Discrete Abelian Gauge Symmetries and Axions

Gabriele Honecker

Cluster of Excellence PRISMA & Institut fiir Physik, JG|U Mainz

based on JHEP 1310(2013)146, PoS Corfu2012(2013)107, Fortsch.Phys.
62(2014)115-151 with Wieland Staessens

BCTP Bonn, 3 June 2014

UNIVERSITAT Mz

JGJu >
sorannes GUTENBERG 1 p

Mainz Institute
Theoretical Physics

Gabriele Honecker Discrete Abelian Gauge Symmetries and Axions



Motivation: Gauge Symmetries in String Theory

> Type Il string theories: gauge theories localized on D-branes

- -~

Sy X S
4 um) UNN)

» U(1) C U(N) generically massive o< Mstring
2, UQ)

Spanish Quiver:

SU(3)xSU(2) xYx{U(l)z‘aSS“’e 5 o er Ny
(B - L)XU(l)massive
» U(1)k .. remain as perturbative global symmetries
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Motivation: Discrete Abelian Gauge Symmetries

QL U(l)k

massive

> broken by non-perturvative
effects, e.g. D-brane instantons

ve) oon. T InC U(1)k .. remain as global
oK discrete symmetries

~~ constraints on effective field
theory @ low energies

This talk:
» Conditions on the existence of Z, symmetries
» Which Z, occur in global (=consistent) D-brane models?

...gauge quivers: Richter’s talk

» Relation to axions (strong CP problem, dark sector .. .)

...inflation: Marchesano's talk
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Related Works on Abelian Discrete Symmetries

SUSY field theory:

P Discrete gauge symmetries and the origin of baryon and lepton number conservation in supersymmetric

versions of the standard model L.E.Ibafiez, G.G.Ross: NUClPhySB368(1992)3-37
P What is the discrete gauge symmetry of the MSSM?
H.K.Dreiner, C.Luhn, M. Thormeier: Phys.Rev.D73(2006)075007 Luhn’s talk
~+ R-parity (Z,), baryon triality (Z3), proton hexality (Z¢) for e.g.
proton stability

D-brane models:
P Discrete gauge symmetries in D-brane models M.Berasaluce—GonzaIez, L.E.Ibd ﬁez,
P.Soler, A.M.Uranga: JHEP1112(2011)113

P Discrete Gauge Symmetries in Discrete MSSM-like Orientifolds

L.E.Ibdfiez, A.N.Schellekens, A.M.Uranga: Nucl.Phys.B865(2012)509-540

»  String Constraints on Discrete Symmetries in MSSM Type Il Quivers P.Anastasopoulos,
M.Cveti¢, R.Richter, P.K.S.Vaudrevange: JHEP1303(2013)011

»  Zp charged branes in flux compactifications M.Berasaluce-Gonzalez, P.G.Camara,
F.Marchesano, A.M.Uranga: JHEP1304(2013)138

>
GH, W. Staessens ‘13
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» Discrete gauge symmetries: Zj,

» Massive U(1)s & closed string axions

» Conditions on Z, symmetries

» Cross-check of normalisation for n

» Examples: D6-branes on T°/Zyy or Zy X Zoy

» Axions, strong CP problem & the dark sector

» Open & closed string axions

» U(Wpg & Higgs-axion potential in the DFSZ model
» soft SUSY

» Bounds on Msring

» Conclusions
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Z., Symmetries
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Massive U(1)s in String Theory |

» Here: geometric language of Type IIA/QR
» same physics for (by dualities for smooth CY's)
» Type IIB/Q (mirror symmetry) ... F-theory
» hetero. w/ U(1) bundles (S-dual/SO(32), M-theory dual/Es x Eg)

» Global model ~» Non-Abelian SU(Np) gauge anomalies=0:
> Na (M, +M,) —4MNos| o Mp=0

upon RR tadpole cancellation
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Massive U(1)s in String Theory Il

» Mixed anomalies cancel by the Green-Schwarz mechanism:

> Axions &; (x4d§; ~ dB( )) longitudinal modes of U(1)k

SU(N,)

SU(Ny)

SU(Np)

massive

Scs D frus (B' B A teF, + AL ¢ ter/\Fb>

» U(l)x =3, qaU(1), massless if > N,q.B: =0 Vi

> Z, C U(L)k
symmetry of &;

massive

with

i RR
B o frous G4
i

&0 [reen CFF
;

Gabriele Honecker

for suitable B! (‘mod n') due to shift
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Axionic Shift Symmetry

» Closed string axions within A/ = 1 chiral multiplets:
» axion-dilaton: S =¢ +1&
» complex structure: U; = ¢; +1i&; & C CER
» Kahler: Ty, = vy +1by by C BQIVSNS
» A =1 SUGRA action independent of &; — & + 1

Kelosed = — INR(S ZIn?R Zlnm Ti)
» perturbatively: only couplings to (9,&;)

» non-perturbative couplings via D-brane instantons: e
with Sipst D 2mi&; in1IB: U; > Ty

—Sinst

» Discrete Z, symmetry preserved if
A AR L OEN & = (B A
~——
Omodn Vi

~~ need to determine ¢;(B!)!
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Z., Symmetries & Green-Schwarz Couplings |

Scs D fras 2 (B' B A teFy + Al & trFp A Fb)

with le o<f|‘|9dd C5RR ) gi X fngven CRR

» Expand 3-cycles and QR-images as:
ho1

ha1
o= (Asnee+ Bined), i, =" (AL nee - Binee)
i=0 i=0

> If[Meven o nodd = mj 6;; | with m; € Z

> {M15¥e", 1999} span only sublattice of finite index:
Agven D Agdd g /\3

» all known global D-brane models of this type

> AL, Bi € L7 - how exactly?
Need correct normalisation for Z,!
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Z., Symmetries & Green-Schwarz Couplings Il

> Mven o n?dd = m§; ~ ngi) = m; *x4d§;

» gauge trafos of | U(1)massive = D, kaU(1)a

A= AL 0PN & = G (MY NakaBL) A
a

> & &+ 1~ Ly symmetry if | ;Y Naka Bl = 0 mod n Vi

]

> S0 NLBY [o1s By A F ~  massyy < 3, NaksB]

Cross-checks on correct normalisation:

> K-theory constraint >~ Z, symmetry
USp(2N)

even H H H
» [1Ve" € A3 coincide with U(N) — { SO(2N)
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Cross-Check: K-Theory Constraint as Z; Symmetry

» K-theory constraint < absence of SU(2) field anomalies
» related to Z, grading of H3(CY3) in Type IIA/QR

» probe brane argument: Uranga ‘02
ho1
0 mod 2 = Mysp(2), © Z NaTla =" Alspia, Mi Y NaBj
i=0 a
> (Kavkpy.-) = (1,1,...) if all TIE® = Myspea), v

USp(2N,)
SO(2N,)

» K-theory constraint naively less than Z, gauge symmetry

v

generally: N D-branes on M¢*": U(N,) — {

v

MNysp(2), © Ma € Z independent of:
> basis {I18ven, Modd}
» normalisation of wrappings {AL, B}

~> express also Z, condition via intersection numbers
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Z., Symmetries in Terms of Intersection Numbers

» ambiguities of normalisation factors m; in B} and M99 cancel

U(1D)masstess = 2, 9aU(1)a | Zn C U(1)massive = 2, kaU(1),

neven o 3 Noqaly =0Vi | M o 3" Nyk,M, =0 mod n Vi

& S N.gaBi=0Vi | & m Y, NaksBl =0 mod nVi
g, €Q ka € Z,0 < ky < n, ged(ka,n) =1

» derivation of m;, B! for all orbifolds possible

~> L symmetries in any global model v/

GH, Staessens ‘13
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Comparison with /ocal Bottom-up Models

Richter’s talk

> M1*" unknown ~~ use (My 4 M}) € A§e"

» caution: rlerl; ¢ N§'e"

> (M + M) oMy =TMyo (M, -, /
without factor 1/2 y’ g

» gives (at most) 4 of (h21 + 1) conditions IT+17

for 4 stacks of D-branes

» only necessary, not sufficient conditions on existence of Z,

» cross-check on correct normalisation from 0 < k; < n
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Intermezzo: Z, Symmetries & D2-Brane Instantons

» | O(1) | D2-instantons respect Z, symmetry: e~502 contains

ha1
Vol(D2
VolP2) | orie with &= Z AL, &
s nDz

ha1
Spz +2miN Y Abymi (D NakaBi)
i=0 a

Sp2 = —

gauge trafo

Sp2

=1Ipyo I'IU(l =0 mod n

)massive

> D2-instantons: Spy D 2mi§  with £ = f|_|02+|_| CRR

> (noz + |_||’32) 0 My(1)massie = 0 Mod n v/

massive

» non-minimal # zero-modes ~~ contributions to eff. action=0

» | USp(2) | D2-instantons analogous v
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Modding out Redundant Zy Symmetries

» SU(N) has center Zy
» Zn C U(1)massive C U(N) equivalent to Z§"e"?

» for : representations of SU(N)y(1) =~ U(N)
> (N
> (N)y x (N)_1 = (Adj)o -+ (1)o
» (N); x (N); ~ (Sym + Anti),
~> Iy C U(1)massive provides same selection rules on
couplings as SU(N) rep.
> for [N = 2}
» (Anti), ~ (1), +— (1)o
> (Sym)2 ~ (3)2 — (Adj)o ~ (3)0
~> charges identical ‘mod 2’

» But: non-trivial sums of Zy, C U(N,) charges can arise

~ generation dependent Z, symmetries

example of generation dependent Zj later
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Z., Symmetries in the SUSY Standard Model

Field theory / SUSY SM: Luhn’s talk
> 3 generators for Z, in MSSM: | g, = e2™R7 . gi2mAL . gi27L]
» R-parity: R»

> baryon triality: £3R3
> proton hexality: £3R2

» Q@ charge can be rotated away by U(1)y

’ Charges of generation-independent Z, symmetries in the MSSM ‘
’Generator H QL‘ Ugr ‘ Dgr ‘ L ‘ER‘ Ng ‘Hu

Ha |
R 0 n—1 1 0 1 n—1 1 n—1
£ 0 0 0 n—1 1 1 0 0
A 0 0 n—1|n—-1] 0 1 0 1

» Presence of U(1)g_; makes R-parity (R2) trivial
» Pati-Salam models: no U(1)massless

Which Z, occur in global D-brane models?
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Z., Symmetries on Orbifolds




Z, Symmetries on Orbifolds of IIA/QR

» dim(A$'®") = hp1 + 1 conditions
» phenomenologically interesting:
> | T%/Z6 | hyy =5

> | T6/Z | hyy =5 (+6)"

> | TS/ Zy x Zg | hpy = 15 (+4)*
> | T9/Zy x Zg | hyy =15

* D-branes wrap only untwisted & Z twisted cycles
» shape of A$"®" depends on lattice orientations under R

» L-R symmetric & Pati-Salam models ‘natural’ on D-branes
~» U(1)y & U(1)g— to rotate charges to 0
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Orbifolds I: Basis of AS*" for T6/Z{)

> T6/Zg) : |—|1;rac _ % (nl;ulk + n%2)

» 2 displacements o € {0, 1}
> 1 eigenvalue
» 2 Wilson lines 7 € {0, 1}

» 2% = 32 fractional 3-cycles per given bulk cycle

» only (h21 + 1) = 6 independent conditions on Z,
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Example |: L-R Symmetric Model on T°/Zg

GH, Ott '04; see also Gmeiner, GH ‘09

> [ U(3)a x U(2)s x USp(2)c x U(1)a x USp(2)e
> U(l)B—L — (% + Qd)massless & U(1)2

massive
> U5p(2)X€{C’e} — U(1)x massless by brane displacement
» only x € {a, b, d} contribute to Z, conditions

» after B — L rotation: GH, Staessens ‘13

| Discrete sym. || Charge assignment for the MSSM states |
e o U 0T Tr [ D [ L] En [ [ AP |0 [ A0 [0
Z| Q+Q |[O| 0| O0O]O]O|]O] O] 0| 0/ O
1

0

Ly Qb 0 1 0 1 1 1 1 1 1
73 Q. 0 0 0| O 0 0 0 0 0

not listed: mild amount of vector-like exotics
> (ka, kp, kq) = (1,1,1) ~ Z; of K-theory constraint

> Zgb) gives no extra constraints beyond SU(2), charges
~> all Z,, appear trivial
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Example Il: L-R Symmetric Model on T°/Z

Gmeiner, GH '07-'08

> ’ U(3)a x U(2)p x USp(2)c x U(1)g(x USp(6)hidden)

» U(l)g-L = (% + Qd)massless & U(l)ﬁwassive
> USp(2)c — U(1)c,massless by brane displacement o
» USp(6)hidden cannot be broken by o or 7 (SUSY)
» after B — L rotation: GH, Staessens '13
| Discrete sym. “ Charge assignment for the chiral states ‘
(%[> kU [ Q] Un [ Ox | LI L] Eel e | M| ][5
Zo Qs+ Qq 0 0 0 00 0 0 0 0 0
73 Q; 0 0 0 01]0 0 0 0 0 0
Ze Qb 0 1 1 4 | 4 3 3 5 5 4
Y ol o | 2 a4 a|2]0)| 4] 4

not listed: mild amount of vector-like exotics

» non-trivial: |Z3 C U(1),
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Orbifolds II: Basis of A& for T6/Z, x 7.

T/ 75 x Zg) with discrete torsion:

3 .
1 Z(’)
I—lfarac — Z <|—|Sulk + § :na2 )
i=1

» 3 displacements o € {0, 1}
> 2 /- eigenvalues
» 3 Wilson lines 7 € {0, 1}

» very large number of 3-cycles per given bulk cycle
> but: only (ho1 + 1) independent M$*"  ~~ classify! ronte, ch 10

’ c|| to

256 QR inv. D6.-branes:

‘ QR invariant for (1), n2), N3)) = ' ‘ o
QR ( ( )52+53 ( 1)(‘51+537 _(_1)61+62) > 5[ :t2b,7;’?./ Et.l{to,dli .
QRZO | (L (o1, (1), (—1ynee) non-tivial for tilted tori
QRZgZ) (( )62+53 ( 1)61+637(71)61+52) > indep. of
QRZ?) ((_1)62+53’( 1)61+63’ 7(_1)61+62) > both 50(2) 2 Usp(z)

Gabriele Honecker

Discrete Abelian Gauge Symmetries and Axions



()

Classification of Gauge Enhancements: T°/Z, x Zg¢

T6/Zs x Z{ | with discrete torsion:

» 256 QR-invariant 3-cycles in total

» untilted tori (b; = 0Vi): QR inv. only for

» c|| exotic 06 & any (7, 7) ~» USp(2N)

TG/ZZ X Zyp: Blumenhagen, Cveti¢, Marchesano, Shiu ‘05

> tilted tori (b, = %VI) QR invariance for GH, Ripka, Staessens '12
c || exotic 06 & 7'0" = 0 Vi ~~ USp(2N)
c|| exotic 06 & 7o’ =1 Vi ~» SO(2N)
¢ L exotic 06 & 7o’ # 7o/ = 7hok =1 ~» SO(2N)
c L exotic 06 & 7'o’ # 7o/ = 5ok =0 ~~ USp(2N)
> mixed set-up: (b1, b, b3) = (0,3, %) on T/Z, x Zg

vV vy vVvYyy

work in progress Ecker, GH, Staessens
» full classification of USp(2) needed for
» K-theory constraint
» O(1) D2-brane instantons

» only (h21 + 1) = 16 indep. conditions on Z, symmetries
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Example: A Pati-Salam Model on T°/Z; x Zj

> Zp x Zg shifts: v = (5. 55.0), w' = (5, £, £) on SU(3)3

. . ® o 7
° oz
1 3 5 k k k) ~(k
> N = 1(X, o1+ Yapo + Sp_y Sy [ el + y R el))
with p1 0 p2 = —55,) o) 5( ) = =4
» QR-even & odd 3-cycles: GH, Staessens ‘13
|—|even,1 = p1, nodd I =—p + 2p27
even, Z(k) (k) odd, Z( ) ,,(k)
06{1(2[()3} = &a’ ae{l(2)3} ¢ +2¢
even Z k odd Z k ~(k k
e = o) ol ; (k)zz(sius”) (e +),
g™ = 2(e) — ) — () — ), ng™ =9 —
» Intersection numbers 8 a=0
I_Ieven Z k) ° I_lodd,Zg) _ 5“6 . -8 1...3 th Z(O) =1
. g T 0% ~16 g W R =
16 5

» wrapping numbers a priori AL, B! € é Z
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A Pati-Salam model on T°®/Z, x Zg: Z, conditions

T —,
Ya— i, 1”.; 215,3]

v b8
2
Y, [,v; 1+y( %er(z)]
—yﬁ + (23f+y
3 ( ) LW e (3)
o 1t 3” 2723
a3 _7a,177a,3"7a,277a,3
1 2 2
Ry 85
 _ @ n_
2(%54 Xas)z)(y“ Ya.5) Yar b (1)]+Z3 =0T 500
Va1 .
8 R R =
kN, 5 =0modn = kaN. 4
2 7(}’25,4 * yag 2 Y. +LV(1) (%)+x(1)+y(1>]
IO
263 -y + 3 - M
e @,
ya,l 124725 7ad Tas
3 A=)
5 = i i i
~0&)+v%) Yoy bl 5’4+y£’4 B
2643 - (3)) n (y§3‘i ) v, H(la+ ‘5 )l
2
i Ew )
Y3+Z3 1 V£)3
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A Pati-Salam model on T®/Z, x Z: spectrum

GH, Ripka, Staessens ‘12

SU(4), x SU(2)p x SU(2)c x SU(2)4 x SU(2)e x U(1)?

massive

» Standard Model particles plus one Higgs
(4,2,1;1,1)4+2(4,2,1;1,1)+(4,1,2;1,1)+2(4,1,2;1,1)+(1,2,2;1,1)
~> one massive generation at leading order
by charge selection rules

5

» chiral w.r.t. anomalous U(1); e

(1,2,1;2,1)+3(1,2,1;2,1)+(1,2,1;1,2)+(1,1,2;2,1)+3(1,1,2;2,1)+(1,1,2; 1, 2)
but non-chiral w.r.t. SU(4), x SU(2), x SU(2).

» non-chiral w.r.t. to full U(4), x U(2)* with GUT Higgses

2[(4,1,1:2,1) + he] +[(1,1,1;2,2) + h.c.] + (1,1,1; 4ng;, 1)
+2[(1,1,1;3s,1) + (1,1,1;1a,1) + h.c] +[(1,1,1;1,3s) + (1,1,1;1,1a) + h.c.]
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5 .
massive

Pati-Salam model cont'd: Z, Symmetries in U(1)

» 5 independent Z, symmetries (hy; = 15) G.H., Staessens '13
» family-independent & trivial:
» Zg C U(1), C U(4),
> Z» C U(l)x - U(2)x,x€{b,c,d,e}
> Z» C U(1)c: R-parity R»
> Z» C U(1)g,e: only non-trivial on exotic matter
» family-dependent:
> Za C 5 Y seped.ey U(L)x ~ selection rule on Yukawas

[ Discrete charges for the five-stack Pati-Salam model on T°/(Z; x Zf X QR) ]

[ Discrete symmetries || Charge assignment for the ‘chiral’ states ]
QL Qr, R
Zn|U(1) =32, ke U(1)x a(b t ag/ SCR ac)’ (Ha, Hu)|| Xbd | Xpar | Xper | Xed | Xear | Xeer
Zo U(1)e 0 0 0 0 0 0 0 1 0 0 1
U(1)g o| o |o]| o 0 1| 1]o|1|1]o0
U(1)c o] o 1] 1 1 ololo|1]1]1
U(1)s 1| 1 (o] o 1 1| 1]{1|0|lofo
Za u), 1] 1 [3] 3 0 000 0 ]0]o0
U1)p + U(1)c+
FU(D)g + U(L)e 3 1 1 3 0 0 2 2 0 2 2
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Reduction of the Family Dependent Symmetry: Z4 — Z,

» unwritten lore: mod out centers of SU(N):
(Za)? % (Z2)*)/(Za x (Z2)*) ~
> search consistent charge assignment by hand:
> (4,2,1,1,1).(4,1,2,1,1).(1,2,2,1,1) perturbatively allowed
> (4,2,1,1,1).(4,1,1,2,1).(1,2,1,2,1) pert. forbidden by U(1),
- Zy4 charge: 2 mod 4

> (4,2,1,1,1).(4,1,2,1,1).(1,2,2,1,1) pert. forbidden by U(1).
> ..
L R
a(bQL7 aL/ a(C?R’ ag/ (Hda Hu) de de’ Xbe’ Xcd Xc 4 Xcs’
[Z2 o 1o 1] o [JoJi1]J1fof[1]1]

> Zo remains family-dependent

» cannot be obtained from ‘mod 2’ on Z4 charges
~» unwritten lore doesn’t really help
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General Characteristics of Global D6-Brane Models

Global D-brane models: GH, Staessens ‘13
» U(1)g—r in L-R sym. models makes Z's (R-parity) trivial
» L-R models: Z3 C U(1), C U(3), trivial
» Pati-Salam models: no Z3 ¢ U(1), C U(4),

» most Z, give no new coupling selection rules beyond SU(N)
» family-dependent Z,, for very special D-brane set-up
» naive way to mod out centers of SU(N) wrong!
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Axions, CP, Dark Sector




Axions and the Strong CP Problem

» Axions originally invoked to solve strong CP-problem

Lo D L (00) (0#0) — 55 2% Tu(G,, GH)
global Pecci-Quinn symmetry U(1)pg Pecci, Quinn 77
axion « arises from rewriting two Higgs doublets
electro-weak & P& scales identical
axions <> photon conversion assumed (Primakoff effect)
~> astrophysical & lab searches (e.g. ALPs@DESY)

experimentally excluded

vV vy vy

» modified models contain SM singlet field o
» o couples to Higgs doublets ~~ new terms in Viiggs

» PQ by (o) at higher energy than SU(2), x U(1)y
e.g. Zhitnitsky ‘80; Dine, Fischler, Srednicki ‘81; ...; Dreiner, Staub, Ubaldi ‘14
> realisation in D-bral‘le mOde|S cf. Berenstein, Perkins ‘12

> U(l)PQ — U(l)massive
» ‘exotic’ scalars abundant - adjustments to SUSY required
» suitable SUSY breaking minimum of Vhiggs?

GH, Staessens ‘13
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Open String Axions & DFSZ Model

» U(1)pg must allow:
Lyukawa = fu Qu-Hyup+1qg Qu-Hy dr+fe L-Hger+1, L-H,vg

» introduce SM singlet o with U(1)pg =~ U(1)massive Charge
» (Hy, Hq) charged under U(1)pq
~> Qr or (ug, dr) have U(1)pq charge
» Higgs potential of the DFSZ model
Vorsz(Hus Ha, o) = Au( —v2)? + Al — Vil + A0 0 = v3)?
+(a HjHu + bH Hy) 0% + ¢ (Hu - Hy 0® + h.c.)
+d [Hy - Hy|* +
» SUSY version: V = Vg + + Vioft
» modify ¢ (H, - Hyo? + h.c.) — c(Hy, - Hyo + h.c.); o ~ e

Matter QL uRr dr H, Hy L €er VR p
U(l)pQ F1 0 0 +1 +1 F1 0 0 F2

> identify > = (Anti) (o)

in global D-brane model

e.g. SMon T®/Zg: GH, Ott ‘04 & T®/Z{: Gmeiner, GH ‘08

b
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Mixing of Open and Closed String Axions

GH, Staessens ‘13

v+s(x) eiL‘f)
V2
> open axion a mixes with closed axion & (+ U(1)massive)

> open string axion a from ¢ =

< . Mstring§ +qva o = Mstring a— qV£
2 ’ 2
Mstrlng q2 V2 Mstrlng q2 V2

= Lcp-odd = 3 (0uC + mB,)? + 3(90x)?
» axion decay constant f, from dim. reduction:

Eanom — 16171-2 ¢(x) ) (G G,uu) 3217T2 Oc(X)T (Gw/él“/)

Msztring + (qv)2 Mstring qv Msztring + (qv)2
with fg = fo =
2 (Msztring - (qV)2)

For Mstring > v ¢~ Eelosed, dopen

v
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Soft SUSY Terms

Origin of‘ V=Vr+Vp+ Vsoft‘

Vorsz(Hus Has o) = Au( —vi)® + Ad( — V3 4+ X0 0 = v2)?
+(aH}Hy + bHHy) 0% + ¢ (Hu - Hyo + h.c.)
+d|Hy - Hg> +
in SUSY field theory
» W= uXHy H,
>
> Weort = 11 ¢cHy - Hy = ~~ A-terms
> Koo = 177 3 @18V ® v meopy
in Type Il string models
» strongly coupled hidden group e.g. USp(6) in T®/Zi model

> gaugino condensate: (AX) = A2 ~» M2 o = (F) ~ anck

» gravity mediation to SM sector
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Lower Bounds on Mtying

» typical phenomenological constraints from f: ~ Mstying,
fo ~ qv: Msting > 10° GeV
» supplemented by constraints on gauge couplings
. % _examples 4 vivyvy

2
string gstring

> @ tree-level: 2= i — X O(1) model

SU(N3) T 8m33L/4 Bstring
> @ 1-loop: linear dep. on v;, In 3 <« cancellations possible
2

~» Mstring can be lowered to intermediary scale by

xponentially large volumes:
expone tia y large volumes GH, Staessens ‘13

Mstring as a function of v; and ggtring
Gstring = 0.1 8string = 0.01 8string = 0.001

viv3 V2 e Metring viv3 V2 e Metring viv3 V2 ax Mstring

10% | 9.7 x 10° [ 1.6 x 10" GeV || 10° | 1.5 x 10T [ 1.6 x 10 GeV | 102 | 1.5 x 10° | 1.6 x 1072 GeV
100 | 1.5 x 10™ | 2.8 x 10° GeV || 108 | 1.6 x 10™ | 1.5 x 10% GeV || 10* | 1.6 x 10 | 1.5 x 10%° GeV
1012 | 1.5 x 108 | 2.8 x 108 GeV | 1010 | 1.6 x 108 | 1.5 x 10° GeV || 10° | 1.6 x 10'* | 1.5 x 10® GeV
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Conclusions

Conclusions:
» Conditions on expressed via intersection numbers:

» independent of choice of basis & parameterisation:
correct normalisations (cross-check: K-theory +» Z5)
» many ‘probe branes’, but only (h2; + 1) conditions per orbifold

» Zn C U(N) automatic
> U(1)massless, €8- Y, (B —L): ~ many Z, trivial
» Pati-Salam example:

» R-parity C U(2)r

» family-dependent Z, (Z,) constrains Yukawas

... more details in GH, Staessens ‘13

> U(l)PQ ~ U(]-)massive
» Mixing of axions from open/closed string sector
>

intermediary Msring and exponentially large volumes?

... more details in GH, Staessens ‘13
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Technical Details
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HA/QR on T°/Z, x Zg with discrete torsion: geometry

Zn x Lg shifts: v = (1,

- ()
n;lgld — %(ﬂg“lk 4 Z?Zl |—|§2 )

>

Férste, G.H. JHEP 1101 (2011) 091

> ’ neulc = X, p1 + Yapo ‘ with

X, = nin?n — mim>m3 ongmém{; €z, Y, EZ(ngnﬁ,m{; + n;m’é',mé)G Z
ikt ik
5 5
p= 2Zwk(77135), p= szk(ﬂwe) with  p1opy =4
k=0 k=0
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T°/Zy x Zg geometry cont'd

- (0
» I'I;lgld — %(I’I?“lk + Z?Zl I_Ifz )

> rIZg) = Zi:l (X(;,a 5(05) + }/(;,a 5(02)) with
» 3 equivalent Z( ) twisted sectors:
E} 1= 22 w* (e @ mai_1),
((1’ 1= 2Zk wk (el ® my;)
with E(a) o E(") = —46Y 4,5

> exceptional wrappings (x&,a,ya,a) ~ (nk, ma)
» sign factors from

> eigenvalues
> Wilson lines 7 € {0,1}

> example for a short QR-even cycle:
Y 7 even,z8) _even,z{)
2 n 2

i i)
frac,QR T=T ngven 3 (=17 2 even,Z + —n +
VSRR A R R U L
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A typical global Pati-Salam model on T°/Z; x Zj

G.H., Ripka, Staessens ‘12

’brane\ (n',m")iz123 \ Zo \ (7 \ (o) \ group \ (X,W‘
a (+++) | (0,0,1) U(4),
b | (01;10,1-1) | (—=+) | (0,1,1) | (1) U), | (1,0)
c (-+-) | (1,0,1) U(2).
d (1,1;,1,-2,01) | (+++) | (0,0,1) (1) U2)s | (3,0)
e (1,0,1,0;1,0) | (+—-) | (1,1,1) | (1,1,0) | U(2)e | (1,0)
vd
a,b,c

» a,b,cat (5,0,-%), dat(g, 75, 75) eat(0,0,0)
» all U(1)® anomalous & massive at Mstring <> ho1 = 15(Zo)
» SU(4), x SU(2)p x SU(2)c x SU(2)4 x SU(2)e with

» 3 generations of quarks + leptons

» one Higgs (Hy, H,)

» Adjon a, b, c, e +— 1 x Adj,
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Yukawa interactions for the typical Pati-Salam model

» charge selection rules not sufficient on T®/Zoy, T®/Zy x Zop
due to various sectors a(wkb)ke{o,m} G.H., Vanhoof ‘12

\
» \ (®b)
Ao

oy

» Pati-Salam model: one heavy generation by G, Ripka, Staessens ‘12

_ 53 /8 . . _ 3 rl.2
Wi g ~ e 21 /% with Kahler moduli v; = ks

» non-chiral [(4,1,1;2,1) +(1,1,1;2,2) 4+ (1,1,1;1a,1) + h.c]
massive via couplings to (1,1,1;4a4;,1)

> several types of (1,2,,2,,1,1), ,c(b.c,a,e} Massive through
3-point couplings among each other and with SM Higgs

» other masses through higher order or non-perturbative
(instanton) couplings ~~ need to be computed!

Gabriele Honecker Discrete Abelian Gauge Symmetries and Axions



