-d) ZC (24+ Z { Z cos [276"F] cos [2m07F] + 128 (Hcos [767%] +Hsm 0“])})

k=1,2 I.>Jg Iy Iy,

B Simplest configurations are critical points.

1 dk
Ag = (Opk, (5) ) (pr +qx =8), A= (08) , for k=1,2 (py:even)

M p,,p, = 0,8 = global minima when the gauge group is EgxEjg
p1,P> = 4 = alocal maximum when the gauge group is SO(16)x S0(16)

® p,p, = 2,6 = saddle points of A(10-D

27
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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

q1.94-1 (4 ;

A~ (HRi)Z{Z(2na—1)2R3+Z(2nb)2R§} (nre — ) + O™ W)
=1 b

w a

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

Analyze WL-moduli stability: ny = ng < saddle points

Out look
Higher-loop/sub-leading corrections, (meta)stable vacua, cosmology, ...

29



