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This talk is based on collaborations with:
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and publications:

JHEP 1410 (2014) 119 [arXiv:1407.6362 ]
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JHEP 1510 (2015) 166 [arXiv:1507.06147]
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Motivation

Main motivation: Where is Supersymmetry?

ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &MLTY Jets EU [Ladm™] Mass limit Reference
T T T — T T T T —
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 @2 1.7TeV m(g)=m 1405.7875
34, q—u,/?, 0 2-6 jets Yes 20.3 q 850 GeV m Y) OGeV m(1* gen. §)=m(2" gen. ) 1405.7875
& G q—>q)(] (compressed) 1y O-1jet  Yes 203 q 250 GeV m(@-m(}) = m(c) 1411.1559
S @& [t 1 0 26jets  Yes 203 % 1.33 TeV mEY)=0 GeV 1405.7875
8 88, 3—qqlt quwifgl 1epu 3-6 !ets Yes 20 & 1.2 Tev m()f‘,’)<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1501.03555
0 88, 3—oqq(Lt/tv]y)X) 2e,pu 0-3 jets - 20 g 1.32 TeV m(¥})=0 GeV 1501.03555
Q GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 4 1.6 TeV tang >20 1407.0603
G GOM (bino NLSP) 2y - Yes 203 |% 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
S GGM (wino NLSP) lep+y - Yes 48 & 619 GeV m(¥})>50 GeV ATLAS-CONF-2012-144
= GGM (higgsino-bino NLSP) Y 1b Yes 4.8 4 900 GeV m(t})>220 GeV 1211.1167
GGM (higgsino NLSP) 2epu(Z) 08jets  Yes 58 |ENIEEGs0GEVI m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'72 scale 865 GeV m(G)>1.8 x 107 eV, m(g)=m(g)=1.5TeV 1502.01518
g g—>b}_1)(~()? 0 3b Yes 201 |z 1.25 TeV m(P})<400 GeV 1407.0600
o gl 0 7-10jets  Yes 203 |Z& 1.1 TeV m(¥}) <350 GeV 1308.1841
= E 0-1ep 3b Yes 201 |& 1.34 TeV m(E})<400 GeV 1407.0600
Sl ) 0-1ep 3b Yes 201 |Z& 1.3 TeV m(¥})<300 GeV 1407.0600
o b bﬁbxl 0 2b Yes 201 | B 100-620 GeV m(¥)<90 GeV 1308.2631
<.8 bbb Hm 2e,u(SS) 03b Yes 20.3 by 275-440 GeV m(¥i)=2 m(¥}) 1404.2500
SS ah, bt 1-2ep 12h  Yes 47 | |06 TIGEV 230-460 GeV m(Er) = 2m(f), m(¥))=55 GeV 1209.2102, 1407.0583
&8 af, i—wht) or i) 2ep 0-2jets Yes 203 |& 90-191 GeV 215-530 GeV mEd)=1 GeV 1403.4853, 1412.4742
S8 ff, i) 0-1ep 1-2b Yes 20 |4 210-640 GeV m(¥)=1GeV 1407.0583,1406.1122
%’,g fi, 1 *)L‘)z(]) 0 mono-jet/c-tag Yes 20.3 A 90-240 GeV m(R)-m(¥})<85 GeV 1407.0608
Eﬂ S 77 (natural GMSB) 2e,u(2) 1h Yes 203 |@ 150-580 GeV m(¥))>150 GeV 1403.5222
b, h—h +Z 3eu(2) 1b Yes 203 |h 290-600 GeV m(¥})<200 GeV 1403.5222
2epu 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 1403.5294
2e.pu 0 Yes 203 | A} 140-465 GeV m(¥)=0 GeV, m(Z, )=0.5m (¥} )+m(t?)) 1403.5294
5 27 - Yes 203 | 100-350 GeV m(¥})=0 GeV m(#, )=0.5(m(¥}) +mu/’ 1407.0350
,_,g_, 9L 3e.pu 0 Yes 203 | FLA) 700 GeV m(ET)=m(3), m(¥’ ) (z #)=0. 5<mw, )+m()) 1402.7029
© 23eu  O2jets  Yes 203 | M., 420 GeV mer 71)=0, sleptons decoupled | 1403.5294,1402.7029
)?f)(‘gﬂwx, WL, b WW Tty  ©RY 0-2b Yes 203 | XA 250 GeV m(¥ ) ( 0, sleptons decoupled 1501.07110
B, 155 >lrt dep 0 Yes 203 |X, 620 GeV mE9)=m(¥3), m(¥)=0, m(Z, #)=0.5(m(¥3)+m(})) 1405.5086
Direct X1¥7 prod., long-lived i Disapp. trk 1 jet Yes 203 | 270 GeV m(¥T)-m(E})=160 MeV, 7(¥{)=0.2 ns 1310.3675
§ @ Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 & 832 GeV m(¥})=100 GeV, 10 us<7(2)<1000 s 1310.6584
= O Stable g R-hadron trk - - 191 |2 1.27 TeV 1411.6795
D5 GMSB, stable 7, V] —#@. 1) 124 - - 191 | & 537 GeV 10<tanB<50 1411.6795
S 2 GMSB, ¥!-yG, long-lived ¥} 2y - Yes 203 | & 435 GeV 2<7(¥1)<3 ns, SPS8 model 1409.5542
33, V)= qqu (RPV) 1y, displ. vtx - - 20.3 q 1.0 TeV 1.5 <ct<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—vr + X, ¥:—>e + 2e,u - - 46 |57 161 TeV] ,,=0-10, 4,,=0.05 1212.1272
LFV pp—¥r + X, ¥ —e(u) + 7 leu+t - - 46 | 1.1 TeV 24,=0.10, A12)35=0.05 1212.1272
~  Bilinear RPV CMSSM 2¢,u(SS)  03b  Yes 203 @& 1.35 TeV m(@)=m(g), ctisp<1 mm 1404.2500
a  ER, XTqW)Z?,)??aee"x,‘, euv, e - Yes 203 | & 750 GeV mu(, )>0.2xm(¥}), 21210 1405.5086
= X oW X sty e, Ben+T - Yes 203 | 450 GeV MT)>0.2xm(¥5), 1133#0 1405.5086
&—qqq 0 6-7 jets - 203 | & 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—oit, i —bs 2e,u (SS) 0-3b Yes 20.3 g 850 GeV 1404.250
Other Scalar charm, [N 0 2¢ Yes 203 |¢& 490 GeV m(¥})<200 GeV 1501.01325
L L 1 1 1 MR | L L L 1 L
Vs =7TeV Vs =8 TeV 107! 1
full data full data Mass scale [TeV]
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Motivation

Main motivating questions:

@ So far no hints for supersymmetry found, what if this
stays this way?

@ What could that mean for string theory?

@ How to describe supersymmetry breaking within string
theory?

@ Can one do string model building without
supersymmetry?
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Motivation

Major issues without supersymmetry

@ Hierarchy problem
@ Cosmological constant problem
@ Dilaton tadpole

@ Tachyons
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Motivation

Past works on non-supersymmetric strings

@ Non-supersymmetric (orbifolds of) heterotic theories

Dixon,Harvey’86, Alvarez-Gaume,Ginsparg,Moore,Vafa’86 |toyahama,Taylor'87
Chamseddine,Derendinger,Quiros’88, Taylor'88, Toon’90, Sasada’95,

Font,Hernandez’02

@ Free fermionic construction with non-supersymmetric
boundary conditions

Dienes’94,06, Faraggi,Tsulaia’07

@ Non-supersymmetric orientifold type |l theories

Sagnotti’95, Angelantonj98 Blumenhagen,Font,Luest’99,
Aldazabal,lbanez,Quevedo’99

@ Non-supersymmetric RCFTs

Gato-Rivera,Schellekens’07
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Motivation

Recent renewed heterotic interest

@ Non-supersymmetric heterotic model building

Blaszczyk,SGN,Loukas,Ramos-Sanchez’14

@ Towards a non-supersymmetric string phenomenology

Abel,Dienses,Mavroudi’15

@ Heterotic moduli stabilisation and non-supersymmetric vacua

Lukas,Lalak,Svanes’15

@ Non-tachyonic semi-realistic non-supersymmetric heterotic
string vacua

Ashfaque,Athanasopoulos,Faraggi,Sonmez’15

@ Generalised universality of gauge thresholds in heterotic
vacua with and without supersymmetry

Angelantonj, Florakis, Tsulaia’15
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Motivation

Overview of this talk

Q Motivation
9 The non-supersymmetric heterotic string
© Orbifold compactifications

@ Smooth compactifications

e Tachyons

Stefan Groot Nibbelink (ASC,LMU) Non-SUSY string models

Bad Honnef, 2016

8/30



Motivation

Well-known 10D string theories

The M-theory cartoon displays the modular invariant, anomaly-
and tachyon-free 10D string theories:

11D SUGRA

heterotic N=1

EgxEg Type IIA
T> Q

heterotic N=1

SO(32) Type 11B
‘s\x
Type I

However, it disregards various non-supersymmetric strings...
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Motivation

10D tachyon-free (non-)supersymmetric strings

Type 0° USp(32) Type 0° U(32)

Heterotic
SO(16)xSO(16)

Heterotic SO(32) Type I SO(32)

Heterotic Eg x Eg

Type ITA Type IIB

11D SUGRA
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Motivation

10D tachyon-free (non-)supersymmetric strings

Type 0° USp(32) Type 0° U(32)

Heterotic
SO(16)xSO(16)

Heterotic SO(32) Type I SO(32)

Heterotic Eg x Eg

Type ITA Type IIB

11D SUGRA
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The non-supersymmetric heterotic string

The non-supersymmetric heterotic string

The low-energy spectrum of the non-supersymmetric
SO(16) xSO(16) heterotic string reads: Dixon,Harvey’ss,

Alvarez-Gaume,Ginsparg,Moore,Vafa’86

Fields 10D space-time interpretation
% Gun, Bun, @ | Graviton, Kalb-Ramond 2-form, Dilaton
N
o
m A SO(16)xSO(16) Gauge fields
(7))
S v, Spinors in the (128,1) + (1,128)
&
T W Cospinors in the (16, 16)

This theory is also modular invariant, anomaly- and tachyon-free
but obviously not supersymmetric
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The non-supersymmetric heterotic string

Constructions of the SO(16)xS0O(16) string

SO(32) string

IL.
non-supersymmetric ] /

SO(16) xSO(16) string

EgxEg string

N

supersymmetric ]( T-duality [ supersymmetric ]

The SO(16) xSO(16) theory can be obtained by: Dixon,Harvey'ss,

Alvarez-Gaume,Ginsparg,Moore,Vafa’86

@ |. SUSY breaking orbifolding of the EgxEg string

@ Il. SUSY breaking orbifolding of the SO(32) string
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The non-supersymmetric heterotic string

Untwisted sectors of the SUSY breaking twists:

supersymmetric L non-supersymmetric
EgxEg string SO(16) xSO(16) string
Graviton, B-field, Dilaton Graviton, B-field, Dilaton
EsxEg Gauge fields SO(16)xSO(16) Gauge fields
Gravitino, Dilatino —
EsxEg Gauginos (128,1), +(1,128).,
supersymmetric IL. non-supersymmetric
SO(32) strings SO(16) xSO(16) strings
Graviton, B-field, Dilaton Graviton, B-field, Dilaton
SO(32) Gauge fields SO(16)xSO(16) Gauge fields
Gravitino, Dilatino —
SO(32) Gauginos (16,16)_

All states of the SO(16) xSO(16) theory can be understood as
untwisted states of either the Eg<Eg or SO(32) theory
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The non-supersymmetric heterotic string

EgxEg and SO(16)xSO(16) Partition functions

The partition functions of the non-supersymmetric heterotic

SO(16) xSO(16) and the supersymmetric heterotic Egx Eg strings

are C|OS€|y related: Dixon,Harvey’86, Alvarez-Gaume,Ginsparg,Moore,Vafa’86

Introduce SUSY breaking discrete torsion phases :

Zee = Z3(n7) - Zal (1) Zs [L] (1) - Zs [4] (7)

spin

(where s, t, u label the spin structures) by:

Zsoner = 2 T Z3(1.7) Za[3](7) - Zs [4] (7) - Zs [4] (7)

spin
with torsion phases Blaszczyk,SGN,Loukas,Ramos-Sanchez’14

T — (_)st’—s’t w  x (_)S’S+s’+s .
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The non-supersymmetric heterotic string

Heterotic weight lattices

The partition function can be viewed as lattice sums over the

following lattices:

Weight lattice

Lattice vectors

Lattice generators

neZb,
Rp Root (ﬂg’OD_Q)
ZH/EZZ
ne 7P,
Vo Vector ( :|:1joD_2)
>onj€ 27 + 1
: neczZP+le , )
Sp Spinor 2°D <_%2n’ _|_%D 2n)
ZH/EZZ
. ne 7P+ lep, o
Cp| Cospinor 26D (_%2n+17 %D 2n 1)
Y nie€ 27+ 1
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The non-supersymmetric heterotic string

Spin-structure s as supersymmetry generator

Standard E; < Eg theory:

[ bosons |
QT
(fermions |

Space-Time Eq Eq

Supersymmetry : 0sAy = VT | a € Eg @ Eg
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The non-supersymmetric heterotic string

Spin-structures as SUSY-like generators
The SO(16) xSO(16) theory:

(V,ER, O R,]

/ | \

(R,®C,®Vs] (C,QVzQV;] (R, ®V;®Cg]

5 >< >< 5

(S4®S;®Rs] (V4®S;®8;) [S,OR;®Sy)

S~ T

[C4®C8®C8J

Possible similar induced transformations ???
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The non-supersymmetric heterotic string

Spin-structures as SUSY-like generators
The SO(16) xSO(16) theory:

((120.1) +(1.120))

/ | \

{ (16.16)_ )

5 >< >< 5

[ (1281), (1.128), |

\l /

[ )

SUSY-like transf. : 5, AU — w1810 5 AU201) _ ,(1281)
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Orbifold compactifications

SO(16)xSO(16) orbifolds

[ 10D SO(16)xSO(16) string ]

( N

6D orbifold compactification
v: Zy orbifold twist

V: Zn gauge shift

v

SM-like models
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Orbifold compactifications

SO(16)xSO(16) orbifolds
10D supersymmetric ] _[ W ]_)
Eg < Eg string (vo, Vo)

Orbifold Orbifold
(v, V) (v, V)

4D supersymmetric SUSY
EgxEg string ( Vo, Vo)

SUSY breaking Zo twist: vy = (O, 13) ; Vo = (1 ; 07)( -1, 07)

10D non-supersymmetric
SO(16) xSO(16) string

4D non-supersymmetric
SO(16) xSO(16) string
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Orbifold compactifications

SO(16)xSO(16) orbifolds
10D supersymmetric ] _[ M ]_)
Eg x Eg string (vo, Vo)

Orbifold _SUSY orbifold Orbifold
(V7 V) (V07 V0)7 (V7 V) (V7 V)

4D supersymmetric M
Eg x Eg string (vo, Vo)

But then one can do a Z, x Zy orbifold directly...

10D non-supersymmetric
SO(16) xSO(16) string

4D non-supersymmetric
SO(16) xSO(16) string
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Orbifold compactifications

Twisted tachyons

Tachyons are possible in some twisted sectors of many orbifolds:
Blaszczyk,SGN,Loukas,Ramos-Sanchez’'14

Orbifold Twist Tachyons | Orbifold Twists Tachyons
T%/Zs | 3(1,1,—2) | forbidden T®/Z, x Z, |%(1,—1,0); (0,1,—1) forbidden
T®/Zs | 1(1,1,-2) forbidden | T6/Z, x Zs | %(1,—1,0); 2(0,1,—1) possible
T®/Zs. | 1(1,1,—2) possible | T6/Z; x Ze. | 3(1,—1,0); 2(1,1,—2) possible
T®/Zei | 1(1,2,—3) | possible | T6/Zy x Zg.i| 3(1,—1,0); 2(0,1,—1) possible
T8/Z;  3(1,2,-3) | possible | T8/Zs x Zs 1(1,-1,0); £(0,1,—1) possible
T®/Zg. | 5(1,2,-3) | possible | T®/Z3 x Zg |(1,—1,0); £(0,1,—1)| possible
T®/Zgn | §(1,3,—4) possible | T8/Zs x Zs | 3(1,-1,0); 1(0,1,—1)| possible
T®/Z121  75(1,4,—5)| possible | T®/Zg x Zs | §(1,—1,0); £(0,1,—1)| possible
T8/Z1o 75(1,5,—6) | possible
Comments:

@ when tachyons are possible, they do not necessarily appear

@ and tachyons are lifted in full blow-up...
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Orbifold compactifications

Lifting tachyons by blow-up

State Sector | Representation
Tachyon T 6 (1;1,1,2)
Blow-up mode B 67 (1;1,2_,1)

On general field theoretical grounds we expect that the effective
potential for the tachyon t contains the terms

Vet = m%—‘T|2 + ‘)\‘2 |B‘2 |T‘2 + ...

where m= < 0 is the tachyonic mass

When the blow-up mode B takes a sufficiently large VEV, the
tachyon becomes massive
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Orbifold compactifications

SM-like models scans on CY orbifolds

Orbifold Inequivalent | Tachyon-free| SM-like tachyon-free models
twist #(geom) | scanned models | percentage total | one-Higgs | two-Higgs
Z3 (1) 74,958 100 % 128 0 0
74 (3) 1,100,336 100 % 12 0 0
Zg.| (2) 148,950 55 % 59 18 0
Zg.| (4) 15,036,790 57 % 109 0 1
Zg.| (3) 2,751,085 51% 24 0 0
Zg.| (2) 4,397,555 71% 187 1 1
Zo X Lo (12) 9,546,081 100 % 1,562 0 5
Zo X 74  (10) 17,054,154 67 % 7,958 0 89
Z3 x 7z  (5) 11,411,739 52 % 284 0 1
Z4g X L4  (5) 15,361,570 64 % 2,460 0 6

Blaszczyk,SGN,Loukas,Ramos-Sanchez’'14

On orbifolds we can construct single Higgs-doublet models,
like the SM (not MSSM)!
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Smooth compactifications

Compactifications of the SO(16)xSO(16) string

[ 10D SO(16)xSO(16) string ]

( N

Smooth CY compactification
X: 6D Calabi-Yau

V: Hol. vector bundle

!

[ SM-like models ]
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Smooth compactifications

CY backgrounds for SO(16)xSO(16) string
Why consider CY backgrounds for non-SUSY strings?

@ Target space: Avoid tachyons
Blaszczyk,SGN,Loukas,Ramos-Sanchez’'14

To leading order there are no tachyon on smooth CY
backgrounds in the large volume approximation:

The Laplace operator A ~ (ilP)? is related to the square of the
Dirac operator i[), hence its spectrum is non-negative

@ Worldsheet: U(1)s symmetry and (2,0) SUSY
Hull,Witten’85

@ We can recycle many computational techniques
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Smooth compactifications

SM-like model scans on smooth Calabi-Yaus

Inequivalent SU(5) models for SO(16) x SO(16) theory on smooth CYs

Geometry GUT- Chiral exact SM- Chiral exact
hy1 Name (CICY #) like Fermi Scalar Both like Fermi Scalar Both
4 Tetra-quartic (7862) | 209,743 281 263 1 1,575,098 2,370 2,000 15
4 7491, 7522 1,873 0 1 0 14,651 0 11 0
5 7447, 7487 28,209 901 46 5 149,143 5,154 377 52
5 6770 65,888 173 85 0 437,327 914 707 0
5 6715, 6788, 6836, 6927 120 7 0 0 518 89 0 0
5 6732, 6802, 6834, 6896 460 33 0 0 3,119 275 0 0
5 6225 72 0 0 0 483 0 0 0
6 5302 355 22 0 0 1093 66 0 0
19 Schoen 456,594 5,169 2,745 30 | 3,002,353 37,276 21,955 237

SGN,Loukas,Ruehle’15

(CICY classifications Candelas,Dale,Lutken,Schimmrigk’s8, Braun'10 )
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Tachyons

Comments on tachyons and other instabilities

\\av\‘e“s“

| Y

)
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10D (non-)supersymmetric heterotic strings

Dixon,Harvey’86

Heterotic theory | SUSY  Tachyons Fermions
EgxEg yes none Superpartners
Spin(32) /Z, yes none Superpartners
SO(16) x SO(16) | no none (128;1). +(1,128). + (16;16)_
Es x SO(16) no (1,16) (1,128 ), +(1;128_)_
E;xSU@)? | no | (1212 | ©6211),+(1,1:36,2),
(56,1;1,2)_ +(1,2;56,1)_
SO(24) x SO(8) | no (1;85) (24,;8), + (24,8)_
U(16) no | (144)+(1-4) (120,5), + (120 5),
SO(32) no (32) none

By considering Scherk-Schwarz supersymmetry breaking and
Wilson lines on circle (torus) compactifications, one can show
that all these theories are continuously connected to each other
Ginsparg,Vafa’87, Nair,Sharpere,Strominger,Wilczek'87
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Comments on the vacuum energy

A

The vacuum energy is given by
d°r L/~~\J
VR) = | g Z(R)

To

LTy
L A -
>

Without SUSY this will generically non-zero and a potential is
being generated for the scalars in the theory.

If the theory contains a level matched tachyon (m% < 0), then this
diverges: Kutasov,Seiberg’90

d°r 2

To

Hence tachyons will be dynamically avoided if there is some
deformation direction which can lift tachyons.
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Fischler-Susskind mechanism

Fischler,Susskind’86

A non-vanishing vacuum energy implies that the theory possess
a non-vanishing dilaton tadpole.

This tadpole can induce tachyons at the two-loop level.

In principle, one should be able to study where the theory goes
because of the driving force of this tadpole and expand the theory
from the true minimum.

Unfortunately it is unknown how this mechanism should be
iImplemented concretely...
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Summary / Outlook

We have seen that studying non-supersymmetric models in
string theory is interesting both theoretically and
phenomenologically

But there are still many open difficult and fundamental
questions here to be addressed...

Thank you!

Stefan Groot Nibbelink (ASC,LMU) Non-SUSY string models Bad Honnef, 2016 30/30



	Motivation
	The non-supersymmetric heterotic string
	Orbifold compactifications
	Smooth compactifications
	Tachyons

