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We study the properties and phenomenology of particlelike states originating from D branes whose spatial
dimensions are all compactified. They are nonperturbative states in string theory and we refer to them as D
matter. In contrast to other nonperturbative objects such as 't Hooft—Polyakov monopoles, D-matter states
could have perturbative couplings among themselves and with ordinary matter. The lightest D (zbidle
could be stable because it is the lightest state carrying ceitdaéger or discretequantum numbers. Depend-
ing on the string scale, they could be cold dark matter candidates with properties similar to that of WIMPs or
wimpzillas. The spectrum of excited states of D matter exhibits an interesting pattern which could be distin-
guished from that of Kaluza-Klein modes, winding states, and string resonances. We speculate about possible
signatures of D matter from ultrahigh energy cosmic rays and colliders.

DOI: 10.1103/PhysRevD.69.126007 PACS nuni§erll.25.Mj, 95.35+d

[. INTRODUCTION The stability of D branes is due to the charges that they
carry. Depending on their type$Bogomol'nyi-Prasad-

In addition to their pivotal role in elucidating nonpertur- Sommerfield BPS or non-BP$, D branes could carry inte-
bative aspects of string theory, in recent years D branes hawgal or torsion(discrete charges. In fact, it is because of the
become ubiquitous in particle phenomenology and cosmoltorsion charges that the complete spectrum of D branes
ogy. In the brane world scenarfa—6], the standard model should be classified bl theory[7—9]. Among the D-matter
gauge bosons and matter fields are localized on some spacgates, the lightest D particleDP) is stable because it is the
filling branes whereas only gravity and closed string modesightest state carrying its specific charges. Therefore, just like
(such as the radiopsan propagate in the bulk, thus offering he lightest supersymmetric partneisSP’s) in supersym-
the possibility of a lower fundamental energy scale. It iSperic models, the LDP’s are possible candidates for cold
worth noting that in this framework the D branes are part ofy5rk matter. As we will show, an important difference be-
the string theory vacuum. The standard model particles angy oo, the D-matter states and other nonperturbative objects

by pertirbatestting siates n the background of D branes. UCh 3 magnetic monopolEs0) is that they couid have
y P 9 9 ‘perturbativecouplings. Hence, the LDP’s are weakly inter-

Therefore, even though the branes themselves are nonpertlgéting and so they could be candidates for WIMPs or wimpz-

bative objects, the physics of the brane world scenario can b ) .
) ' Pty as depending on the string scale. We also comment on the

studied using standard techniques of string perturbatio ;
theory g g gr case where the D-matter states are unstélde the spec-

In this paper, we explore yet a different phenomenologicafr“m of _stable D branes does not contain four_—d|men5|onal
feature of D branes. Unlike the background D branes in th@articlelike states Although they are not long-lived to be
context of brane world, the D branes we consider are nogoSmologically relevant, they could be produced at colliders
space filling but rather behave as point particles in four di-2nd give rise to interesting signatures.
mensions. These particlelike states arise when all spatial di- In addition to D matter which are particlelike staté®mm
mensions of [P branes (irrespective ofp) are wrapped a four-dimensional perspectiyether types of stable defects
around the compact space. We refer to them collectively as [such as cosmic strings and domain watisuld also exist in
matter. As we will discuss in more detail, these D-mattera string vacuum. Given a specific string model, it is straight-
states appear quite naturally in four-dimensional string modforward to deduce the complete spectrum of such defects. In
els. They are nonperturbative objects with massMg/gs  this paper, we focus on the general properties of D matter
whereggs is the string coupling and so at weak coupling theyand point out their relevance to phenomenology. We also
are heavier than the perturbative string states. However, istress that the cosmological constraints on the various kinds
order to produce the observed gauge and gravitational cowf stable defects could provide important additional criteria
plings, gs is not arbitrarily small but is typically of order 1. on the viability of a string mode{and hence in estimating
Hence, the D-matter states can be sufficiently light to behe number of realistic string vaciial]). For example, we
phenomenologically and cosmologically relevant. Thecan rule out a string vacuum if there exist stable electrically
D-matter states are dynamical degrees of freedom and so, ¢harged D-matter states.
contrast to the background D branes, we will treat them as This paper is organized as follows. In Sec. I, we describe

excitations above the vacuum. the properties of D matter including its stability, mass, and
interactions. In Sec. lll, we discuss the phenomenological

implications and some possible signatures of D matter. Fi-
*Email address: shiu@physics.wisc.edu nally, we end with some discussions and conclusion in Sec.
"Email address: liantaow@pheno.physics.wisc.edu IV. Some details of the four-point heterotic string amplitude
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which is dual to the annihilation cross section of D-matter
states are relegated to the Appendix.

Il. PROPERTIES OF D MATTER

A. Mass of D matter 2[a]+b] -[a]-[b]

D mat.ter ha.s a very simple origin. AfCbrane SWeeps .OUt FIG. 1. A stable D2 brane wrapping around the 2 cycle
ap-+1 dimensional world volume. From a four-dimensional (2[ay]+[b1]) X (~[as][b,])
perspectivea D brane with all of its spatial dimensions com- *~-" % " -7t 2 e
pactified will sweep out a world line and behave like a pointexample, suppose that the D-matter state originates from a
particle. stable D2-brane wrapped around a two cycle[@;]

In this section, we will consider the constraints on the+m;[b,]) X (n,[a,]+m,[b,]) as shown in Fig. 1, thep
mass of D matter. Since D-matter states arise from D —p andL;=\/n?+m?R;. The wrapping numbers are typi-
branes wrapping around compactified dimensions, their cally of order 1 and s&;~R, . Note that the D brane has a
masses are given by size of the order oM_* and so ifRi<M;!, it is more

MP* 1y appropriate to go to the T-dual picture:
s Vp
Mp=—7 —, (o
Os 1 Os
R— 0 s R )
whereV,, is the volume of thep cycle (i.e., p-dimensional M;sR; s
subspace of the internal manifgpldhat the Op branes
wrapped around. The D-matter states are nonperturbative o
jects whose masses are inversely proportiongktoAt weak
coupling, they are heavier than the perturbative string state
However, g, cannot be arbitrarily small for otherwise the
Planck masdM; is not finite. This can be seen from the

gpd the p brane becomes a P(-1) or a D(p+1) brane
depending on whethdR, is along or transverse to the world
golume of the [p brane. Therefore, there is a natural lower
bound for the size of the compact dimensReEM_*. As a
result, the mass of a D-matter state is bounded below by

relation M¢/gs. For the same reasomp=<Mp and furthermore if
some dimensions transverse to thp bBranes are large, the
MSVG D-matter state can be much lighter thigi .
§,= > (2) The mass of D matter depends on the valu#lgf In the
9s brane world scenarioM; is not tied toMp and sincegg

, . , ~0(1), the D-matter mass can be anywhere between the
where Vg is the overall volume of the internal manifold. 1o\ scale and the Planck scale. As we will discuss. the

Hence,mp, is not much heavier thaMp . As we shall see  p_matter states could have some interesting phenomenologi-
shortly, if the dimensions transverse to th@ Drane have g consequences if they are sufficiently light.

sizeR, larger than the string scaM R, >1, the resulting

D-matter state can be much lighter thith . B. Stability of D matter
We can obtain a more quantitative estimatengf. Al- ) S
though in general there is no direct relation betw¥grand Let us denote a D brane which haleumann directions

Ve, for simple compactifications such as toroidal and orbi-N 0ur usual four-dimensional spacetime sNeumann di-

fold backgrounds, we can show that generical/gs rectiqns in the compact space as ar B prane. In this
<mp=M . For illustrative purposes, let us consider the in-notation, there exist stable D-matter states if the spectrum of

ternal manifold to be a product of tofi2x T2X T2 (or its stable D branes contains somer[¥) branes withr =0 (ir-

orbifold thereof with sizesR; wherei=1, . .. ,3,then respective 0F). _ _
The complete spectrum of stable D branes in a given
3 string theory background is rather rich and in general non-
ME[] R? trivial to work out. This is because contrary to naive expec-
M2 = =1 3) tations, D-brane charges are not classified by cohomology
P g2 ' but instead byK theory [7-9]. In addition to the BPS D
branes, there are generically non-BPS D branes that are
p stable [8,12—-14. The existence of such stable non-BPS
041 MQ“H L branes is further exemplified by some concrete orbifold
S My Vp~ =1 @) [15,16 and orientifold[17,18 models.
D Os Os ' The spectrum of stable D branes can be divided into the
following types:
where we assume that tipecycle that the [P brane wrapped BPS statesre stable because they carry Ramond-Ramond

around is factorizable into a product of one cycles with(RR) charges, which are conserved charges associated with
lengthsL; (which are related td; by the wrapping num- gauge fields coming from the RR sectors of string theory.
berg. Let us denote a canonical basis of one cycles in eacithe RR charges are integrally quantized, analogous to the
T2 by [a] and[b;] (wherei=1,2,3) respectively. As an winding number of a monopole solution. As a result, the BPS
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state with the smallest unit of charga=1) is stable. An Cop’ Background p’-branes
example of a stable BPS brane is the DO brane in type IIA o
string theory(which behaves as particles even before com- &
pactificatior). \ \
Stable non-BPS stateghich can be further divided into R
the following types: % — § AL o
(1) Non-BPS branes which carry twisted RR charges, i.e., / G
they are charged under the RR gauge fields localized at it .
orbifold fixed points. These twisted RR charges are g
quantized, just like the untwisted RR charges carried by o
BPS branes. Therefore, the lightest state carrying some
given twisted RR charges is stable. FIG. 2. D matter can interact via perturbative string states.

(2) Torsion charged D branes. They are non-BPS branes . . )

which are stable even though they do not carry any RRi€d dimensions. The D-matter state propagates in the back-
charges. Rather, they carry some torsi¢discrete ground of the higher-dimensional pD branes where the
charges. It is precisely these torsion charges th(,ﬁt{:mdard modgl is localized. _It is worth emphasizing that in
K-theory differs from cohomology. An example of such this “branes-within branes plctgre, the .D-r.nat.ter sta}tes are
torsion-charged D branes is the stable D particle in typéw? part of the bapkground but '.”S.‘ead @xcitations Since .
| string theory[12]. Although theD 0 brane is unstable in gs Is nonzero, their masses are fmﬁe e_md S0 they are dynami-
type 1IB string theory, the tachyon which signals the in- g?;:eesgrees of freedom propagating in some background D
B e e oo b s 1 sl setp, e stendard model s cre open
from ty’pe IIB theory by an orientifold projectionthe D string excitations with both end points of the open strings

AR : ) , attached to the samepD brane. These open string states are
particle is stable and in fact carriesZa torsion charge.  gengted byC,,, . There are also open strings that stretched

The lightest D matter states arising from some stable Dyenween the propagating D-matter state and the background
branes wrapping around the compactified dimensions aBp’ prane and we denote these state€hy . As illustrated
stable because they are the lightest states carrying certajf Fig. 2, theCo, States couple to the standard model fields
(integer or discrefequantum numbers. In what follows, we j, hec ), , sector. Hence, there is an effective coupling of D
will refer to them as LDP'dlightest D particles matter to the gauge bosofend other standard model fiejds

via the interactions between perturbative open string states.
C. Interactions of D matter The D-matter states are charged under the gauge groups lo-

. . . calized on the P’ branes. Therefore, they couple with mat-
Let us discuss how the D-matter states interact with eaC'ﬂer fields on the branes through gauge interactions

other and with the standard model particles. To be concrete, g ., D.matter states have gauge couplings and so they
we consider a specific case where the D-matter states are t &n interact with each other by the exchange of gauge
stable D particles in type | string theory and the standar osons. An important aspect of the gauge mattej cou-

model is embedded on a set of DI branes. Although we focuﬁling is that it is perturbative. At lowest order, the interaction

our analysis on this particular case for illustrative PUrPOSESt < ich D matter with the standard model fields is given by

we expect the properties of their interactions discussed beIoW]e disk diagram in Fig. 3 wherdy.,, V..o andV.,,, are
arelaplplic?ble to a general cllasz of D-mlat_ter sr:ates.t;ll'he 9€{)2rtex operators for open strings i 'EhpeO 0’0 aaé)p’p’

eral rules for computing amplitudes involving the stable type, ; . AL . )
| D particles have been given in Ref8,19] and such rules sectors respectively. The amplitude of this diagram is propor

; 12 : ;
have been applied to studying their gauge and gravitationaﬂOnal t0 gywgs " [35]. Higher orqler couplings between D
interactions in Ref[20]. In the brane world scenario, the matter and the standard model fields are suppressed by the
gauge bosons and the matter fields of the standard model can
in general be localized differently in the extra dimensions.
For example, in the context of intersecting brane wglt—
34], the gauge bosons are localized on several different v
stacks of p’ branes withp’ =3 whereas chiral matter fields
are localized at the brane intersections. For simplicity, how-
ever, let us consider the case where all standard model fields
are localized on a single stack ofpD branes, keeping in
mind that chiral fermions can still arise in this scenario when
the D branes are located at some singularities of the internal v
manifold.

The world volume of the P’ braneswherep’ =9 in this FIG. 3. At lowest order, the interaction of D matter with the
particular case, in genera’=3) contains our usual four- standard model fields is described by a disk diagram with the inser-
dimensional space-time and in general also some compaction of open string vertex operators.

VOp >

p’0
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higher power ofgs. Therefore, from power counting, the S TABLE I. Comparison between 't Hooft—Polyakov monopole
matrix describing the interactions of D matter has an expanand the D matter discussed in this section. Het), denotes the
sion in terms ofg;. vacuum expectation value of the scalar fiebddof the monopole
However, we should be more careful in writing down the configuration,)\ is its cpupling constant, anily is the symmetry
effective coupling. From power counting, the amplitude de-breaking scale. The size of D matter depends on the probe since D
scribing the interaction of D matter with standard model|Pranes can probe smaller distances than fundamental strings
fields (whose lowest order contribution is shown in Fig. 3 [37.38.
has an expansion

't Hooft—Polyakov D matter
Y F(s,t,a’)+gG(st,a )+ .. .. (6) monopole

. . . Mass <¢> MX Ms Ms
We see that the effective coupling extracted from this expres- vu a2 R
sion is[gY?F(s,t,a’)+ ... ]WA*¥. In other words, there vw vw
is a “form factor” which effectively “renormalizes” the cou-  (size) ™ N ) 9sMs
pling constant. In some kinematical region, such as forward Iym(®)
elastic scattering, we can safely ignore this correction due to —1/3 brane probe
the low momentum exchange. In fact, in this case, the devia- *“o string probe
tion from a lowest order field theory result is expected to be n
suppressed by powers of Mg whereq is the momentum  Interaction o y,,=—— where neZ %Gy
exchange. However, in some other kinematical region of in- 9vm

terest, such as-channel annihilation, the correction is not

expected to be small due to the fact that the energy involvegerefore, unlike the D matter considered here, the long

exceeds the string scale. In this regime, we expect corregange gauge interactions between 't Hooft—Polyakov mono-

tions of stringy nature to become significant. The question Ipoles are nonperturbativg39]. A comparison between

then the magnitude of such corrections. 't Hooft—Polyakov monopoles and the D matter discussed
The techniques for calculating the full annihilation crosshere is summarized in Table .

section(i.e., including the stringy correction®f D branes
have not been fully developed. Nevertheless, we can esti- . PHENOMENOLOGY OF D MATTER

. ) . ;
mate the size of the stringy correctiofi®., a” effects by In this section, we study some phenomenological features

studying this annihilation process in the dual heterotic stringbf D matter. The spectrum and quantum numbers of the
picture. According to the type I-heterotic dualfi$6], the  p_maiter states are model dependent. Instead of studying

stable D particle in type | string theoran example of D neir properties in the context of a specific model, we focus
mattey is dual to a massive heterotic string stgt€]. Inthe g, the following two generic features.

dual heterotic string picture, the annihilation process of in-
terest involves only perturbative string states and so the cor- A. Cold dark matter candidate

responding amplitude can be calculated using standard tech- As discussed above, the LDP's are stable and so they

niques of string perturbation theory. The details of this . .
heterotic string amplitude calculation are given in the Appen-_(l:_ck:léli(;i b(reocaerrlggataess ]:joarr}(h?n(;?tlgrd?g:}(;Ti];;ttzrso(zguér?gI\é)?}rst?]'e
dix. The string amplitude can then be compared with the prop P

field theory resultwhich corresponds ta’—0). As shown value of the string scale. In the conventional high string scale

in Fig. 5, thea’ corrections over a wide range of ener iesscenario Ms~10° GeV), the LDP's have masses greater
9 > 9 9'°S than 13° Gev. They are presumably removed by inflation

are of the same order as the field theory result and so the .
cannot be neglected. ust as the gra_nd _L!nlfled theo_ry monop()_laﬂd would not
cE)e produced significantly during reheating. Therefore, we

Hence, we expect that the D-matter gauge coupling woul ; . . s .
. ; consider the following two scenarios with intermediate and
have anO(1) correction from the form factor. This correc- . :
low string scales, respectively.

tion should be small when we consider elastic scattering with
small momentum exchangésmall comparing to string ) ) ) . )
scalg. The correction would be important when we consider 1. Intermediate string scale:M ~10"-10' GeV
s-channel annihilations. However, we do not expect order of |n this scenario, the mass of the LDP will be of the order
magnitude enhancement or suppression. After all, the energyf 10*~10"? GeV. It therefore fits in the category of wimp-
scale involved is only slightly above the string scale and sillas, i.e., supermassive WIMPs. Since their masses are
the corrections only come from the lowest few string reso-higher than the reheating temperature, a key question is
nances. whether they can be produced in significant amount to ac-
It is interesting to compare the properties of such D mattecount for the cold dark matter in the universe. This question
with that of a 't Hooft—Polyakov monopole in spontaneously has been studied in a series of padéi®—46. Several sce-
broken gauge theory which is also a nonperturbative objecharios have been proposed to produce them including pre-
They have similar properties as far as their masses and sizégating, nonadiabatic expansion of the universe, and normal
go. However, the 't Hooft—Polyakov monopole carries areheating. Each of these mechanisms has its own special
magnetic chargeu,,><1/gy,, under the unbrokenU(1). properties. It is interesting that sufficient number of the su-
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perheavy LDP’s can be produced through normal reheating=rom this we see that for a gauge coupling strength interac-
From Ref.[44], the relic abundance of such a state producedion, we can have a relic abundance appropriate for the

during reheating is CDM. Notice that this case is very similar to the well studied
ap ; LSP cold dark matter in the context of MSSM. .
Qoh?=M2(0v) 9_*) ZOOOTRH) @ Let us discuss the prospects of detecting the LDP’s. Di-

D D 200 Mp ' rection detection of dark mattdb4] relies on the elastic

scattering of dark matter off the nuclei within the detector.

The absence of the naively expected expl/Try) sup-  As discussed in Sec. Il C, we do not expect a sizable modi-
pression is due to the fact that during the reheating procesfication of the effective gauge coupling in this channel.
the maximum temperature is much higher than the reheatingherefore, we should be able to calculate their rate reliably.
temperature. Using the expression for the production crosslowever, there is a subtlety we need to keep in mind. The
section, we see that states as heavy 33 4Q could be pro-  dark matter-nucleon cross section is sensitive to the spin of
duced in an appropriate amount to account for the cold darkhe dark matter particlg54]. For example, in MSSM, a neu-
matter in the universe. tralino (which is a Majorana fermiorand a sneutrinéwhich

On the other hand, if the LDP’s only couple to the lightis a bosoh have very different direct detection cross sec-
stateg(or inflaton) with much weakefor not at al) couplings  tions. Similarly, D-matter states which are Bosonic and Fer-
(such as gravitational strength couplingsiey could be pro- mionic respectively[55] will have different dark-matter-
duced in a “nonadiabatic” expansion stage at the end ohucleon cross sections.
inflation [41]. Indirect detection of the dark matter relies on detecting

An interesting consequence of super-heavy dark matter ithe cosmic rays resulting from their annihilation within the
that their annihilation could give rise to ultrahigh energy cos-galactic halo. As discussed in Sec. Il C, we expect the anni-
mic rays(UHECR’) with energies>10?° eV. The possibil-  hilation cross section to be modified with respect to the field
ity of decaying super heavy dark matter within galactic halotheory result. This may have observable effects in high en-
as a source of UHECR everj#7,48 which exceed the GZK ergy cosmic rays such as an excéssdeficiency of cosmic
cutoff [49,50 has been studiefb1,52. Although the rate of ray flux.
UHECR from the annihilation of D matter is expected to be
smaller than the measured val(sithout special assump- B. Excited states and mass splittings
tions about their couplingsit is possible that they may ac- _ . .
count for some of the events provided that some special fea- Another interesting feature of D matter is the mass spec-

tures of the local density of dark matter are satisfied. If this id"UM Of its excited states. A tower of excited states can be

indeed the source of the UHECR’s, another interesting corconstructed by dressing the D matter with excitations of open

related signal will be an enhanced possibility of detectingStri”gS attached to it. These D-matter excited states could be

high energy cosmic ray neutrinos in Amanda Il and IceCube? charged state or a singlet under the gauge symmetries of
[5%]_ 9y y the background D branes depending on whether one or both

end points of the open strings are attached to the D matter
1. Low string scale: M~TeV [56]. Thus, these two types of excited states could lead to
different patterns of decay modes. An example of such an

Such a low string scale implies that our stable D mattefaycited state is shown in Fig. 2. Schematically, an excited
has a mass around TeV as well. Suppose they interact With_matter state can be written as

each other and the light degree of freedoms in the thermal

bath with the strength of gauge interactions, then they have Do) X |V, 9
many similarities with the well studied thermal relicsuch

as the LSP in MSSIM They will be produced and in thermal where|Dy) is the “bare” D matter andV is the vertex op-
equilibrium with the thermal bath during reheating. Then aserator of some excited open string state. The mass of such an
the universe expands, they will follow a standard freeze ouexcited state is given bj57]

procedure. A key quantity which determines the relic abun- ) 5 5

dance is their annihilation cross sectigv), . Since the D Mp«=Mp +nMs, (10
matter behaves as a particle in 4 dimensions, we could write

down an effective field theory for its coupling to the gaugewhereMp ~M/gs. This is because a string resonance con-
bosons. In particular, there will be a term of the form tributes to thesquareof the mass of a state by an amount of
goDDA (we suppress the Lorentz structure which may connM?2 wheren is the resonance level.

tain gamma matrix or spacetime derivajiv&he coupling Let us compare this tower of excited states with the fa-
constantgp should be determined by a string theoretic cal-miliar Kaluza-Klein(KK) modes, winding modes, and string
culation (generically, it has the strength of a normal gaugeresonances:

coupling. The thermal relic abundance as a result of the

freeze out process is M2, =gM2+n?MZ,
3x10°° Mp |2 YL

2~ 2 2425

Qph 2 (100 Ge\) . (8) M inding=9sMs+n Mz
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15 . . T . IV. DISCUSSIONS AND CONCLUSION
/%E&ﬁ& | In this paper, we study the phenomenology of D matter,
/ 0 il i.e., particlelike states originated from D branes whose spa-
Y, sonances

tial dimensions are all wrapped around the compact space.
An interesting feature of D matter is that although they are
nonperturbative objects, they could have perturbative cou-
plings with each other and with the standard model fields.
Therefore, the D-matter states are weakly interacting and the
lightest stable D-matter statéshose stability is due to inte-
gral or torsion charges they cajrgre candidates for WIMPs
or wimpzillas depending on the string scale. In the case of a
low string scale, there are also potentially rich collider phe-
g . | . | . nomenologies. Exploring the mass pattern of the lower lying
0 2 o 4 6 D-matter states could reveal additional information about the
structure of the compact dimensions. For illustrative pur-
FIG. 4. Different towers of excited states. The masses are giveposes, we consider the simple case where all the standard
in unit of Mg. For illustrative purposes, we choose a representativanodel particles are localized on a single set gf Dranes. It
set of parameters: the compactification sddlg~R ™' is taken to  would be interesting to explore the phenomenology of D
be 0.8V, and the string couplings~0.6. With some symmetry matter in more realistic brane world models such as models
breaking scenario in mind, we choose a zero point energy for thguith background intersecting D bran¢&1-31. In these

M’ (in the unitof M %)

zero modes to bgsMs. models, the gauge bosons and matter fields are localized dif-
ferently in the extra dimension®.g., in different codimen-
M2 onances 9sM 2+ nM?2 siong and hence they will couple with different strengths to

the D matter.
Another interesting direction motivated by this work is to
2 compute the spectra of stable D bran@sd their corre-
ME* = —25+nM§, (11 spondingK theorieg in some realistic brane world models,
s e.g., certain four-dimension&=1 supersymmetric orienti-
fold models whose perturbative string spectra contain the
standard model or grand unified theoriggl—24. The K

where M is the compactification scale. The zero point . . -
masses of the KK modes, winding modes, and string resot_heones which classify the D-brane spectra have been com-

nances are taken to bgM2~g2,w2 which presumably pL_Jted for some concrete _or@entifold m_odels,_e.g., orien_tifolds
come from some spontanegus gmen;etry breaking. A sampIWIth N=2 supersymmetrlf—:-ém a fo_ur-d|menS|onaI sensa
spectrum of the various towers of excited states is. shown iﬁefs.[l?,la. It would be interesting to extend these analy-
) i - ..ses to models witiN=1 supersymmetry where chiral fermi-
Fig. 4. In the case of a low string scale scenario, these dif:

ferent towers of new particlgsvhose mass spectra have dis- ons can appear. Such analyses could also help to better un-
P P gerstand the types of defectdrom a four-dimensional

tinct patterng can have interesting observable signatures a . ; .
colliders. Note that the open string states attached to the erspectivethat are formed toward the end of brane inflation

) S 60], besides the cosmic strings that are generically produced
matter can in general carry momentum and/or winding quan:

tum numbers as well, but the details depend on the origin 0E61_63' Therefore, in adition to the conditions one often

: imposegsuch as appropriate gauge groups, three generations
chOer ?Iljrrs]tatrg%:/:nSUr;cﬁ,eth?/vseti%iiriger??ﬁsl(;Zseemvt\)/ﬁg?flzhe f.chiral matter, etg.in estimating the statistics c_)f realistic
matter is a stable D pariic(e 9., in type | string theojyand tring theory vacu@ll], the cosmological constraints on the
the standard model is embédaed on a set of D9 branes X|§tence of stable defec(suqh as cosmic strmgs and QO—

) . -~ tain wallg may further restrict the space of viable string
this case, the open string states have ho momentum or Wm%odels
ing numbers. In general, the possibility of momentum/ '
winding quantum numbers will give rise to an even richer
spectrum than the one shown in Fig. 4. ACKNOWLEDGMENTS
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APPENDIX: FOUR-POINT AMPLITUDES IN HETEROTIC The scattering of two DO branes to two fundamental open
STRING DUAL string states corresponds to the scattering of two massive

string states to two massless states in the heterotic dual. The

_ The stable non-BPS D particles in type | are dual to theyee jevel diagram hag-ghost number-2, and so the four-
first massive string states of tsX(32) heterotic string12]. oint amplitude can be computed with all external states in
The vertex operators of such massive string states in the khe — 1/2 picture. In other words, the scattering amplitude of
sector(spacetime fermionsn the —1/2 picture are given by  two massive spacetime fermions in the spinor reps o320
_ — into tw inos:
V™ Yz,z)=e ¥ u i, X" %(2)e™ X2 0 fwo gauginos
As~CoNY eV A21,20)V; YA(25,2)

% CKei(K/\%)-X(?) (A1)
XV5¥425,25)V4 YA 24,24)) (A3)
and A
_ . _ — where Cy and N are normalization factors defined in Ref.
V- Y4z,2)=e" @2 u,id, 6 *(z)e* X2 [20], V; and V, are the vertex operators for the massive
R string states in the spinor rep. as in E41) above,V; and
X Cye! (K2 X(2) (A2) v, are vertex operators for the gauginos as follows:
wherek?=—M?2=—4/a’ andK?=4. Hered,, 0/, are the V2(z7)=e~ D2y g2(2)ek XEDO(Z)  (A4)

ten-dimensional spin fields with opposite chiralityecause _
of the GSO projection and the fact thatchanges the fer- with k*=0. O(z) is the operator for th&(32) degrees of
mion number by 1, e, is the polarizatior{the physical state freedom, which is equal t57('(z) for the Cartan generators
condition givese-k=0), X*(z,z) for =0, ...,9 are the andCye' /20X with K2=2 for the remaining 480 gen-
10-dimensional coordinates for both left and right moverserators. We can tak& of the form (Q...,£1,0,...,0,
X'(z) for =1, ...,16 are thd6-dimensional internal coor- +1,0,...,0). Ineither caseh,=1, so it is easy to see that
dinates corresponding to tl&0(32) lattice,C is a cocycle (h,ﬁ) =(1,1).

factor, and¢ is the boson arising from the bosonization of etV (z)=e %26 (z), the relevant correlation function
the superconformal ghosts. Using the fact that the conformakee, e.g., Eq(12.4.19 of Ref.[66]] is

dimension ofe? is h=—q(q+2)/2, it is easy to see that

the above vertex operators have conformal dimensions (Va(Z1)Vp(2Z2)V)(2Z3)Vs(24))

(h,h)=(1,1). We tak_eKz(t %,i_%, o .+ 2) with an even _(CT#)4(CT )5 (CT#),(CT,) 55

number of+ sign which clearly give&K“=4. These massive = +

states indeed transform in the spinor representation of
SO(32). In addition to theSO(32) quantum numbers, the (CT#) ,s(CT ) g,

22152324234 2213734737747

two types of vertex operators above together contribute to D21 iZi2a (AS5)
the 128 representation of the Lorentz group. For simplicity, 1442043723
we focus on the first type of vertex operators in E&§1) in ~ whereC is the charge conjugation operator.
the calculation of four-point amplitudes. The correlation function of the Bosonic fields gives
(i9,X1e"1X(21,20)10,X" €2 X(25,2,) €% X(23,23) €+ X(24,24)) = [ ] |2« v (A6)
i<j
where
a' Pt a'? k“k?
yur=2" ] (A7)

273, 4 L1742 22y

Note that in the three-point function of massless states, one can use transvees&ltp] to simplify the expressiofsee Eq.

(12.4.12 of Ref. [66]]. The transversality condition comes from the physical state conditiogs:ady,o=G,;=0 for m

=0, r=0. Itis easy to check that the physical state condition also gvks-0 for the massive states we consider here.
For theS((32) degrees of freedom:

<ei(K1/\@).R(?l)ei(Kz/\/2a’)5((?2)ei(|<3/\W).i(?3)ei(|<4/\/ﬁ)5<(21)>: H KiK. (A8)

|jIJ
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To calculate the four-point amplitude, we can get0, Correction as a function of energy of the incoming state
Z,=X, z3=1, z,=, and then sum over all permutations.

The momentum dependence can be simplified as usual witl ' ' ' ' o]
the Mandelstans,t,u variables. L2 7
Let us focus on one of the amplituddthe ordering Lisk .
1234 L B
(cc(zy)cC(z3)cC(24)) = (2424)? (A9)  Z'T -
£ IE _
<Va(Zl)Vﬁ(Zz)Vy(Z3)Vﬁ(Z4)> g 095~ N
(Ug-Up)(Ug-Ug)  (Ug-Ug)(Uy- Up) ]
_ 1°4Y2 3 24 + 1°4Y3 422 (A].O) 085__ __
2x(1—x)z; 2(1-x)z; al ]
0.8 —
V,U.V: C(’ 7]”’]} + Of_’ _ k'gk; _ kgkz + kgkg + kgké/ 0'715.()2 I I.1)3 I 1.1)4 I l.IOS I 1|()6 ‘ 1.1)7 ‘ 1.1)8 ‘ I.:)‘) I 1.1
2X2 4 X2 X X( 1— X) 1—Xx Energy (unit: M o)
(A11) FIG. 5. The corrections of the form factor.
a'ki-ki_ |5 [—a' k3 gona’ky kol2 _ _
il;[j |Zii| J_|Z4| 4(XX) 172 f dZZZ—)\S—lz—)\S—Z(l_Z)—)\u(l_z)—)\u+3 .
c
X[(l_x)n(l_;)]a/kzk?,/Z (A17)

3 ,3/4[ ) _] 'ua We can choose the following space-time momenta:
=(xX)"* " [(1—x)(1—x)] ¢
(A12) k;=(E,0, ... 0k)

I1 Eﬁi'Kj:Z_4—Kig<1'Kz(l_;)Kz'K3222;—32(1_;)—U/2. ko=(E,0,...0~k)
i<]

(A13) ks=(—E,0,...—Ecosf,—Esin®)
Note that the powers af, andz, are canceled. There are ks=(—E,0, .. .Ecosé,Esing). (A18)
many terms in the final expression. Let us focus on the term i
proportional ton**: For example, at fixed angleé= /2, we have
s=4E?

C0N4(el' eZ) f d2XX7 a'sl4— 1;701'5/47 S/2— 2( 1— X) —a'uld
u=—2E2+m? (A19)
X 1_;*a'u/4*U/2+l. Al4
( ) (A14) wherem?=4/a’.
We can express the amplitude in termdofunctions and The s=0 pole could be extracted as follows. First, we
calculate the correction to the tree-level field theory resultexpand the integrand of E¢A17) aroundz=0 and obtain
The integral we have to do is

I~J d?z[(z2) s 1z 14 (z9 Mz iz L
f dzzz—xs—l;—xs—sm—z(l_Z)—Au(l_?)—xu—wzﬂ, c
c

(A15) +(N—3)(z2 M+ L] (A20)

wherex = a’s/4, \,= a’ul4. We will suppress th&(32)  The terms such as the ones displayed on the first line do not

structure. Consider the following choice of internal mo- contribute to the pole. Therefore, tise=0 pole is from the
menta: second line:

1 1 L3yt A21
Ki=—K,= +§,...,+§ 2( u ))\s. ( )

Ks=—K4=(0,...0#1,0,...,0#410,...). (Atg) 'ne full amplitude is

With this choice, we hav&=0, U=—4. The integral re- Aoc 27X T\t A= 2)T(=AIT(1 M) (A22)

duces to FN=3) TN+ 2)T(1=As—Ny)
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We can use theI'-function identity I'(xX)I'(1—Xx) We could write the amplitude in the form ofd

= qr/sin(wX) to rewrite this amplitude as =f(u,t)/s+g(s,t,u,a’), whereg(s,t,u,a’) is the stringy
correction to the zero mass gauge boson exchange in field
AxZXF(KsH\u_Z)F(l_)\u)r(4_7\u)r()\s+)\u) theory. We could define a measure of the stringy corrections

F'(Ag+2)T(Ny) as follows:
sifm(4—N\y)]sifm(Ns+Ay)] (—1) g(s,t,u,a’) A
X - X|—]. A23 = -
sin ] N (A23) f(u,t)/s f(u,t)/s L (A24)

From this we clearly see the closed string polesigat This quantity as a function of enerdy is shown in Fig. 5
=4,5,6..., which correspond to the production of on-shell from which we see that the correction is of order one in a
states in this channel. wide range of energies.
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