PROCEEDINGS

OF SCIENCE

Light stringy state production

Pascal Anastasopoulos*
Technische Univ. Wien Inst. fiir Theoretische Physik, A-1040 Vienna, Austria
E-mail: pascal@hep.itp.tuwien.ac.at

Robert Richter
1I. Institut fiir Theoretische Physik, Hamburg University, Germany
E-mail: robert.richter@desy.de

This proceeding is based on [1], where we study amplitudes involving two gauge bosons and two
light stringy states. The latter states correspond to the lightest stringy excitations localized at the
intersection of two D-brane stacks whose masses can be parametrically smaller than the string
scale. Given a low string scale scenario with a string scale of a few TeV such states might be
observable at the LHC.

Proceedings of the Corfu Summer Institute 2014 "School and Workshops on Elementary Particle Physics
and Gravity",

3-21 September 2014

Corfu, Greece

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:pascal@hep.itp.tuwien.ac.at
mailto:robert.richter@desy.de

Light string production Pascal Anastasopoulos

1. Introduction

D-brane model building has been very successful in giving semi-realistic descriptions of the
Standard Model (SM) and providing a rich framework for physics beyond the SM!. In contrast to
heterotic model building D-brane compactifications allow for a low string scale M, even of just a
few TeV [6-8] % providing a solution to the hierarchy and cosmological constant problems but also
leading to interesting signatures which could be observed at the LHC such as signs of anomalous
Z' physics, Kaluza Klein states and Regge stringy states (see, e.g. [12-49]).

In these D-brane compactifications the gauge bosons are strings attached to a stack of lower-
dimensional hyperplanes, so called D-branes, while the chiral matter, such as the SM fermions, are
strings that appear at the intersection of different D-brane stacks.

The motivation for this work arises from the fact that at the intersection of two D-brane stacks
there exists beyond the massless fermion a whole tower of stringy excitations whose mass scales
as M? ~ OM?, where 0 denotes the intersection angle between these two D-brane stacks [50].

Ul

Figure 1: Local D-brane realization of the Standard Model.

In figure 1 we depict a D-brane SM realization. While the SM gauge bosons live on the world
volume of the D-brane stacks the SM fermions are localized at the intersections of different D-
brane stacks. At each intersection there exist a tower of massive stringy excitations that can be
significantly lighter than the string scale for some regions in the parameter space (aka the light
stringy states). Let us stress that in this setup one has for each massless fermion a separate tower
of stringy excitations with a different mass spacing. In that respect it can be easily discriminated
from Kaluza-Klein scenarios, in which generically the mass gap is for each particle the same.

In [1] we investigate properties of those light stringy states. More precisely, we compute 4-
point tree level string scattering amplitudes containing two gauge bosons and two light stringy
states. A crucial ingredient in this calculation is the exact knowledge of the vertex operators of

IFor recent reviews on D-brane model building as well as specific MSSM D-brane constructions, see [2-5] and
references therein.
2The lower bound of the string scale is at 4.5 TeV [9-11].
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the light stringy states, which we derive by applying the dictionary laid out in [50]. With the
corresponding vertex operators at hand we compute the full string scattering amplitude and sum
over all polarization and gauge configurations of the squared amplitude. Finally we apply our
results to a D-brane realization of the Standard Model, thus bringing it into a form suitable to
comparison to observed LHC data.

2. Vertex operators

For concreteness we perform the computation in the type IIA setting, however our results can
be easily translated to the T-dual type IIB configuration with D-brane carrying magnetic fluxes.
The basic building blocks of type IIA constructions are D6-branes. The SM gauge group is then
realized by strings with both ends on the same stack of D6-branes. On the other hand the chiral
SM matter fields are localized at the intersections of two such D6-brane stacks.

In order to ensure calculability, we assume that the SM is located at an area of the Calabi-
Yau manifold which looks like a factorizable six-torus 76 = T2 x T? x T? 3 and D6-branes wrap
3 cycles within this local factorizable six-torus (see [30] for more details). More precisely, the
D6-branes wrap one-cycles in each of the two tori. Thus the intersection of two D6-brane stacks is
decried by three intersection angles, namely by Balb, Gjb and ng. Even though it will not be crucial
for our analysis let us display the constraint on the three intersection angles to preserve ./ = 1
supersymmetry

045+ 60+ 6., =0 @2.1)
Here the angles are multiples of . Without loss of generality we can assume that (2.1) is satisfied
with the choice
6L,>0 63>0 6)<0. (2.2)
In figure 2 we depict the massless fermionic mode and their complex conjugate counterpart (Y, V)
living at the intersections of two D6-branes. In addition we display the lightest stringy excitation
(¥, W) which have the same quantum numbers as (y, ) however are massive.

Y, b Y Y;

62

M,

X;

Figure 2: Two intersecting D-brane stacks on a T2 x T2 x T?.

3For semi-realistic MSSM constructions compactified on a factorizable orbifold, see [51-73].
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The aim of this work is to compute the string four-point scattering amplitude of two gauge
bosons into the first stringy excitation of the massless chiral fermion localized at the intersection of
two D6-branes. More precisely, we want to calculate the string amplitude

4
—1dzi _ _ _
% = M <V14(O) [Zl €1, kl] VA( b [ZZ) &, k2] VE 1/2) [Z37 V3,ﬁ3, k3] VL 172 [Z4’V4) Uq, k4]> )
Veke v v
(2.3)
where A denotes the gauge field living on the D-brane.
The corresponding vertex operators (VO’s) in (2.3) are listed below:
e The VO’s of a gauge boson in the (—1) and (0)-ghost picture take the form
VA(_”[z, e,k] = ga[T]% e P&y ™ 2.4
0 8A . ;
VOlz,e,4 = Vol :s“{axM —2id (k- y) wﬂ}e’kX . 2.5)

Here €* is the polarization vector, while [T%]g denotes the Chan-Paton factor, where a
denotes the D-brane stack on which the gauge boson is localized and the indices ¢; and
o, describe the two string ends. Finally, the string vertex coupling g4 can be determined by
computing the three gauge boson disk scattering amplitude *

ga =V2d'gpp, - (2.6)

e Before we discuss the VO’s of the massive fields that appear in (2.3), we present the massless
fermionic modes localized at the intersection of two D6 brane stacks « and b:

— The fermionic massless mode which is localized at such intersection is the R-vacuum
| ), with vertex operator for the concrete choice of intersection angles (2.2) °

ab

2
16)% Vv(/_lm = gy [T e 2V 5, [Toe, ei(eulbi%)HIGHm o/ (Ot a)H X
=1
2.7

The Chan-Paton factors indicate that the string is stretching between the two D-brane
stacks a and b. The indices @; and f; run from one to the dimension of the fundamental
representation of the gauge group living on the respective D-brane stack a and b. The
internal part of the vertex operators contains bosonic and fermionic twist fields Oy,
and e~ %1 introduced to account for the mixed boundary conditions of the open string
stretched between the two intersecting D-brane stacks.

The GSO projection determines the chirality of the four-dimensional polarization spinor
and BRST invariance condition (for more details see [1]) gives:

od'k* =0 vi'Valkyoh, =0, (2.8)

2

D for disk amplitudes containing strings localized solely on a

4Here we use the normalization factor Cpy = o/ ~2 &p
single D-brane stack [30,75,76].

SFor a detailed discussion on vertex operators of massless states for arbitrary intersection angles, see [77,78], for a
generalization to massive states see [5S0] and for a discussion on instantonic states at the intersection of D-instanton and

D-brane at arbitrary angles, see [79].
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where the second part of (2.8) is the equation of motion (EOM) for a massless Weyl
fermion.

— Similarly to the above, one obtains for the complex-conjugate massless fermionic mode
v
)
|[1—6)ba: V%_l/z) =gy [Tb“]g‘l1 e 92y, 8% HGl—G’, eii(eébf%)H’G_G\zb o002 )Hs pikX
1:1 ab a
2.9

where GSO projection ensures that it is a spinor with opposite chirality to (2.7) and
BRST invariance provides a similar massless equation

ok =0 VoV ok GEY =0 (2.10)

Finally, the string vertex couplings gy, gy can be derived by calculating the three point
amplitude (Ayy). One obtains

gy = gy = V2aief/? 2.11)

where we used the normalization factor for a disk scattering amplitude containing strings
stretched between different D-brane stacks that is given by Cp, = o 2= %0,

o Letus turn to the VO’s of the lightest massive stringy excitations

— The lightest fermionic massive state localized at the intersection the two D-brane stacks
a and b is generated by the bosonic and fermionic creation operators, & _ ol and Vgl
acting on the R-vacuum | 6 )g. Those two Weyl spinors combine into a massive Dirac
spinor Y = (Vg ) Where v and u are created by o g1 and y_ 0l respectively. With-
out loss of generality let us assume that Balb is the smallest of all three intersection
angles. Then the mass of this Dirac fermion is o/m? = 6l,. and its corresponding
vertex operator is given by [1]

Va

v —gy [T”b]'gllefwz -
\/ eab

N So Ty1 e"(el}b*%)Hl +ﬁa5a Oy ei(ealb+%)Hl
v ab

ab

(6

2 1 . 1 .
x 0.62 el(eab 2)1‘12 Gl+93bel ah+2)H3 elkX . (212)

ab
The BRST condition requires
ak*=-6), (2.13)
Vo Vol ko, * +1/0) g =0 U Vo GE* + /0L T4 =0,  (2.14)

where the second line (2.14) is the Dirac equation written in terms of the left and right-
handed Weyl components of the massive Dirac spinor V.

I
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— The complex conjugate ? of the previous massive fermion is coming from the action
of &_ealh and l',lvf_ o), ON the R-vacuum |1 — 6 )[1’{‘ where the “tilde” denotes the creation
operators of a system of intersecting D6-branes with opposite intersection angles®. The
corresponding vertex operator takes the form

~1/2 _ ? 5o~ _pl 1 -~ _pl 1

748 /):gW [Tba]glle 0/2 o Safpelbe N 2)H1+Ma5a61761be (0L +HH
91 a a

ab

b=t i e 1Ot 2)Hs KX () 15)

71(
X Gl_eazbe ab

where BRST invariance implies for the left- and right-moving Weyl components i
and vy to satisfy the Dirac equation, analogously to the Weyl components of massive
fermion vertex operator (2.12).

Finally, in an analogous fashion as before for the g, we determine gy by computing the
three-point function (A Y ) resulting in

gy =8, = V2032 (2.16)

Given (2.4), (2.5), (2.12) and (2.15) we have now all the four vertex operators required to perform
the computation of the disk scattering amplitude (2.3).

3. The scattering amplitude

Having derived all the vertex operators we can proceed to compute the amplitude containing
two gauge bosons the two massive fermions ¥ and y. Using the necessary correlators ’, we obtain
for the scattering amplitude (2.3)

4 dx 1 1 1 1
- o [Ilicidxi o 1 146}, ut+6)—1 ut6l,—1 1+6), ¢ |
M~V CmgAngyng,/VCKG X1p X3 Xy X3 Xoq X3y

X172 X
X{((k2'81)82v_(k1 -&)ery + (&1-&)kiy + 2o (k3'€1)82v>
X13X24

X ((53 o"%) + (i 6%74))

T xipx34

> €y 82vk11 ((\73 GAG”GV174)—|—(L~£3GAG“G‘/§4)>} . 3.1
X13X24

Here x;; = x; — x; and we dropped for the moment the Chan-Paton factors which determine the
relative positions of the respective vertex operator. We should mention here that the order of the
Chan Paton factors depends crucially on whether the two gauge bosons from the same, x =y or
from different D-brane stacks x # y.

5Note that here we consider the D-brane intersection ba, which in contrast to the system ab does have two nega-
tive angles in the first two complex internal dimensions and a positive intersection angle in the third complex internal
dimension.

TFor correlators involving excited bosonic twist fields, see [80-85].
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Finally, the factor Vg is the volume of the conformal Killing group of the disk, which can be
accounted for by fixing three vertex operator positions and adding the appropriate c-ghost correla-
tor. While the generic four point amplitude is given by the sum over all 6 cyclic invariant orderings
of the vertex operators, where each ordering gives rise to different integration region, the trace
over Chan-Paton factors of the respective vertex operators gives only non-vanishing amplitudes for
specific integration regions.

a

Figure 3: The possible orderings of the respective vertex operators.

Using the symmetries of the disk, we fix the vertex operator positions to
X1 = 0 X3 = 1 X4 = (3.2)

with both gauge bosons arising from the same D-brane stack (see figure 3.a and 3.b) we have the
two integration regions —co < x < 0 and 0 < x, < 1. On the other hand if the two gauge bosons
arise from different D-brane stacks we have only one integration region, namely 1 < xp < oo (see
figure 3.c). Adding the c-ghost correlator

<c(x1)c(X3)c(X4)> = X13X14X34 (3.3)
due to the fixing of the three vertex operator positions we obtain
o for the amplitude with the two gauge bosons living on the same D-brane stack

M [Aal le1,k1], A% €2, ka), W[T3, 93, ks, w[ﬁ,@,k@} — 2d'gd, (KH?)
X {Tr [T“IT“ZT‘”’T’”} BIS,U] +Tr [T@T“1 T“bT"“} 53[5, T]} (3.4)
where the kinematic factors take the form
K= {(kz -€1)&y — (ki - &)e1y + (&1 &)k1y — ;(ks '81)82v} (v30"vs)
_ %; e1, €20 k12 <\73 olaﬂovﬁ) (3.5)

and K — K if (v GVTVV4) — (ﬁ36vb~t4> and (V3 616“6‘/§4> — (ﬁg 616“6‘/174) Here we
introduced the modified Mandelstam variables, defined as

S=a (ki+k)* T=d (ki+k)*+86), U=d (ki+k)*+6) (3.6)
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that satisfy the relation
S+T+U=0. (3.7)

Finally, B[m,n] denotes the Euler Beta function that can be represented by the integral

L[m] Tln]

r

B[m,n] = /lem_l(l —x)" =

e On the other hand for the two gauge bosons arising from two different stacks of D-branes we
obtain

M |: a[slakl]aAb[‘eZykZ]a 17’[‘737537k3]a W[§4aﬁ47k4]] = —Z(X,gl)pa 8Dp, <K+E>

T
x Tr [T“T“bTbTb“] SBIT.U]. (3.9)

Note that in the limit Galb — 0, where the fermion ¥ becomes massless, we get exactly the same
results as for the scattering amplitude of two gauge bosons with two massless fermions as computed
in [30].

After a few simple manipulations of the traces the amplitudes take the form

M [Aal [81 7k1]7Aaz [827](2}7 lf\/}[i}v?)vT‘;37k3]7 W[V47ﬁ47k4]:| = za/g%pa (K—i_E)

1 a| ra T ar ra U5
X i {[T T 2]3‘; 5,?34§VT+[T 2T ‘]ZZ SI?:SVU} (3.10)
M [Aa[£]7k1]7Ab[82;k2]7 (,“,[535737](3],177[’(;4,54,]{4]] =20'¢pp,80p, <K+E)
1 N
x TG T Vs (3.11)

where we introduced the generalized Veneziano formfactor given by

?*lB[TU] ?—S—UB[SU] =T
S_T+U yUly T_S+U sV U

= S+TB[S,T] . (3.12)

In the following section we take the results (3.10) and (3.11) square them and sum over all polar-
ization and gauge configurations. Eventually we apply our findings to the quark sector of a SM
D-brane realization.

4. Squared amplitudes

In this chapter we provide the squared amplitudes summed over helicities and spins, as well
as over the gauge indices of initial and final particles involved in the scattering process. Eventually
we average over all the initial gauge as well as polarization configurations.
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In order to sum over all spins s; and helicities /; of the massive fermions and gauge bosons,
we use the completeness relations

Y el =g 4.1)
hl,h/l
YV (k) (k) = —k4T Y i (kg (k) = —ky ol 4.2)
Y W (k)ip(k) = m&¢ Y (k)i (k) = m! 4.3)

for the gauge bosons as well as the massive fermions one obtains applying various trace identities

of sigma matrices (for more details [1]). Concerning the summation over the gauge indices we use
ZTaTa _ 1\/2 — I]IN Z fglaznfalazn _ N(N2 _ 1) 4.4)
- 2N ’ ’

ar,axn

which holds for SU(N) gauge symmetries with f%¢ denoting the totally antisymmetric structure
constants, [T“, Th] = jfabere,
The squared amplitudes finally become

_ = 112 8g
’///[A“A“%wabwab]” - é”g?[s,T,U,m%b] (4.5)
2
N, (N2 —1) -, 2N?
=4 I (TVr+UVy)? — —=—UVyTV,
X aN, (TVr+UVy) N—1 vTVr
_ = 712 8g2g N2—1) (N2—1) ~
ot [0a0 = 7)) = 588 15,701 e L") (4.6)
where for simplicity we define
T U 11 1 1)?
FS,T.Uml=—+—+40m* | =4+—= ) —4a"”m* [ =4+—=) . 4.7
[S,T,U,m| U+T+ om <T+U) o m T+U 4.7

Note in case of abelian gauge bosons the result (4.5) reproduces in the low energy limit o' — 0 as
expected the Klein-Nishina formula, describing the Compton cross section [1].

Connection to the Standard Model

In the following we apply the formulae evaluated above to the quark and leptonic sector of a
Standard Model D-brane realization. Recall that the left-handed quarks Q; and its stringy excita-
tions QL arise from the intersection of color D-brane stack and the SU(2), D-brane stack. On the
other hand the right-handed quarks dg and its stringy excitations dg, as well as ug and its stringy
excitation ug are localized at the intersection of the color D-brane stack and a U (1) D-brane stack,
which we call ¢ and d, respectively 8 (see figure 4).

8Here we assume that the quarks are always realized as bi-fundamentals and moreover, that all three families arise
from the same D-brane stack intersection. One can easily generalise this scenario to setups in which the different families
are differently charged with respect to D-brane gauge symmetries. For original work on local D-brane configurations,
see [86,87]. For a systematic analysis of local D-brane configurations, see [65, 88-92].
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74 \

dr, dr ...

Figure 4: Quarks and their stringy excitations of a SM D-brane realization.

Using (4.5), and averaging over all initial states which implies dividing by 2(N2 — 1) for each
gauge boson due to the two helicities and the dimension of the adjoint representation of SU(N,),
we get

~ = 2 1 1 —~ —~ 9 —~
[ (35— 0.0,])| = 5 FIS.T.Umg ] 5 {(TVT +UVp)2 - 4UVUTVT} . (48)

where o' mng =6, °, g denoting the color gauge coupling, and N, = 3 and N, = 2 due to the
L

fact that Q; is stretched between an SU(3) and SU(2) D-brane stack. Similarly, we can compute
scatterings like gg — d~Rd~ z and gg — tigug. Using also the crossing relations we can even compute
similar scaterings with gluons at the final state.

Finally, we also display the processes in which a B boson, the gauge boson living on the SU (2)
D-brane stack, is involved. The squared amplitude can be derived from (4.6) by averaging over the
2(N? —1) and 2(N? — 1) initial configurations of g and B, respectively. For N, = 3 and N}, = 2 one
obtains

=112 1 ~
[ (28 0.0, = SEGTIS.T.U,mg Vi 4.9)
where g again denotes the color gauge coupling and gp is the gauge coupling of the B-boson gauge
group. From (4.9) we can determine all other processes using the crossing relations in an analogous
fashion as done above. We display the processes in table 1 where we again average over all the
initial polarization and gauge configurations.

9The mass of the lightest stringy excitation depends on the smallest intersection angle. In the explicit computation
we assume the smallest of the three intersection angles to be Galb. As pointed out before the analysis is independent of
the choice which of the three intersection angles is the smallest.

10
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process | |?

28— 0.0; &% FIS,1.U,mg ] 1{(TVr + UV)? = §UVu TV }
2 — drdr & & 18, 1,U,mg ] +{(TVr + UVy)* = UV TV }

g8 — URIUR g Szﬁ[S T,U,mg,] %{(TX//\'TqLUVU)Q— %UAUTAT}
¢01 — 20, ¢ F(T,8.U,mg g{ SVs +UVy)? — %UAUSAS}

gdr — gdr g FIT,8,U,mg ] §{(SVs+UVy)? = §UVysVs}

giir — g &L FT,8,U,my,) g{ SVs+UVy)? — %UAUSAS}

¢0L—BO, e F(T,5,U,m5| V7

0.0, g8 | &uTISTUms] ${ TV +UVy)? - UTuTVr |
drdr — g8 &L TS, T,U,m; ]%{(T\77+U?U)2—§U§UTVT}
lRiig — g8 AL T[S, T,U,my) 2 {(TVT—l—UVU) —fo/UTf/T}
QLELﬁgB ggBﬂ[STUm ] VSZ

Table 1: Processes involving two gauge bosons and stringy excitations of quarks.

5. Conclusions

In [1] we study stringy excitations of states localized at the intersection of two D-brane stacks.
We determine the vertex operators of these states and we compute the disk diagram containing two
gauge bosons and two light stringy states. We sum over all polarizations and color configurations of
the initial and final states. In the limit of 6,;, — 0, i.e. in the limit in which those light stringy states
become massless, we recover the results of [30], which analyzed the scattering of two gauge bosons
onto two massless fermions. In addition in case the gauge bosons are U(1) gauge bosons, we
show that the low energy limit our squared amplitude reproduces with the Klein-Nishina formula.
Finally, we apply our results to various scatterings of two SM gauge bosons onto two stringy
excitations of the quark sector.

Extensive study of decays of such light stringy excitations of the SM matter sector is very
interesting since such light stringy states can be easily distinguished from other KK scenarios and
might be visible at LHC.

11
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