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1. Introduction

Open string compactifications provide a very succesful framework for semi-realistic model
building!. In this class of models the gauge fields are described by strings with both ends on the
same stack of some lower-dimensional hyperplanes, called D-branes, whereas the chiral matter is
localised at the intersection of different D-brane stacks. Thus, all the Standard Model fields can be
described by open strings with either both of their ends on the same stack (gluons, SU(2) gauge
fields and the Hypercharge) or on different stacks of D-branes (quarks, leptons and the Higgs)?.

A novel property of this class of models is that the string scale can be significantly low, even at
a few TeV range [26-28]. Therefore, stringy effects become viable candidates for physics beyond
the Standard Model (see or example anomalous Z' [29-42], Kaluza Klein states [43-49], or purely
stringy signatures [S0-6313.

A string living at the intersection of two different stacks of D-branes, it vibrates with frequen-
cies proportional to the angle between the branes 6. Thus, a whole tower of massive copies of the
lowest/massless mode is living at the same intersection, with masses proportional to /0 M. Notice
that the first excited mode will be lighter than the standard Regge excitations by a factor 6 /7. As
a consequence, semi-realistic D-brane configurations predict massive copies for all matter fields of
the Standard Model. If the string scale M; is at a few TeV range, these copies can be very light
(light stringy states) and they might be visible at LHC [66-69].

b U(l)a

().

Figure 1: Local D-brane realization of the Standard Model. Each field is accompanied by a whole tower of
massive excitations.

In [1] we compute Yukawa couplings between light stringy states and massless ones. In order
to determine the correct normalization of the vertex operators (VO) [70,71] of the fields mentioned
above, we evaluate four-point amplitudes and by factorizations we extract the desired couplings. In

IFor original work, see [2—14] and for recent reviews on D-brane model building, see [15-19] and references therein.

ZFor original work on local D-brane configurations, see [20,21]. For a systematic analysis of local D-brane config-
urations, see [22-25].

3For recent reviews, see [64, 65].
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Figure 2: A simple configuration of three stacks of D6-branes in a torus 7;>. The angles in the figure are
large for illustrative purposes.

this proceeding we present few examples which demonstrate our strategy and the rest of the results
can be found in the original work [1].

The plan of this proceeding is as follows. In Section 2, we describe the set-up of intersecting
D6-branes on tori and present the expressions for both massless and massive BRST invariant vertex
operators. In Section 3 we compute scattering amplitudes on the disk (tree level). Normalization
problems are solved by first considering amplitudes that expose vector boson exchange on one or
both channels (s and 7).

2. Setup and vertex operators

In order to compute gauge and Yukawa couplings of light massive string states we have to
specify our setup. We consider three stacks of D6-branes wrapping factorizable 3-cycles on a
six-torus 7 = T2 x T? x T?, which are labeled by a, b and c. In each torus T,2 I=1,2,3) two
generic stacks, let us say a and b, intersecting at an angle Oéb = ﬂaéb (next we will use the angles
a!, subtracting 7 for simplicity). Supersymmetry requires +a!, +a2, a3, =0 mod 2, for some
choice of signs*. For non-vanishing Yukawa couplings, we take

aly+a,+a, =0 0<al,<1 0<a,<1 —1<al,<0 2.1)
ap. +az,. +a;. =0 O<al <1 0<al.<1 —1<d* <0 (2.2)
al, v, vad,=-2 —l1<a,<0 —-1<a,<0 —-2<da’, <0 (2.3)

Strings ending on two different stacks of branes give rise to a massless (chiral) spectrum with
multiplicity given by the number of intersections and a massive spectrum. The VO’s for the lowest
string modes (massless and first massive) living at intersections are given by [70]

—1 _ _ ol 2 3 .
V¢E q))ab = C¢Oe 910 Moe (P(Fal b6a2b61+a3bel[a“-hq’l +aaﬁb%+(a“1b+l)%]elkx 2.4)
0= a, a, a,
-3 _ —0yts ,~3% il(ah,— ) @r1+(af — 1) @2+ (a) +3) 3] ikX
Vu/ e =Cyye "y Sqe 20, Op Opyp €770 e e (2.5)
0=40 ,C \C \C
-1 @ | 2 1 30,1 .
Vi e = Cone "1 8Sue™ 3011 O o, Oy, T DO EADRHAA DRI (3 6)
A0 c,a c,a c,a

4Semi-realistic MSSM constructions on factorizable orbifolds can be found in [22, 72-94].
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1 .
V(*i)b _ C‘Vl 67¢IOWFSae (57 1 G 2 Gl+ 2 el[(abC %)(P1+(a§‘(.—%)‘P2+(u,3,,c+%)(/’3]eth
Yi=x a

+Clple*¢10q7;factx 261 02 Gl+a3 e[(abé Do+(ag . —3) o+ (ay + %)903] ikX .7
_1 1 +1 :
Vﬂglzzﬁzf” :CXIei‘pIOX{xS(xeiicl-&-al Oit+a,Ti+al, eat DO 2) oo (a2 0u] RX
+Czle*¢lozifdca 201+a1 O11a2, 0140, il (@l at3) 01+ (a7 o+ 3) P2t (ad g 3) 93] HikX (2.8)

and the masses of the corresponding fields are

massless : mg,o =0 , m,zl,o =0 , mfm =0 2.9)
massive : , m%,,l =a /o, mil =(1—l|a,|)/a . (2.10)

Having the expression for the VO’s of the massless and massive states living at intersections, we
evaluate string amplitudes and consequently the Yukawa couplings.

3. Strategy

In principle, we could directly evaluate the Yukawa couplings by 3-point amplitudes. However,
these amplitudes are ambiguous due to the unnormalized VO’s of the incoming fields. In order to
normalize and proceed to physical amplitudes we have to start by evaluating 4-point amplitudes.

gauge coupling
(normalise our fields)

s-channel

4

b. t-channel

N —

4

a. s-channel

/ \\ \ massless and
l// massive states
1
—/ I
Yukawa :
1

4 )? t-channel

Figure 3: Factorization of the 4-point amplitude: a. At the lowest level of the s-channel we have the
exchange of a gauge field which helps to normalise our fields. b. At t-channel we extract the various Yukawa
couplings.

The gauge couplings plays a key role to fix the normalization of vertex operators and twist-
field correlators that appear in amplitudes with gauge bosons in the external states or propagating
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in intermediate channels. Once these normalizations are fixed, we extract some of the desired
Yukawas via factorization. Other Yukawa’s must be extracted from amplitudes without gauge
bosons, in this case the previously computed/known Yukawa’s replace the gauge couplings in order
to fix normalizations. Schematically the strategy is given in the diagram 3.

3.1 The amplitude . (W, Vo, X0, X0)

\ Ot / Oca

c

(1) Xo(4)

wp(2) 20(3)

b\ /a

Figure 4: A configuration of branes describing the scattering between the spinors Wy and ).

c

Following the strategy above we compute specific 4-point amplitudes. At this proceeding we
present few examples. More details can be found at our original work [1].

The amplitude <7 (Wo, Yo, X0, Xo) With two-independent angles yields

1 _1
V’C 7V’b XO 7%0 :< ( )Vll(fo )Vﬂgo Z)Vﬂéo 2)>
1 le Iy
=gipawz)-xo(s)%(1)-5@(4) PR (e S
47r2KC’“boc’

3
*S m1 n,
X e Hdm ’
HL1/4L5/4 1/2 Lch mzn:”

where L, is the brane a’s length in torus /. I, and similar are the number or intersections be-

tween the branes on the torus. Gg )( ) are hypergeometric functions G| =, F; (a,1—B;1;z), Go =
(1)

Ham (701, nl) is the classical action

» F (1-a,B;1;2), Klmb is an overall normalization constant and S
in “hamiltonian” form:

: 2 I 2
S(I) (ml 1) _ ﬂ'-tl('x) (47172&,1’)’[% + sin ﬂ’-‘abc|Lb,l Ica [nl ) .
Ham ’ -

my
: i— fyyr (3.2)
sin7|al | L;‘:J Amral ged® (el eat) Ly Y

In the s channel the amplitude shows a gauge boson propagating between parallel branes of
1/4 5/4 1/2
c,ab __ L)L,

= W The vertex operators’

type ¢, we can use the factorization in this channel to fix K;
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normalizations obtained from the amplitudes are

1/4
CA_FH[ ] (3.3)

n1/4 o Ve
CxéjZ(OC)/V2OC’U{ ] C

ij =
LijLj; %

(X’ 1/4
Vi [] [ } (34
1

Li/Lj,;

1/4 o 1V 1/4 o
C, = (o) anm ] Ci = (o) vzalj[ } (35)

itLj 1 i itLj1
The factorization in the ¢t channel exhibits Yukawa couplings. After Poisson resummation we get

Sﬁ,zzgr(mlvnf)

1
_ 7 ’ 7_ — ga/ 2 . 3 — 1 A 4 / d a's— 1 (Xl 3/2
A (Wo, Yo, X0, X0) = 8op 0 Wo(2)-%0(3) Wo(1)-Xo(4) o XX | | 2, e /—Il 0

=1my,ng

(3.6)

(1)

where [;(x) are combinations of hypergeometric functions and SLagr
in “lagrangian” form. The limit x — 1 has two kinds of contributions: one purely quantum, due to
the expansion of I;(x), and one classical, due to the expansion of 7(x) in the action. The first three
orders correspond to factorizations on the poles for the states ¢g, ¢; and ¢,. Imposing

(7, ny) is the classical action

t—nay, /o 1 _ _
A (Wo, Yo, X0, X0) o/, Y00/ *W0(2)-%0(3) ————— X0 (4)- W (1) (3.7
t—na, /o
The Yukawa’s extracted by factorization are given by
3 AW
|Y000| gop(27r) 3/4 [Fl a' e ab ,—al, l—‘1 agb,17a§6,,7a%aFfagh,fazc,faga]]/4Hexp - 2::’(;)5 (38)
=1
(N
[Yoool 24,
’Y100| = 7[ 1—al,,1-a} a}a]l/z # 3.9)
Aap
)
_ [Yooo 2A4yz
Y200 = ﬂaébrl—a,tb-,l—a}w—a}a e ©-10)
I(a)l'(b)
where 'y . = (1 a()c?( 1(—)b)(l"c() —o) and Ag,l)” is the area of the triangle defined by the three

n _ bln”|“fag\5m”|aﬂa\f2
ovx —  2sinzlal,| vl

In order to evaluate the other Yukawas Y19, Yoo1 etc we use supersymmetric Ward identities [1]

points fy s, fy.r and fy ; in the torus I given by A



Yukawa couplings for light stringy states Pascal Anastasopoulos

and we get
(D (3)
[Yo00| 12 2A¢wx _ [Yooo] 12y | PAoux
’YO ’ [Fl al 1—al 7a1] / ‘YOO ’_ 7[ —-a, —ad 7a3] ’
ab ab’ be? ca To /1+aga ab’ be? ca TO,
C
(3.11)
(D 3)
Yoro| = Y00 286 vy 1l Yol = [Yo0o| 2A6yx 1
0201 = \/Ea}l) 1= a 1= abu azl:a n-al ’ 002| = \/i(l‘i‘aga) *ngby*dgt.,*aga n.a/
(3.12)

3.2 Yukawa couplings from amplitudes with massive external legs

The factorization of 4-pt amplitudes with massive external legs yields other Yukawa’s that
involve more than one massive particle. Following the same steps as before, we fix the normaliza-
tions of the vertex operators from amplitudes that include gauge bosons, and we evaluate Yukawa
couplings with more than one massive field.

The amplitude <7 (W1, Wo, X0, Xo) reads

2
_ _ 8o
A (W1, W0, X0, X0) = —rm=0t/
\ e

></ld)C)COC,S_1 at lfl 277:\/» 271'\/>m1 —l.f (my.np)
0 1L61Gl ( ) mr VI (x )Lc,l

(2)-x0(3) w1 (1)-20(4) (3.13)

Similar to the amplitudes with massless external states, we perform a Poisson resummation over
the indices m; and obtain

z 1
_ _ g o . e
%(WHW();XOJCO) = 0[)1 (X/lllo(Z)xO(?))lI/](])xo(zl_) A dxx® 1(] _x)(xt 3/2-al,
Apc
(1) 3
" G (%) H 1 L +fxw1 75<L3gr(m,7n1) (3.14)

In the limit x — 1 the leading term is the massless pole due to the chiral exchange in the (a,b)
sector. We have fixed all the normalizations that appear in the amplitudes and we already know the
Yukawa’s ¥5;,Yo00, thus factorization in this channel can be used to check that normalizations are
consistent. The subleading terms determine the Yukawa Y;g

o4 |
Yi10] = [Yooo| | —2% — 1 T, T (3.15)

L 1—al —a
o / 1 1 Aap> b ca
Aaplpe

We can obtain the Yukawas Yjo; and Yy;; from two amplitudes with massive bosons in the
external states. As for the massless case, we can use Ward identities to relate these to amplitudes
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with only fermions. The explicit expressions of the amplitudes read

2
A (1, 26% 667, 96°) :7g°p "X () x5 ( dxx‘“ I x)a/t_s/z_“icx
1+al,
G(3)(x) 3 il +f @ .o (3‘16)
X 1 Z 3 a73 ‘V‘P?’ e*SLagr(ml,nl)
\/271']1 mI ny 271'\/&
2
(1,90, X0, X0) = Sop (H k20 ( / dxx® 5 (1 — x)¥175/2 i 5
Ia“b (3.17)
(x f[ m1Lb1+fx¢1 oSt 1,0)
I=1 \/277.7]1 ) v, 2nv o
The limit x — 1 yields two new Yukawa’s
() 3)
Y, 2A 2A
|Yon|=ﬂ[rl_al Ll at T g g |V A —0vK (3.18)
allyc(l%—afa) ab’ be? ab> “ber Yca TO, TO,
(1 ®3)
[Yoool 124 ovr Hovz
|Y101‘ = [rl 1o 1—a) —al,t —a, a3}, —afu] / to  mol (3.19)

The amplitude <7 (W1, Yo, X0, X1) allows us to determine the Yukawa’s Y; and Y.
gop

a;cﬂ +a,)
a’m1m3

3 2 o'
IJI C]G 1)( ) my,ny I (X)I3 (X)LC,ILC,3

Once again the amplitude does not expose gauge boson exchange, since the sum over the lattice

1 U le
o (w020 10) = (@) 20(3) 11 (1)1 (8) | dea’ (1=

¢ St (111 (3.20)

forbids it. To study the # channel we perform the usual Poisson resummation

1 ! !
< (W1, Wo, X0, X1) = —V’o(z)'lo(3)‘7/1(1)'7(0(4)/0 dxx*71(1 —x)aFS/era‘%”

1 3 - -
« G’ @6 11 1 (1 Lo + fyg) 03Les + fyx3) -5, (m)
I (x)13 (X) =1 271'1]()6) g Aol
(3.21)
Factorizing this amplitude we obtain the Yukawa’s
Yo00 1/2
Y = 1 | ( | 3 Pial, - aécﬁaiar—/a%-—a? —a n#:;:% WX (3-22)
aababc 1 +aca) oo
Y
Yo11| = [Yo0o! r?/Z . 1 1"1/23 \ / ¢v:x ¢t/:x
fa b /ab (1+a3 ) aah’ abc “Aca —Agp— ab(’ Aea T To To
a C
(3.23)
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4. Conclusions

In [1] we have evaluated the Yukawa couplings between light stringy states and SM fields.
Even though the tower of massive stringy states looks like KK towers, there are differences. First
of all the mass gaps at KK models are typically universal. In intersecting D-brane models each
tower of states lives on different intersections with unique angle and therefore unique mass gap.
Second the mass gaps in KK modes are typically proportional to the moding (~ m/R) whereas
in intersecting D-brane models they are proportional to the square root of the moding (~ /mMj).
Finally, interactions which are prohibited due to conservation of internal momentum (for example
the decay of an excited KK mode to two unexcited modes) are allowed in intersecting D-brane
models (in analogy with the previous, the Yukawa ¥)qq) is different from zero (3.9)).

Our results can be used in order to built an effective field theory including SM fields and light
stringy states and study specific decays. If the string scale is at the few TeV range, decays of such
particles might be the first stringy effect which might be visible at LHC or future experiments.
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