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Motivation: Gauge Symmetries & Axions

» Type Il string theory: a U(1) per D-brane ~» > U(1),
» few massless in 4D: Y, B — L
» most massive in 4D: U(1)pq ...

» U(1)massive remains as perturbative global symmetry

< N\

> non-pert: U(L)massive > explicit breaking by

> Z, C U(l)massive survives <¢matter>
~ ultimate selection rules ~ pQ as solution to
on matter couplings in 4D strong CP problem

» Two kinds of axions:
» Closed partner of (complex structure/Kahler) modulus & dilaton
» Open: scalar matter with U(1)massive Charge

~» mixing via Green-Schwarz coupling

Gabriele Honecker Massive Gauge Symmetries and Open/Closed Axion Mixing



Motivation: D-Brane Model Building

2, UQ)

Spanish Quiver:

U@a3)
U(l)r3nassive
SU(3)5xSU(2)s XYX{(B = DxU(1)7ssive.

eR,NR

» ‘Standard’ realisation:

Qa | Qc+ Qa
Y = 6 + — B-L= 3 +
» Z3 C U(1), automatic, but selection rules agree with SU(3),
> non-trivial Zn C 3 e, p.c.qy kxU(1)x possible
» generation dependent Z, found in extension: U(4) x U(2)*

» Natural candidate for U(1)pg and axion o

» Qr, L, (Hy, Hy), o charged } U(1)pg = U(1)p & o = (Antip)

» (ur,dgr), (er,Vr) neutral
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Massive & discrete gauge symmetries

» Reminder of the Green Schwarz mechanism
> 7, symmetries in global D-brane models

v

» Axions, strong CP problem & the dark sector
» Open & closed string sector
» UBpg & Higgs-axion potential in the DFSZ model
> soft SUSY terms in D-brane models
> Lower bounds on Mg in global D-brane models

v

Intermezzo: SUSY by deformations

Conclusions

v
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Massive & Discrete
Gauge Symmetries
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Massive & Discrete Gauge Symmetries - Type IIA Notation

>

v

v

v

Mixed anomalies cancel by the Green-Schwarz mechanism:

Axions &; (xad&; ~ ngi)): longitudinal modes of U(1)k

Scs D fR1,3

SU(N,)

SU(Ny)

SU(Np)

massive

5212 (B BY A trFy + AL & teFy A Fp )

with Bg) X fl‘l?dd CsRR

&0 [reen CFF
;

Ul)x = >, 9.U(1), massless if 3. N,q,B) =0 Vi

Z, C U)X
symmetry of &;

massive

for suitable B (‘mod n

Gabriele Honecker Massive Gauge Symmetries and Open/Closed Axion Mixing

") due to shift



Axionic Shift Symmetry - Type 1A Notation

» 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§; inlIB: U; > Ty

—Sinst

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

~~ need to determine ¢;(B!)!
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Green-Schwarz Couplings & 7Z, Symmetries - Type I1A

Scs D Jpus S0 (B) BY AtrFs + A € 10y A Fy)

with Bg’) X fl'l?dd C5RR ) gi X fngven C;?R

» Expand 3-cycles and QR-images as:
h21 . . h21 . .

o= (Asnee+ Bined), m, =" (A, nee - Bimee)
i=0 i=0

> IF |2 o M9 = iy 6 | with m €2~ dBY) = m; x4 d;

U(1)=2353U(1)a shift

> &= &+ (mi Y, NakaBL) A
> {Mgven I'Ij?dd} span sublattice of finite index: A$*®" @ A% C A3
» all known global D-brane models of this type
» AL,Bie LZ

> resolve ambiguities (A, Bf): rewrite ‘0 mod n’ as intersection #
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Z., Symmetries in Terms of Intersection Numbers - Type 1A

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

U(D)masstess = 25 GaU(1)a | Zpn C U(1)massive = D_, kaU(1)a

Meven o 3" Nagall, =0 Vi | MM 03" N,kall, = 0 mod n Vi

& S NaqaBi=0Vi | & m; Y., NakaBi =0 mod nVi
g, €Q ka € 7,0 < ky < n, ged(ka,n) =1

» derivation of m;, B! for all orbifolds with particle physics
models v’

» basis of {[15"*"} needed
~» Zpn symmetries in any global model v/
» Cross-check: K-theory constraint can be written as Z, v

GH, Staessens ‘13
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Comments

» Bottom-up models: {1$*"} not known
> use (I_lx + I—I;)xe{b,c,d} ofM,="Mo (I_la — rl;)
» 4 necessary conditions (at most)
& (hp1 4+ 1) nec. + suff. conditions in global models

» Redundant Z; symmetries:
> Zn C U(1)massive C U(N) == SU(N)y(1y automatic & trivial:

(N)l (Ad_])o + (1)0 (Sym)2 + (Al’lti)z

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

~ generation dependent Z, symmetries

example of generation dependent Z; later
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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 LEIba'ﬁez, 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

~» R-parity (Z3), baryon triality (Z3), proton hexality (Z¢) for e.g.
proton stability

D-brane models:

»  Discrete gauge symmetries in D-brane models M.Berasaluce—GonzaIez, L.E.Iba 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

P 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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Z, Symmetries in Global Models on Orbifolds of IA/QR

» dim(A§"®") = ho; + 1 conditions
» phenomenologically interesting:

> | T®/Z |: ho1 =5 (+6)"
> | T®/Zo x Zg |: hyy = 15 (+4)"
> | TY/Zy x Zg |: hoy =15

* D-branes wrap only untwisted & Z, twisted cycles

» shape of A$'®" depends on lattice orientations under QR

» L-R symmetric & Pati-Salam models ‘natural’ on D-branes
~ U(1)y (SM) & U(1)g—r (L-R) to rotate charges to 0
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Example |: L-R Symmetric Model on T°/Zg

> [ 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

GH, Ott '04; see also Gmeiner, GH ‘09

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

|

(%o [Co kU] @u | Un [ Dr | L] En | Nn | A [ HP | HD | AY |
Z Qs+ Qu 0 0 0 |o] o 0 0 0 0 0
Z Qs 0 1 1 |0 1 1 1 1 1 1
Zs Q, 0 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

Gabriele Honecker

~» all Z,, appear trivial from 4D perspective
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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)nidden)

» U(l)g-L = (% + Qd)massless & U(l)aqassive
> 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 ‘
(% | c > kU [ O [ Us | D | L] L] En| N | Aol Fo 7]
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
v olo | 2ala]a|2]0]| 4] 4

not listed: mild amount of vector-like exotics

» non-trivial: |Z3 C U(1),
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Example Ill: A Pati-Salam Model on T°/Z, x Z;

> 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 Zg: 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)42(4,2,1;1,1)+(4,1,2;1,1)+2(4,1,2;1,1)4+(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

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

» 5 independent Z, symmetries (hy; = 15) G.H., Staessens 13
> 4 family-independent & trivial: Zy C U(N)

» family-dependent:
> Z4 C %er{b’c’d,e} U(1)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) = 22, ke U(1)x a(b t ag/ gCR ac)’ (Ha, H)|| Xbd | Xpar | Xver | Xed | Xedr | Xeer
Zs U 0] 0 [0 o 0 0]o0 1001
U(1)qg o| o |o]| o 0 1| 1]o|1|1]o0
U(1)c ol o |1] 1 1 ololo|1]1]1
U(1)s 1| 1 |o] o 1 1| 1l1]l0|0]o0
Za U(1), 1 1 3 3 0 0 0 0 0 0 0
1 1 2 2 2 2

FU(D)g + U(L)e 3 3 0 0 0
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Reduction of the Family Dependent Symmetry: Z4 — Z,

» unwritten lore: mod out centers of SU(N):

((Za)? x (22)°)/(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).

>
>

(QL7L) (QRzR)

ab ab’ ac ac
[Z2 o ] 1 [Jo 1] o [JoJi1]J1]of]1]1]

’ (Hch Hu) de de’ Xbe’ XCd Xcd’ Xce’

» 7, remains family-dependent
... very special D-brane configuration
» cannot be obtained from ‘mod 2’ on Z4 charges
~> unwritten lore doesn’t really help
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Axions, Strong CP Problem,
Dark Sector
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Axions and the Strong CP Problem

» Axions originally invoked to solve strong CP-problem

1 1 a(x) ~
- 1) — iz
LoD > (Ope) (0" ) 272 f Tr(Gu GM)

global Pecci-Quinn symmetry U(1)pq 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}<Y

e.g. Zhitnitsky ‘80; Dine, Fischler, Srednicki ‘81; ...; Dreiner, Staub, Ubaldi ‘14
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» realisation in D-brane models

open string axions cf. Berenstein, Perkins ‘12
U(l)PQ — U(l)massive

‘exotic’ scalars abundant - adjustments to SUSY required
suitable SUSY breaking minimum of Wiges?

vV vy vVvYy

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
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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(Hu, Ha,0) = Au( — V)2 + Aa( R R G
+(aH}Hy + bHHy) 0% + ¢ (Hu - Hyo + h.c.)
+d|Hy - Ha|* +
in SUSY field theory
» W= uXHy H,

>

v

Weoft = 1n¢H, - Hy =~ A-terms

= 2 2gV
Ksoft = 17 myg, Ple?eVd Msoft

v

in Type Il string models

» strongly coupled hidden group e.g. USp(6) in T®/Z§ model
> gaugino condensate: (AX) = A2 ~» M2 o = (F) ~ %

» gravity (4 gauge) 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
> MR ianee __©<@mPples 47 vy vy,
2 - - 2
string gstring
. 4 Vv Vivavs
> Q tree-level: = x O(1
gU(Na> 8n331/4 Ztring ( )model
> @ 1-loop: linear dep. on v;, In 3 <« cancellations possible
2
~» Mstring can be lowered to intermediary scale by
exponentially large volumes:
GH, Staessens ‘13
Mstring as a function of v; and ggtring
Gstring = 0.1 string = 0.01 string = 0.001
vivs| V3 Mstring vivs | V3 Mstring vivs| V3 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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SUSY by Deformations
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Intermezzo: SUSY by Deformations

Blaszczyk, GH, Koltermann ‘14

» What happens to Volprane() if Z; singularities are deformed?
» use product of P?,, with coord. (x;, v;, ;) and for square tori

F = x,-v,-(xl-2 — vlz)

(T?)3)ZoxZy ~ {f = —y*+F1F2F3 = 0} with y = y1yay3
> a single deformed fixed point:

f= —y2 4+ FiFoF3 4+ edFi0F - F3=0~ y = y(Xl,Xz,X3,€)|V,.:1
> use Q3 = dz;dzydzz on (T?)3 with relation dz; = %

» compute | [ 23 = [ % for deformed geometry:

» decrease with /¢ if 1 contains singularity
» change linear in € otherwise
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Visualisation of Deformation of Singularity along T7 x T3

» deformation of singularity at x; = xp = 0 along T2 x T2

X2 JRe@)

Ibxla laxla

HaxIlb b x11b

Ibx1b laxIb

laxlla libxIla

» volume of 3-cycle passing through singularity changes ~ —/¢
y =V (¢ —1)(3 - 1)(ax +e)x(x5 — 1)

> | JnSs=Jq % = JnR(S)

> N% =N%, SO(2N)& USp(2N) branes stay SUSY

> N% = —N%, SYSY on U(N) branes

i.e. orbifold point is only SUSY point of SM branes
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Conclusions

Conclusions:
> expressed via intersection numbers in Type IlA:

» (h21 + 1) nec. + suf. conditions per orbifold
» many Z, trivial in 4D field theory (e.g. Zny C U(N)
» family-dependent Z, (Z,) constrains Yukawas

...details in GH, Staessens ‘13

> U(1)pQ =2 U(1)massive and axions as (Anti) o)
» Mixing of axions from open/closed string sector

» U(Bpg and SU(2) <Y scales decouple

> intermediary Msuing and exponentially large volumes
...to be explored in greater detail

...details in GH, Staessens ‘13

» SUSY by deformation of 3-cycles
... how are SM fields affected?

...details in Blaszczyk, GH, Koltermann ‘14
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