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in D-brane models

fernando marchesano




Motivation
< What does String Theory has to say about flavor?

4 Hierarchies in mass matrices

example: F-theory GUTs Diego & Gianluea s talls

4+ Flavor symmetries
Reviend
in particular discrete flavor symmetries Dotimeré et al 10

Atarnellec & Fenaglio 10

“ Discrete flavor symmetries are are used in BSM model building to
4+ Explain quark textures and lepton masses and mixings

4 Avoid FCNC in the MSSM
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Questions:
4 ™

How generic are discrete flavor sgmmetries ins.t.?
What is their origin? 4d field theorg clescription’:’
which kind of groups & reps aPPCar?




Motivation

“» To answer these questions, we must learn to realize discrete
symmetries in string theory

“* However, quantum gravity does not seem to like global symmetries
dee .. Banks & Sedberg 11
Banks & Divon 88

4 microscopic arguments in string theory
4+ general arguments in black hole evaporation

and so, in the context of string theory in order to realize exact
symmetries one should look for discrete gauge symmetries



Motivation

“» To answer these questions, we must learn to realize discrete
symmetries in string theory

“* However, quantum gravity does not seem to like global symmetries
dee .. Banks & Sedberg 11
Banks & Divon 88

4 microscopic arguments in string theory
4+ general arguments in black hole evaporation

and so, in the context of string theory in order to realize exact
symmetries one should look for discrete gauge symmetries

“* Examples in the literature:

4+ Zn symmetries € anomalous U(1)’s
coming d0ou
MHiteel s talle
4+ Compactifications with torsion cycles Cimana, Wdie, 7M. U

4+ Compactifications with fluxes



DGS in D-brane models

“ Semi-realistic D-brane models generically contain U(1) gauge
symmetries beyond U(1)y
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DGS in D-brane models

“ Semi-realistic D-brane models generically contain U(1) gauge
symmetries beyond U(1)y

“* Most of them acquire a mass via a Stiickelberg mechanism
1
LOEBANF = Lgxk= §(dqb + ch)2 (d¢p = *4dB)
= MU(l) ~ M,

and show up as global U(1) symmetries at the perturbative level



DGS in D-brane models

Semi-realistic D-brane models generically contain U(1) gauge
symmetries beyond U(1)y

Most of them acquire a mass via a Stlckelberg mechanism
1
LOKBANF = Lgi = §(dqb +kA)?  (d¢ = %4dB)
= MU(l) ~ M,
and show up as global U(1) symmetries at the perturbative level

Such symmetries are broken by D-brane instantons, which generate
effective couplings forbidden by the U(1) symmetry

invariant A — A+di

-~ nk —2mnT T=np+1
W~ & e pig under T — T 4ik\

= Mechanism to generate suppressed couplings
(Yukawas, neutrino Majorana masses ... ) &lunetagen, Cuctic, Weigand ‘06
Vbdouey & Unanga 06



DGS in D-brane models

Semi-realistic D-brane models generically contain U(1) gauge
symmetries beyond U(1)y

Most of them acquire a mass via a Stlckelberg mechanism
1
LOKBANF = Lgi = §(dqb +kA)?  (d¢ = %4dB)
= MU(l) ~ M,
and show up as global U(1) symmetries at the perturbative level

Such symmetries are broken by D-brane instantons, which generate
effective couplings forbidden by the U(1) symmetry

invariant A — A+dA

-~ nk —2mnT T=p+1
W~ o e Pt under T — T+ kA

However, if k is non-trivial, they still have to preserve a residual Zk
gauge symmetry = some couplings are forbidden at all levels
Berasaluce - Gongdles et al. 11



Couplings and symmetries

¢ Consequence: The symmetries of a compactification and their nature
are relevant for the structure of couplings in the effective theory.

“* Previous example: D-brane U(1) symmetries are made massive by a
Stlickelberg mechanism, only broken by non-perturbative effects
— to a subgroup Zn

Tree level Yii
Non-perturbative Yik e2tT

Forbidden 0



Discrete Gauge Symmetries
in 4d QFT



Discrete gauge symmetries in 4d

“* Basic Lagrangian for a Zx gauge symmetry

1 1
£:§u¢—h®%3f%JWI b~ b+ 1

axion

% Gauging of a shift symmetry by a U(1)

Ay = A+ 0,0 ¢ — ¢+ kA



Discrete gauge symmetries in 4d

“* Basic Lagrangian for a Zx gauge symmetry

1 1
L= 5(dgb—kA)z— ZFWFW b~ b+ 1

axion

¢ Gauging of a shift symmetry by a U(1)
A, — A, + 0, O — ¢+ kA
¢ Dual description:

1
L’:§HA*H+ICB/\F+%F/\*F (dép = #4dB)

we can read the remaining Zx symmetry from the coefficient
of the BF coupling Banks & Sedbeny Il



Discrete gauge symmetries in 4d

“* Basic Lagrangian for a Zx gauge symmetry

1 1
L= §(dgb—kA)2— ZFWFW b~ b+ 1

axion

% Gauging of a shift symmetry by a U(1)
A, — A, + 0, O — ¢+ kA

“ On the other hand, we can interpret k as a winding number between
the S’ = R /T, where the axion lives and the U(1) = S = R /I’ of the

gauge theory
A= A+d\ ; ¢— d+n)

I’ 5o o o o o
Discrete gauge symmetry = = 2.  s—-o+1

= identifications of ¢ not taken into account by the gauge symmetry



Discrete gauge symmetries in 4d

_ . 5254‘%@ Cbaqua_I_l
“ Multiple Abelian case:
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Discrete gauge symmetries in 4d

_ . 5254‘%@ Cbaqua_I_l
“ Multiple Abelian case:

o o o o .(');

(0u0" = k{ A),)(0,0" — k7 AL) ™ S '\\\-” ¢

T ® o o o °
P=— — |P|=detk \

I o o o o\o

< Non-Abelian case: \

o o o o (]

4+ Axion-like scalars with non-commuting
shift symmetries

0 d° Gap(¢)  ¢" ="+ X [Xa, Xp] = fipXo
Axionic manifold — group manifold or quotient by discrete subgroup M/I"

4+ Gauging of the axionic manifold: Opd” — 00" — k?AL

I'
4+ Discrete gauge symmetry again given by: P = ﬁ



An example

“* Simple example: Heisenberg group 4

X1, Xo| = X3
¢ Axionic Lagrangian:
My = ot mp = 0u¢°
W= 0u (610,07 — 60,0
“* J3 non-compact but #5/I' compact — twisted 3-torus

Gab (¢)a,u ¢8M¢ — /Cabﬁfﬂ?b H

2

(qbl—)gbl—l—l ¢3_>¢3_%
¢2_>¢2_|_1 ¢3_>¢3_|_%1
| =+

I:

N\




An example

“* Simple example: Heisenberg group 4
X1, Xo] = X3
¢ Axionic Lagrangian:
77/11 = 8,u¢1 77/% = u¢2
1
772 — au¢3 + §(¢18u¢2 - ¢26u¢1)

“* 5 non-compact but #4/I' compact — twisted 3-torus

Gab (¢)a,u ¢3u¢ — /Cabﬁfﬂ?b H

(qbl—)gbl—l—l ¢3_>¢3_%2
Did ¢+l @ o¢®+ %
| =+
_ I'
< Upon gauging: P:F:(kazk)mzk
4 k=2 2 P=Da4 TF=TF=TF=1

4+ k=3 - P = A (27) Il = 15151



Discrete Flavor Symmetries
from D-branes
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“ Simple mechanism for family replica
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D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?
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D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

4 N 4 )
\_ / - /
V:UNgiU }
a oo — U(l)xZ
Yo oV q
Vil ~ 9,
Lso= 1 ( : v)?
St — 5( ,u¢a_mavlu ‘I’naVM)



D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

- ™ - D - ™
N Y, \_ Y, N
» On each T2
Yy \ VT ~ g
VM?J ngL/ } - P=41,
w ™ 95
Lsi=~ (0 : v)?
/ St — 5 ( u¢a - mavlu, + navlu)
1
+ 5 ((%qbb — me/f + nbej)2




D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

T (7 ¢

U T

¢ Oneach T?

g7 =




D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

/ B / N / B
N ‘ Y, L Y, N Y,
* Oneach T?
/ \
y \ \ ngg[f}_) P_z,
VY~ gY
K H d = g.c.d.(]ab,lbc,lca)
1
\ \ \ Lo = 5 (Ouda —maVyi + naVy)"
L Y, ; ;
T 1 _ o y
(e ma) = (1,3) g O Vi )
1
nb,mb) — (1,0) -|—§ (8M¢C_mcvf+ncvg)2
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D6-branes on T°

* Simplest case: intersecting D6-branes on T2xT?xT?

- B
N Y,
% Oneach T?
Y \
§a
L Y,
T
(navma) — (173>

4 N 4 )
N J - J
B ~ B }
K HE S = U)X Z
By ~ B, d
1 . ) 2
Lsi = 5 (Ouba — na B, — maBY)



D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

4 N - N g .
\ Y, \( y L
* On each T2
(e \ BT B }
o e L P =17;
B~ By b
1 x y 2
L Y, £St - 5 (8u§a o naBlu — maBM)
1 x 2
(naama) — (1,3x> + 2 (Qufb _an,u —msz)
ny, mp) = (1,0)
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D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?
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D6-branes on T°

 Simplest case: intersecting D6-branes on T2xT?xT?

4 I 4 N 4 I
\ J . J \ J
» On each T2
Y ) BY ~ B
\ \ BZNBW}_) ro
M Hny d = g-C-d-(Iaba ITpe, Ica)
\ \ \ Loe= 5 (Oua — Bl — maBY)’
\ / 12 2
(naa ma) — (17 3x> i 2 (8'u§b B an’i N mbBZ)
1
) = (1,0 + 5 (06 — By — )’



D6-branes on T°

* Flavor group from each T2

g — (Zn XZN) X Zn = Hy
//f P=(z Zv)\ZH

0 7

¢ In total

4 ) ///] 4 )
P:HN1XHN2XHN3




4 \
N /
¢ |n total
e R
\_ Y,

D6-branes on T°

* Flavor group from each T2

ZNXZN>>QZN—HN

/'

gr =

N /

* Several D6-branes:

[

= HN1 XHN2 XHN3

d _ng( ab?Ibm

I’L

ca’ "

)



D6-branes on T°

¢ This flavor group constrains the Yukawa couplings:

Yiit #0 < i+ j+k=0mod d

Yige = Vit iy e 1

Cremades, Vaies, .M. 03
Ae ot al, ‘09

i Drane a

=l brane b

——————— > brane ¢




Magnetized D-branes

» Dual example: U(1) gauge theory compactified on T?, with a gauge
field strength background in the extra dimensions

Fo =2rMdxNdy = A=nM(xdy— ydz)

“» The magnetization breaks (gauges) the translational isometry,
because A changes as we move on T2

A(x + Apyy) = Az, y) + mM A dy
Alz,y+ Ny) = Az, y) — mM N\, dx




Magnetized D-branes

» Dual example: U(1) gauge theory compactified on T?, with a gauge
field strength background in the extra dimensions

Fo =2rMdxNdy = A=nM(xdy— ydz)

“» The magnetization breaks (gauges) the translational isometry,
because A changes as we move on T2

e*PiiDpe P = iDy 4+ N\ Fjy,

etiBiiDpe "% = iDy + pidim

1
Lsv = =5 > { (Ouoia+maV¥ = BE)* + (0u&y0 — maVy = BY)’|

a=a,b
Da g 2mi L 1
e ™M ) — e "M
& . .
e M w? N ¢J+1
—> discrete Heisenberg flavor symmetry

(twisted torus isometries)



Beyond tori

 This is all very nice, but T®is not a good example of compactification
manifold because one cannot build stable chiral D-brane models.

4 One should add O-planes

4 One should add curvature = generic CY (example: T%/T)

% Problem: CY’s do not have continuous isometries, so we cannot
apply our 4d calculations to find the flavor group



Beyond tori

This is all very nice, but T®is not a good example of compactification
manifold because one cannot build stable chiral D-brane models.

4 One should add O-planes

4 One should add curvature = generic CY (example: T%/T)

Problem: CY’s do not have continuous isometries, so we cannot
apply our 4d calculations to find the flavor group

Idea: Revisit T2 case and understand flavor group in terms of
symmetries - \

U1) x U(1) — Zs
Pbulk N Pbulk—l—brane

N /

Apply the same for CY or T¢/T



Discrete Flavor Symmetries
in orbifolds



Flavor in T%/ZoxZ»

% Simple example of orbifold: T¢/Z2xZo

4+ Allows for chiral N=1 models Blamentiagen, Cuetic. 7. M.. Sthiu. 05
Dadas, Tomegazin 05

4+ Allows for D-branes with no moduli
 Isometry group broken to Z2° by the orbifold action

* Rigid D6-branes go through fixed points




Flavor in T%/ZoxZ»

Y\

Y\
® [ ] [ ]
L C) ;l' ') i.
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% Breaking pattern for isometries on T%/Z>

ZQXZQ%ZQ—)ZQ%ZQ
~— ~ =
L., even d even



Flavor in T%/ZoxZ»

“» The same applies to the B-field transformations
 Final flavor group: Ho = D4

<+ ForT®/Z:xZ2: P = Dfl_” X DLdTl] X Dé[fl:”_”
d;=gcd (2,1, I}, I

If in a T2 all intersection numbers are even we have a D4 factor

ca’ "



Flavor in T%/ZoxZ»

“» The same applies to the B-field transformations
< Final flavor group: Ho = D4

% ForT8/ZxZz: P = D x D=1« pl—
d; =g.cd.(2,I},, Ii T

If in a T2 all intersection numbers are even we have a D4 factor

* Remarks:

4+ D6-branes through same fixed points < twisted tadpoles

4+ lab = even does not imply even number of families

Y Y

N
gl > ¢ /1 3 Odd o ¢j ¢

ca’ "

......... N _i N
.................... 1' even — w] _|_ w .7



Flavor in T%/ZoxZ»

“*» Representations:

j17j27j3 _ jl

ab

o ab

J2 1,03
ab ab

|12 Den  dim = |I5,//2+1 Vaa dim = [I]/2 -1
s+1 s
4s + 2 ® R, ® R,
s+1 s+1 s+1 S s S S
8s +4 s> (+a+) D (+7_> s> (_7+) D (_7_> 8> (+,+) S5 <+,_) 8P, (—,+ D —,—)
s+2 s+1 s+1 s+1 s s+1 s+1 s+1
8s+8 | @ (+,+) @ (+,—) @ (—+) & (=) | & (++) & (+,—) & (—,+) & (
YA YA
7 3
6 . Z— 2+ HTT 2
2 4 ______.--r"'"" > 3 1 1
® - o 4 ® 0
1. 13 _ 4 2 X
0 * T 4 ® >




Examples

¢ 4-generation Pati-Salam from &lunedtiagen, Cuetic, 7.7, . Shiw. 05

Na (névmé) (ngumi) (nivmi) U(4) X U(2)L X U(Q)R
Ny=4| (1L0) | (0.1 | (-1 \)
N,, =2 (1,0) (2,1) (4,-1) SU(4) XSU(Z)L X SU(Z)R
Noy =21 (-3,2) (—2,1) (—4,1)
Sector Field D DY DY
a1Qa9 FL = (4, 2, ].) 1 R2 (—, —)
ajay | FL =(4,2,1) 1 (—, —) R,
aias FR = (Z_l, ]_, 2) R2 R2 (— —)
Qao03 H = (]_, 2, 2) R2 1 D (+, _> SP) (_, +> 1
axay | H'=1(1,2,2) | R 1 o+, )+ e(--)
Y : (a1a2) ® (a1a3) @ (azaz) — (4,2,1)® (4,1,2) ®(1,2,2)
Y’ : (dlas) ® (a1a3) @ (dhas) — (4,2,1)® (4,1,2) ® (1,2,2)



Examples

¢ 4-generation Pati-Salam from &lunedtiagen, Cuetic, 7.7, . Shiw. 05

Na (névmé) (nzvmi) (nivmi) U(4) X U(2)L X U(Q)R
No=1] @0 | 01 | 0.1 \/
Na2:2 (170) (271) (47_1) SU(4) X SU(Z)L X SU(2>R
Noy =21 (=3,2) | (—=2,1) | (—4,1)
Sector Field D DY DY
a1Qa9 FL = (4, é, ].) 1 R2 (—, —)
ajay | FL =(4,2,1) 1 (—, —) R;
aias FR = (Z_l, ]_, 2) R2 R2 (— —)
Qao03 H = (]_, 2, 2) R2 1 D (+, _> SP) (_, +> 1
axay | H =(1,2,2) | Ry 1 e+, )@ (—+) e (—-)




Examples

¢ 3-generation Pati-Salam

Na (ng:myg) | (ng,m2) | (ng,m3) U(4) X U(2)L X U(Q)R
N,=4| (1,0) (1,1) | (1,-1) *
M=2) @3) | O | G SU(4) x SU(2); x SU(2)r
N.=2| (,-1) | (-2,1) | (-1,-1)
Sector Fields D,
ab | Fr=(4,2,1) R, Y:iab@ac®be — (4,2,1)® (4,1,2)®(1,2,2)
at! | Fl=(4,2,1) (—,—) Y'ial @ac®bd — (4,2,1)® (4,1,2) ® (1,2,2).
ac Fr =(4,1,2) R;
o | FL=(4,1,2) (+,+) 8 indep couplings
be | H=(1,2,2) | (—,—)® (-, —)
bd | H =(1,2,2) & Ry




Conclusions

“* We have analyzed appearance of discrete flavor symmetries in
D-brane models. In toroidal models, they can be read from BF
couplings of closed string U(1)’s to open string axions.

“* In orbifold models we need a new approach: we first consider the
group PPUk that leaves the closed string background invariant and
then the subgroup P that also leaves D-branes invariant.



Conclusions

We have analyzed appearance of discrete flavor symmetries in
D-brane models. In toroidal models, they can be read from BF
couplings of closed string U(1)’s to open string axions.

In orbifold models we need a new approach: we first consider the
group PPUk that leaves the closed string background invariant and
then the subgroup P that also leaves D-branes invariant.

P will act non-trivially on open string zero modes and generate a
non-Abelian flavor group — forbid Yukawa couplings beyond Zg’s.
We can also define the approximate discrete symmetry Pacc

We have analyzed the case of T%/Z2xZ2, obtaining a flavor group
given by D4 and tensor products of it.

This definition of flavor group is quite general and can be applied to
any manifold with discrete symmetries in the closed string sector,
like e.g. smooth Calabi-Yau compactifications.



