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e Start with heterotic string on M3 x X
= 4D physics is a function of compactification manifold X
e Want N =1 SUSY in 4D
= X is CY threefold [Candelas,Horowitz,Strominger, Witten]
e Want Gsy = SU(3) x SU(2) x U(1) gauge group
= Choose holomorphic, stable vector bundle V to break
Eg x Eg — Gsm( X Ghidden)
@ Study resulting string theory
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Motivation

e Start with heterotic string on M3 x X
= 4D physics is a function of compactification manifold X
e Want N =1 SUSY in 4D
= X is CY threefold [Candelas,Horowitz,Strominger, Witten]
e Want Gsy = SU(3) x SU(2) x U(1) gauge group
= Choose holomorphic, stable vector bundle V to break
Eg x Eg — Gsm( X Ghidden)
@ Study resulting string theory

Problem
@ Resulting string theory described by complicated NLSM

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013)
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Motivation

Solution ideas

@ Study special CYs that allow for a free CFT description

(0I’blf0|d$) [Dixon,Harvey,Vafa, Witten], [Blaszczyk,Buchmiiller,Groot Nibbelink, Nilles,

Raby,Ramos Sanchez,Ratz,FR,Vaudrevange,...]

@ Study generic CYs in supergravity approximation
[Anderson,Bouchard,Braun,Donagi,Gray,He,Lukas,Ovrut,Palti, Pantev,Waldram,. . . ]

@ Study easy non-conformal GLSM that flows in the IR to
conformal NLSM

[Witten], [Adams,Blaszczyk,Blumenhagen,Carlevahro,Distler,Groot Nibbelink,Israel,Rahn,FR,. . .]

v
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Motivation

Our procedure

@ Start with orbifold where string theory under control

e Find consistency requirements from exact free CFT
calculations [Blaszczyk,Groot Nibbelink,Ratz,FR, Trapletti, Vaudrevange]

o Unknown how to get them in other phases like SUGRA
approximation
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Motivation

Our procedure

@ Start with orbifold where string theory under control

e Find consistency requirements from exact free CFT
calculations [Blaszczyk,Groot Nibbelink,Ratz,FR, Trapletti, Vaudrevange]
o Unknown how to get them in other phases like SUGRA
approximation
@ Depart from orbifold geometry

e Study more general points in moduli space
o Phenomenology (SUSY+exotics+GG) requires departure from
orbifold point

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013)



Motivation

Our procedure

@ Start with orbifold where string theory under control

e Find consistency requirements from exact free CFT
calculations [Blaszczyk,Groot Nibbelink,Ratz,FR, Trapletti, Vaudrevange]
o Unknown how to get them in other phases like SUGRA
approximation
@ Depart from orbifold geometry

e Study more general points in moduli space
o Phenomenology (SUSY+exotics+GG) requires departure from
orbifold point

] GO to GLSM deSCFIptIOH Of the Orbifold [Blaszczyk,Groot Nibbelink, FR]
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Motivation

Our procedure

@ Start with orbifold where string theory under control
e Find consistency requirements from exact free CFT
calculations [Blaszczyk,Groot Nibbelink,Ratz,FR, Trapletti, Vaudrevange]
o Unknown how to get them in other phases like SUGRA
approximation
@ Depart from orbifold geometry
e Study more general points in moduli space
o Phenomenology (SUSY+exotics+GG) requires departure from
orbifold point
@ Go to GLSM description of the orbifold [giaszczyk Groot Nibbelink FR]
@ Study other GLSM phases like smooth CY
e Phenomenological models require torsion and often NS5 branes
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@ N =(2,2) GLSMs

e Introduction
o GLSM description of compactification spaces
e Study of moduli space

@ N = (0,2) GLSMs & Anomalies

e Introduction
o Anomalies + Cancelation mechanism

e Examples

© N =(0,2) GLSMs & Discrete Symmetries

e Introduction

o Study of discrete symmetries

@ Conclusion
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Part |

N = (2,2) GLSMs




Field content

Think of 2D N = (2,2) superspace as a dim. reduction of 4D
N =1 superspace with Lorentz group SO(1,1) [witten]

Superspace coordinates

@ Two WS coordinates o1, 07

e Two complex Grassmann variables 07,6~

e Chiral multiplet (D+Z = 0): Z = (z,94,¢_, F)
o Vector multiplet (V = VT): V = (A A;, A5, A, A, D)
o Twisted chiral multiplet (D+X = D_¥ = 0)
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GLSM Action

SGLsM = Skin + Sk + Sw

@ Siin = fd20d4c9§e2qVZ + el—sz

o Spi = [d?0df~dO* pT + h.c. with p=b+if

o Sw = [d*0d*ICP(Z) + h.c. with q(C) < 0,q(Z) >0,
q(P(2)) = q(C) = >_; a(Zi)

Algebraic EOMs

o D term: > qilzi|®> + qclc|?=b
e F term: P(z) =0, ca()—O
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Relation to target space

(2,2) GLSMs describe heterotic string in standard embedding

e GLSM fields Z; < Toric ambient space coordinates

GLSM gaugings U(1)Y < Weights of toric spaces

F terms < hypersurface constraints

q(C) +22ia(P(2i) =0 & a(TX) =0=a(V)

Fl terms b < Kihler parameters

D terms < Kahler cone, SR ideal

X is Kdhler and Ricci-flat

X has SU(N) holonomy

Spin connection is identified with gauge connection
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Example: T2

GLSM Fields Zl 22 Z3 C
U(1) charges || 1 1 1 |-3

Superpotential

W = C(Zf’ + Zg’ aF Zg’ aF KJ212223)
r encodes CS of T2 = relate to 7 via Weierstrass g function
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Example: T2

GLSM Fields Zl 22 Z3 C
U(1) charges || 1 1 1 |-3

Superpotential

W = C(Zf + Zg’ aF Zg’ aF Ii212223)
r encodes CS of T2 = relate to 7 via Weierstrass g function

<

|21 + |22 + |z = 3[c]> = b
e b>0: SR={z1zz3}, ¢ = 0 (from F term) = smooth T2

@ b<0: SR={c}, z; =z =23 =0 (from F term)
= Z3 LG orbifold

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013) 8 /34



Example: T2

GLSM Fields Zl 22 Z3 C
U(1) charges || 1 1 1 |-3

Superpotential

W = C(Zf + Zg’ aF Zg’ aF Ii212223)
r encodes CS of T2 = relate to 7 via Weierstrass g function

v

|21 + |22 + |z = 3[c]> = b
e b>0: SR={z1zz3}, ¢ = 0 (from F term) = smooth T2
@ b<0: SR={c}, z; =z =23 =0 (from F term)
= Z3 LG orbifold

Note: We are not after the (non-geometric) LG orbifold but after
the (geometric) singular CY orbifold

v
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Example: (72)3/Zs orbifold

e Start with compactification space (T2)%:
Choose complex coordinates z1, 2, z3 and lattice At

@ Remove parallelizable spinors by introducing non-trivial holonomy:

Choose CS such that At has Z3 symmetry
= A7 is root lattice A> x Ay X Ay
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Example: (72)3/Zs orbifold

o Start with compactification space (T2)3%:
Choose complex coordinates z1, 2, z3 and lattice At
@ Remove parallelizable spinors by introducing non-trivial holonomy:
Choose CS such that At has Z3 symmetry
= A7 is root lattice Ay x Ay X Ay
e Mod out Z3: Action described by orbifold twist v = (vi, va, v3):
0 (z1,2,23) — (€212, 2™ 27y 2™3 73) = 27 fixed points
@ CY constraint: Q =dz Adz Adzs invariant = vi+w+v3=0 mod 1
@ Modular invariance: Augment orbifold twist by shift V in gauge DOFs:
0 : AEa><Es = /\E8><Ea + V with V2 —v?> =0 mod 2
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Example: (72)3/Zs orbifold

[ UQ)'s | z11 z12 z13| 221 720 723 z31 732 733 C1 Co C3 ]|

R 1 1 1]000] 00C0]300

Ra 00011 1] 00 0] O0-30

Rs 000 00O0O| 11 1] 00-3

F-terms for ¢; and zj,:

zin® + 203 + zi3® + Kiznzinzis = 0, =123,
C,'(Z,'ﬂz—i-/i,'Z,'ﬂZ,',,) =0, ihp=123 pAtu#tv#p
D—-terms:

|zi1 |2 + |zi2|? + |zi3]? = 3|ci|]? = a;, i=1,2,3
Geometry:

Zi1, zj», zj3: coordinate of it" torus
Fix CS at 77 = e2™/3 = x; = 0 from Weierstrass map
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Example: (72)3/Zs orbifold

[ UQ)'s | z11 z12 z13| 221 720 723 z31 732 733 C1 Co C3 ]|

R T 1 1] 00 O0] 00 O] 300
R» 000|111 000|030
Rs 000|000 11 1| 00-3
F-terms for ¢; and zj,:
zn}+zpd+ 233 =0, i=1,2,3,
2 _ .
CiZip —0, I,p—1,2,3
D—terms:
2 2 2 2 .
|zi1|® + |zi2|* + |zi3]* = 3|ci|* = ai s i=1,2,3

Geometry:

aj: sizes of tori

aj > 0= at least 3 z; ,% 0 = ¢; = 0 (assume this case for now)
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Example: (72)3/Zs orbifold

[ UQ)'s [[ z11 z12 213 ] 221 222 203 z31 232 z33] c1 @2 3| x1]

R 1 1 1] 0 0 0] 0 0 0] 300] 0
R 00 0|11 1| 00 0| 0-30|0
Rs 0 00| 00 0| 111|003 0
Eq 1 0 0 1 0 0 1 0 0 000]| -3
F—terms for ¢;:
x4+ 23+235=0 i=1,2,3
11 i2 i3 ) PES)
D—terms:
2 2 2 _ .
|zi1|* + |zi2|* + |zi3|* = ai, =123

|Z11|2 aF |221|2 4F |Z31|2 — 3|X1|2 = b

Geometry: [Aspinwall, Plesser]

by: sizes of exceptional cycles

b1 < 0= x5 7£0 = <X1> breaks £ to Zi3 with 27 FP z;1 =201 =231 =0
b1 > 0 = FP z11 =21 =231 =0 forbidden = smooth
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Example: (72)3/Zs orbifold

[ UQ)'s [[ z11 z12 213 ] 221 202 203] z31 232 233] c1 2 c3| x1 x|
Ry 1 1 1 0 0 O 0 0 0|-300|00
R> 0 0 O 1 1 1 0 0 O 0-30| 00
R3 0 0 O 0 0 O 1 1 1 00-3] 00
E; 1 0 0 1 0 0 1 0 0] 00O0]-30
E; 010 010 01 0|000|O0-3

F—terms for ¢;:
z,-31X1—|—z,-32X2+z,-33:O, i=1,2.3

D—terms:

2 2 2 H
|zin|* + |zi2|* + |2i3] = ai =123

2110 + |z21 ] + |z31)? = 3|x1]? = by
212]? + 2222 + |z32]? = 3|x2|? = b2
Geometry:

by < 0= x1#0 = (x1) breaks E; to Z3 with 9 FP z11 =27 =231 =0
b < 0= XQ#O = <X2> breaks Ey to /A with 9 FP z1p =200 =23, =0
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Example: (72)3/Zs orbifold

[ UQ)'s [[ z11 z12 213 ] 221 202 203 z31 232 z33] c1 @ @3] x1

le
R T 1 1] 00 0] 00O0]300[00
Ry 000|111/ 000|0-30/00
Rs 0o 00| 00011 1/00-3/00
E 100|100/ 100|/000|-30
E 010/ 010|071 0|000|0-3
E’ 0 0 1 0 0 1 0 0 1|-3-3-3] 33
1zin|? + |zi2|* + |23 = ai s i=1,2,3

2110 + |z21]% + |z31)? = 3|31 ]2 = by

|z12] + | 222 + |z32|* — 3x2|? = b2

Where are last 9 fixed points? = Combine U(1)’s or D terms:
2137 + |z23)° + |233]> + 3|xu > + 3pa|> = X2 @i + by + by
Geometry:

X1 750 =9 FP zZ11=21=231=0

X2 750 =90 FP Z19 =20 =230=0

Last 9 FP z;3=z3=233=0. Note: Not smooth for b; » > 0!
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Example: (72)3/Zs orbifold

[ U(1)'s H z11 Z12 213[ 221 Z22 223[ 31 Z32 233[ c C C3[ X1 X2 X3]
R1 1 1 1 0 0 0 0 0 O 300 000
R» 0 0 O 1 1 1 0 0 O 0-30 000
R3 0 0 0 0 0 O 1 1 1 00-3] 000
Eq 1 0 0 1 0 0 1 0 0 000|-300
E> 0 1 0 0 1 0 01 0 000| 0-30
E3 0 0 1 0 0 1 0 0 1/000|00O0-3

F—terms for ¢;:
z,-31X1 —I—z,-32X2 +Z%X3 =0, i=1,2,3

D—terms:

2 .
zi 2+ |z2|? + 23> = s i=1,2,3

|le|2 + |Z2p|2 + |Z3p|2 - 3’Xp‘2 =b,, p=123
Geometry:

<X1> 750 generates Z3 with FP z11 =251 =231 =0

(x2) #0 generates Z3 with FP z1p =200 =23p=0

(x3) #0 generates Z3 with FP z;3=2z3=233=0

3 x 9 fixed points
Smooth for b, > 0!
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General procedure:

To build an orbifold /resolution GLSM model
© Choose toric description appropriate for orbifold action
@ Introduce exceptional divisors to smoothen the singularities

© Set Fl parameters a > 0 > b to study orbifold or a>> b >0
to study blowup

@ Construct inherited divisors and linear equivalences

© Read off intersection numbers

In this way, the resolution phase can be studied using a GLSM
which can be smoothly connected to the orbifold.

The procedure yields GLSM description of previous approaches
which proceeded via polytopes and gluings.
[Lust,Reffert,Scheidegger,Stieberger]
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Study of Moduli Space

But we can do more! Having a GLSM realization, we can probe
whole moduli space by simply varying FI parameter.

[ UQ)'s | z11 z12 z13 | 221 222 203 731 732 733] 1 G2 &3] x1 x2 X3 |
R1 1 1 1 0 0 0 0 0 O 300 000
R» 0 0 O 1 1 1 0 0 O 0-30 000
R3 0 0 O 0 0 O 1 1 1 00-3] 000
E; 1 0 0 1 0 0 1 0 0[] 00O0]-300
E> 01 0 0 1 0 0 1 0 000|] 0-30
E3 0 0 1 0 0 1 0 0 1/000|00O0-3

Superpotential:

W = th szi3po

D—terms:

Yoz =3P =a, =123
Z?:l |zipl* = 3%, = by, p=1,2,3

For simplicity: Set a; = a and b, = b.
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Phase I: Non-Geometric Regime

b

Superpotential:
W:Zi’p c,-z,-3pxp

a D—terms:
>3 lzip)2 -3l P =a
S |zip 2= 312 = b
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Phase I: Non-Geometric Regime

b

Superpotential:
W:Zi’p c,-z,-3pxp

a D—terms:
>3 lzip)2 -3l P =a
S |zip 2= 312 = b

a<0,b<0
(@) =% (=%  2=0
Target space is a point. J
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Phase |I: Orbifold

b
Superpotential:
W:Zi’p c,-z,-3pxp

a D—terms:
>3 lzip)2 -3l P =a
S |zip 2= 312 = b

orbifold

a>0, b<0:

¢ =0, (xp) >0, (zip) >0
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Phase |I: Orbifold

b
Superpotential:
W:Zi’p c,-z,-3pxp

a D—-terms:

22:1 |Zip’2 —3|ci[P=a
S lzipl =3l P = b

orbifold

a>0, b<0:
¢ =0, (xp) >0, (zip) >0
Target space is the T°/Zj3 orbifold. J
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Phase IlI: Blowup

b

Superpotential:
— 3

— D—terms:
3 a2
orbifold Z§:1|le’2 3|C, ‘2 a
it |Zipl?=3|x,|°=b
a>3b>0:
=0, (x)>0 (z,) >0
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Phase IlI: Blowup

b

Superpotential:
_ 3
W= Zi,p CizipXP

i D—terms:
3 L2 L2 —
orbifold Z§:1|le’2 3|C, ‘2 a
> i1 |Zip| =3|x,[*=b
a>3b>0:
ci =0, <Xp> >0, <Zip> >0
Target space is the resolution CY of the T°/Z3 orbifold. )
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Phase 1V: Singular Over-Blowup

b

Superpotential:
W:Zi,p c,-z,-?’pxp
D—-terms:

> olzipl? =3l P =a
Z?:l |Zip|2_3|xp|2 =b

blowup

orbifold

a<0, b>0:

Note complete symmetry of the model under
Xp <7 Ciy Zjp <7 Zpj, A <7 b
(¢)>0, x,=0, (z,) >0
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Phase 1V: Singular Over-Blowup

b
Superpotential:
W:Zi,p c,-z,-?’pxp
D—-terms:

S lzipl2 =3l P =a
Z?:l |Zip|2—3|xp|2 =b

blowup

orbifold

a<0, b>0:

Note complete symmetry of the model under
Xp <7 Ciy Zjp <7 Zpj, A <7 b
(¢)>0, x,=0, (z,) >0

Target space again T°/Z3 orbifold, with x and ¢ exchanged. J

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013) 14 / 34



Phase V: Over-Blowup

b

Superpotential:

W= Zi,p Ciz?pxp
D—-terms:

> olzipl? =3l P =a
Z?:l |Zip|2_3|xp|2 =b

orbifold

b>3a>0:

(ci) >0, x, =0, (zip) >0
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Phase V: Over-Blowup

b

Superpotential:
W:Zi,p c,-z,-?’pxp
D—-terms:

> olzipl? =3l P =a
Z?:l |Zip|2_3|xp|2 =b

orbifold

b>3a>0:

(ci) >0, x, =0, (zip) >0

Target space is the resolution CY of the “other” T°/Zj3 orbifold. |
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Phase VI: Critical Blowup

b

Superpotential:
W:Zi,p c,-z,-?’pxp
D—-terms:

> olzipl? =3l P =a
Z?:l |Zip|2_3|xp|2 =b

critical

blowup

orbifold

a>0 be [%,33]:
<Ci7ép> >0, <Xp> >0, (Zip> >0
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Phase VI: Critical Blowup

b

Superpotential:
W:Zi,p c,-z,-?’pxp
D—-terms:

> olzipl? =3l P =a
Z?:l |Zip|2_3|xp|2 =b

critical

blowup

orbifold

a>0 be [%,33]:
(cizp) 2 0, (xp) =0, (zip) 2 0

Target space is hybrid phase with blowup limits for b | £ & b 1 3a.J
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b

izl Superpotential:

blowup W:Z’.’p Cizi?’pxp
D—-terms:
3o |2 =3ci P =2
Z?:l |2ip? =3|x,[* = b

orbifold

Note that in general
@ The dimension of the TS can jump between the phases
@ There can be flop-transitions also “outside” the CY

@ There can be several distinct singular phases [Aspinwall, Greene,

Morrison, Plesser, ...]

There is a vast (moduli) space to be explored! ]
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Part |

N = (0,2) Models & Anomalies




Definition of GLSM

superfield . charge | bosonic DOF | fermionic DOF

type notation

chiral ya (q1)? z? P2
chiral-Fermi A (@)™ Fe A

gauge (V,A) 0 al,al D! ¢!
Fermi—-gauge ol 0 s o'

chiral o (gn)™ xm ™
chiral-Fermi re (Q)* Fr yH

Think of 2D A = (0,2) superspace as \' = (2,2) superspace
and dispense of 01, 0T [Dine, Seiberg]

@ (2,2) Chiral multiplet Z, 5y = (Z; x) =(chiral; chiral-Fermi)
@ (2,2) Vector multiplet V5, = (V, A; X) =(gauge; Fermi-gauge)

LMU (04/25/2013) 15 / 34
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Definition of GLSM

superfield . charge | bosonic DOF | fermionic DOF
type notation
chiral z? (ar)? = v
chiral-Fermi A (@)~ Fe A
gauge (v, A) 0 3, 3, D! !
Fermi—gauge P 0 s’ ¥
chiral ®m (a)™ x™ v
chiral-Fermi rH (Q* F* o
Geometry:
D Term:
al,al2 mi,m|2 _ = . Fl-
(9)?12)? + (q))"|x™ > — by =0, by: parameter
F Term:

Wegeom = M P, (Z) = Pu(Z) =0

[é Terms give SR ideal = Kahler cone, GLSM phase
F Terms give restriction to hypersurface

LMU (04/25/2013)
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Definition of GLSM

superfield . charge | bosonic DOF | fermionic DOF

type notation

chiral z? (ar)? z° v*
chiral-Fermi A (Qi)~ Fe ol

gauge (V, A)I 0 air, a%, D’ (DI
Fermi—gauge o' 0 s’ Ll

chiral o7 (@)™ X" L
chiral-Fermi e Q)" Fr s

Gauge group:
Fermionic Transformation:
doN* = M (Z2)0;

Superpotential:
Whundie = @ Nipa (W)AY = TN (Z) = 0

Gauge group

Gauge group and particle content given by (naturally arising)
monad construction via ker(N)/im(M).

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013) 15 / 34



Anomalies

1
A= E(Ql -Qy—q1-qy),

Q- Q=) (Q)"(Q)" + Z(Ql)”(QJ)“

a

ar - q —Z(q/) ) +Z a)™(a)"

Problem

In general many U(1) gauge groups
= Huge amount of stringent anomaly conditions.
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-+ VWW——VVWW\

1
Ay = §(Ql “Qy—qi-q)) =T,

Q- Q=D (Q)™(QN)™ +D_(Q)*(Q)",

a Iz

qr-qy = Z(q/)a(%)a + Z(q/)m(%)m

Introduce new fields to obtain Green—Schwarz mechanism on
the world—sheet to cancel gauge anomalies. [Adams,Ernebjerg,Lapan]
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Green—Schwarz mechanism

Green—Schwarz mechanism needs fields that transform with shifts.
Our approach
= Use logarithm of coordinate fields W

We = [[J? + Txy In ’RX(Z)|:| fl = 77_] = r,X Tx;

1
Ay = §(Ql “Qy—qi-qy)—Tu

with
° /)(,): constant FI parameter
e R*(Z): homogeneous polynomials w/ charges r;®
o Ty (quantized) coefficients: TX,fF’ e

Fabian Ruehle (BCTP Bonn) Heterotic string with GLSMs LMU (04/25/2013)



Green—Schwarz mechanism

Green—Schwarz mechanism needs fields that transform with shifts.
Our approach
= Use logarithm of coordinate fields W

We = [[J? + Txy In ’RX(Z)|:| fl = 77_] = r,X Tx;

1
Ay = §(Ql “Qy—qi-qy)—Tu

WS Anom: Iy = A, F'F?
TS Bl's: dH = chy( V) — chy(TX) — NS5
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Green—Schwarz mechanism

Green—Schwarz mechanism needs fields that transform with shifts.
Our approach
= Use logarithm of coordinate fields W

We = [[J? + Txy In ’RX(Z)|:| fl = 77_] = r,X Tx;

1
Ay = §(Ql “Qy—qi-qy)—Tu

WS Anom: Iy = A F'F’
TS Bl's: dH = chy(V) — chy(TX) — NS5
Anom: Iy = [Q)'Q —q"qTIF F!—[aiq7— Q' Q" F'F =T, F' F’
b = [Q' QY —q/"q7] laiq7— Q' QY] 1

Z*(cha2(V)) 7+ (cha(TX)) Z+(NS5)
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1.) No anomalies

superfield Za:l,.4.78 ru:l,...,4 /\a:l,...,S ¢m:1,...,4
gauge charge 1 -2 1 -2

P7[2,2,2,2] with SU(3) bundle

A =2 [QF —qf] — Ta

N —

WF|:pO+T|n]Zﬂ = r11:1, Ti=T, Te€2Z

VDZ%[Z\zaﬁ—QZm?—b—T|nyzl\]2éo
a m
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1.) No anomalies

superfield Za:l ,,,,, 8 ru:l ..... 4 /\a:l ..... 8 (bm:l ..... 4
gauge charge 1 -2 1 -2

P7[2,2,2,2] with SU(3) bundle

A =2 [QF —qf] — Ta

N —

WF|:pO+T|n]21] = I’11:1, 711:7_7 T €2Z
1
VDZE[2\2312—22\xmy2—b—Tlnyzl\]zéo
a m

Avi =3 (8- (1244 (-2 ~8- (12— 4+ (-2)?] + T L0

Tiu=T=0 )
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1.) No anomalies

#l

2
Dl

g

A\

|z1?

b=1

8
b>0 = [x°|=0, Vp=0= > |[222=b
a=1

Geometry compact, no anomalies. J
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2.) T >0, compact geometry, effective curve

superfield wa:l,...,8 ru:l ..... 4 /\a:l ..... 4 ¢m:1,2
gauge charge 1 -2 1 -2

P7[2,2,2,2] with SU(2) bundle

A =2 [QF —qf] — Ta

N —

WF|:,00+T|I'1[ZI] = I’11:17 711:7-7 T e2Z

VDZ%[Z\zaﬁ—QZm?—b—T|nyzl\]2éo
a m
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2.) T >0, compact geometry, effective curve

superfield wa:l,...,8 ru:l ..... 4 /\a:l ..... 4 ¢m:1,2
gauge charge 1 -2 1 -2

P7[2,2,2,2] with SU(2) bundle

A =2 [QF —qf] — Ta

N —

WF|:pO+T|n[Z1] = I’11:17 711:7-7 T e2Z
1 2 |
VD:E[2\2312—22\x’"]2—b—TIn]zlu =0
a m

Avy = 3[4 (244 (2P ~8- (12 2+ (-2)7] - T L0

Tiu=T=2 )
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2.) T >0, compact geometry, effective curve

=
Dl
#1
y /7*\\\

i#1
/'/\\ "
// \ / \\
[ /
\ [ \
| | \
L \
L ‘ \
| \
| | \
” Il 1l
b=1 b=10
| 8
b>0 = |x°|=0, Vp=0= > |ZP=b+2In|zn|-|zaf
a=2

)

Geometry still compact, anomalies canceled by NS5 branes.
LMU (04/25/2013)
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3.) T <0, decompactified geometry, non—effective curve

superfield 72=1..8 | rp=l..4 [ pa=l,..8 | pm=12

gauge charge 1 -2 1 —4

P7[2,2,2,2] with SU(6) bundle

A =2 [Qf —af] — Tia

N| —

We=p2+TIn[Z}] = rA=1, Tu=T, Tciz

VD:%[Z|za|2—42|xmy2—b—T|n|zl|]2;o
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3.) T <0, decompactified geometry, non—effective curve

superfield 72=1..8 | rp=l..4 [ pa=l,..8 | pm=12

gauge charge 1 -2 1 —4

P7[2,2,2,2] with SU(6) bundle

A =2 [Qf —af] — Tia

N| —

W,:|:p0+T|n[Zl] = r11=1, Tu=T, Te4Z
1 a2 mi2 1112 !
VD:2[222|Z| —4Zm:|x 2—b-ThiZ] =0

A11Z%[8-(1)2+4'(—2)2—8-(1)2—2-(—4)2]—Tnéo

Tu=T=-8 )
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3.) T <0, decompactified geometry, non—effective curve

|z

2
Dl

#l

EN

b=10

8
b>0 = [x°[=0, Vp=0= Y [z222=b-8In|zn|— |z

a=2

Geometry decompactified, anomalies canceled with anti—-NS5

branes.

)

Fabian Ruehle (BCTP Bonn)

Heterotic string with GLSMs

LMU (04/25/2013)
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Part |1

N = (0,2) Models & Discrete

Symmetries




Introduction

Discrete Symmtries important for
@ Absence of FCNCs

@ Absence of u—term [Dreiner,Lee,Luhn,Raby,Ratz,Ross,Schieren,Schmidt-

Hoberg, Thormaier,Vaudrevange,. . .|
@ Creation of hierarchies
e Proton stability
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Introduction

Discrete Symmtries important for
@ Absence of FCNCs

@ Absence of u—term [Dreiner,Lee,Luhn,Raby,Ratz,Ross,Schieren,Schmidt-

Hoberg, Thormaier,Vaudrevange,. . .|
@ Creation of hierarchies
e Proton stability

Discrete symmetries on orbifold

@ Non-R Symmetries from fixed point degeneracies

@ R Symmetries from remnants of internal Lorentz group
Lee at.al. found nice Z4 R-symmetry
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Introduction

Discrete Symmtries important for
@ Absence of FCNCs

@ Absence of u—term [Dreiner,Lee,Luhn,Raby,Ratz,Ross,Schieren,Schmidt-

Hoberg, Thormaier,Vaudrevange,. . .|
@ Creation of hierarchies
e Proton stability

Discrete symmetries on orbifold

@ Non-R Symmetries from fixed point degeneracies

@ R Symmetries from remnants of internal Lorentz group
Lee at.al. found nice Z4 R-symmetry

Discrete symmetries on CY

@ Symmetries aries as isometries in GLSM

@ Charges from graded cohomology
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Z3 Orbifold

0: (21,22723) — (627”/321, 627”/322, 67271'!2/323)

e Orbifold action given by twist vector v = %(1, 1,-2)
e Gauge sector given by shift V in the Ag,xg,
o Choose Standard embedding V = %(1,1,-2,0%)(0%) “= v"

Gauge group: [Es x SU(3)]vis X [Es]hidden
Matter: 3(27,3;1) + 27[(27,1;1) + 3(1,3;1)]
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Consistency requirements

Want to construct smooth CY with line bundles from orbifold
using toric (algebraic) geometry. Impose

e Bianchi identity (ensures anomaly cancelation):

H—dB+wYM—wL—>/ dH_/trR2—trf2io
D D
e Donaldson—Uhlenbeck—Yau (ensures 4d A/ = 1 SUSY)

/J/\J/\]-'-O
X
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Resolution of T°/7Z3 with line bundles

Procedure: [Blaszczyk,Groot Nibbelink,Ha, Klevers, FR, Trapletti,Vaudrevange, Walter,. . .]
e Introduce exceptional divisors E,g, at x,3, = 0
— I
o Introduce gauge flux 7 = E,g, V5. Hi

o The H, are the 16 Cartan generators of Eg x Eg
e The 16 x 27 matrix Vo’lﬁv describes the gauge line bundle at
the 27 fixed points

o Note that in the orbifold limit the E,g., are shrunk to a point
= flux is located at fixed points
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Resolution of T°/7Z3 with line bundles

Procedure: [Blaszczyk,Groot Nibbelink,Ha, Klevers, FR, Trapletti,Vaudrevange, Walter,. . .]
e Introduce exceptional divisors E,g, at x,3, = 0
_ I
o Introduce gauge flux 7 = E,g, V5. Hi
o The H, are the 16 Cartan generators of Eg x Eg
e The 16 x 27 matrix Vo’lﬁv describes the gauge line bundle at
the 27 fixed points
o Note that in the orbifold limit the E,g., are shrunk to a point
= flux is located at fixed points
To make contact with the orbifold description:

o Choose the V3., to coincide with the internal Eg x Eg
momentum of some twisted orbifold state located at

(o, B,7)

e Vev of orbifold state generates the blowup of the E 3,
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Resolution of T°/7Z3 with line bundles

Choose 3 different bundle vectors from (27,1) of Eg x SU(3)
o Vi =1(2,2,2,0%)(08) at 9 fixed points
o Vo =3(-1,-1, —1,3,0%)(08) at 9 fixed points
o V3 =—(Vi+ V) at 9 fixed points

= F =0 EVIH + Zjl'ilo EjVaHy + Y75 Ea Vi H)
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Resolution of T°/7Z3 with line bundles

Choose 3 different bundle vectors from (27,1) of Eg x SU(3)
o Vi =1(2,2,2,0%)(08) at 9 fixed points
o Vo =3(-1,-1, —1,3,0%)(08) at 9 fixed points
o V3 =—(Vi+ V) at 9 fixed points

= F =0 EVIH + Zjl'ilo EjVaHy + Y75 Ea Vi H)

Gauge group

[Ee x SU(3)] x [Eg] — [SO(8) x (U(1)a x U(1)g) x SU(3)] x [Esg],
U(1)a,s anomalous
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Resolution of T°/7Z3 with line bundles

Choose 3 different bundle vectors from (27,1) of Eg x SU(3)
o Vi =1(2,2,2,0%)(08) at 9 fixed points
o Vo =3(-1,-1, —1,3,0%)(08) at 9 fixed points
o V3 =—(Vi+ V) at 9 fixed points

= F =0 EVIH + Zjl'ilo EjVaHy + Y75 Ea Vi H)

Gauge group

[Ee x SU(3)] x [Eg] — [SO(8) x (U(1)a x U(1)g) x SU(3)] x [Esg],
U(1)a,s anomalous

<

Bianchi identities

2 _ 2 2_\2_\2_4
fEaﬁWtr]—" —fEaﬂVtrR = V=V =Vi=3
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Resolution of T°/7Z3 with line bundles

Choose 3 different bundle vectors from (27,1) of Eg x SU(3)
o Vi =1(2,2,2,0%)(08) at 9 fixed points
o Vo =3(-1,-1, —1,3,0%)(08) at 9 fixed points
o V3 =—(Vi+ V) at 9 fixed points

= F=59 EiVllH/+Z %10 EVAH + Y34 Ea Vi H,

[Ee x SU(3)] x [Eg] — [SO(8) x (U(1)a x U(1)g) x SU(3)] x [Esg],
U(1)a,s anomalous

Bianchi identities

2 _ 2 2_\2_\2_4
fEamtr]: —fEaﬂVtrR = V=V =Vi=3

DUY equations

[INNF =0 = Z V{vol(E; )+ Z Vivol(E;)+ Z Vivol(Ex) = 0
i= Jj=10 k=19

v
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Remnant non-R symmetries

Non-R symmetries arise as discrete subgroups of U(1)a and
U(1)g which leave vevs of blowup modes invariant

27 — 85(1,-1) + 8c(1,1) T+ 8y(2,0) T 1(—2,-2) T 1(—22) + L4

Blowup modes:
122y, (_22), 1(4,0) corresponding to Vi, V2, V3

Leave discrete Zy X Zy symmetry generated by

Te: &g =€ 3 (aaaz) P(qa,95)

Both symmetries are non-anomalous J
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Remnant R symmetries

Properties of R symmetries
@ R symmetries do not commute with SUSY
@ Grassmann coordinate 0 transforms under R symmetries

e R symmetries only defined up to mixing with non-R
symmetries
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Remnant R symmetries

Properties of R symmetries
@ R symmetries do not commute with SUSY
@ Grassmann coordinate 0 transforms under R symmetries

e R symmetries only defined up to mixing with non-R
symmetries

R symmetries on orbifolds

R charge on orbifold defined via a combination of right-moving
momenta g and oscillator numbers AN:

R=gq— AN with g = %(1, 1, 1) [Kobayashi,Raby,Zhang]

Remnant symmetry of internal space:
Sublattice rotations by 277/3 in each torus:

T,f S — ez’ri/?’Rk(zS, k=1,2,3 labels tori
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Remnant R symmetries — Orbifold

Our orbifold blowup modes have
1
R=qg— AN = 5(1,1,1)

To identify remnant R-symmetries, search for invariant

combinations of T with Ty, and Ty),:

|
L_2,—2) = (TF)P(T) (TS Tuya Tuaysl(-2,-2) = 1(=2,-2)
|
1 20— (TlR)a(TzR)b(TR)CTU(l)A Tua)el(—22) =122
1(a0) = (TF) (T (T Tuya Tuwyslae) = o)

One finds that a+ b+ ¢ = 3 = only a (trivial) Zy R-symmetry
remains in blowup.
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Remnant R symmetries — GLSM

Look at simplified model with 3 exceptional divisors:

0= zf’lxl + 2132X2 + Zf3X3
0= Z§1X1X2X3 + 25’2 + 25’3
0= Z§1X1X2X3 + 23:3’2 + 2333
aj = |zi | + |zia|* + | zisf?
bo = |z1al® + |221* + |z31]* — 3[xal?
Symmetries:
o zj, — e2™/3z,
o (x1,x2,x3) — e27ri/3(x1,xz,X3)
° ...

Origin of Symmetries

Note that the symmetries are inherited from the special choice of
complex structure on the orbifold (absence of  zj;zj>z;3 term)
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Remnant R symmetries — GLSM

How to check which of these symmetries are R-symmetries?

R-symmetries will transform the holomorphic (3, 0) form Q:
Q~nindzidzZdz* = Qr(Q) = Qr(W)  [witten]
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Remnant R symmetries — GLSM
How to check which of these symmetries are R-symmetries?

R-symmetries will transform the holomorphic (3, 0) form Q:
Q~nindzidzZdz* = Qr(Q) = Qr(W)  [witten]

How are the R-symmetries broken in blowup?

(Presumably) via marginal deformations in K&hler potential under
the presence of the gauge bundle:

/ d?0T pap(x*)N(z, x)AA
@ ¢4p: 4D modes
@ N(z,x): Polynomial in the geometry fields zj,, X,

e A: WS fermions describing the gauge bundle

N(z,x) might not be compatible with rotational symmetries
= R symmetry broken
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Remnant R symmetries — GLSM

To check transformation of bundle under discrete symmetries:

o Find discrete transformations of coordinate fields z, x
under symmetry in question

Write down gauge bundle in ambient space
Restrict bundle to toric hypersurface via Koszul sequence

Find contributing monomials

Check transformation of monomials under discrete
symmetry

The last three steps should be automatized using cohomcalg and
the Koszul extension developed by Blumenhagen et.al.
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Conclusion

@ GLSM Resolution of Orbifolds worked out

@ Rich moduli space with interesting topology changes
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Conclusion

N =(2,2) GLSM
@ GLSM Resolution of Orbifolds worked out

@ Rich moduli space with interesting topology changes

\

N = (0,2) GLSM & Anomalies
@ GLSM anomalies can be canceled via log FI Term

@ Description of torsion and NS5 branes

A\
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Conclusion

N =(2,2) GLSM
@ GLSM Resolution of Orbifolds worked out

@ Rich moduli space with interesting topology changes

\

N = (0,2) GLSM & Anomalies
@ GLSM anomalies can be canceled via log FI Term

@ Description of torsion and NS5 branes

A\

N = (0,2) GLSM & Discrete Symmetries

e Find phenomenologically interesting discrete symmetries in
GLSM

o Calculate matter charges from kinetic deformations
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Conclusion

N =(2,2) GLSM
@ GLSM Resolution of Orbifolds worked out

@ Rich moduli space with interesting topology changes

\

N = (0,2) GLSM & Anomalies
@ GLSM anomalies can be canceled via log FI Term

@ Description of torsion and NS5 branes

A\

N = (0,2) GLSM & Discrete Symmetries

e Find phenomenologically interesting discrete symmetries in
GLSM

o Calculate matter charges from kinetic deformations

Thank you for your attention!
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