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ABSTRACT

We describe constructions of intersecting D5-brane orbifold models that yield the (non-
supersymmetric) standard model up to vector-like matter and charged-singlet scalars.
The models are constrained by the requirement that twisted tadpoles cancel, and that
the gauge boson coupled to the weak hypercharge U(1)y does not get a string-scale mass
via a generalised Green-Schwarz mechanism. Gauge coupling constant ratios close to those
measured are easily obtained for reasonable values of the parameters, consistently with
having the string scale close to the electroweak scale, as required to avoid the hierarchy
problem.

The D-brane world offers an attractive, bottom-up route to getting standard-like
models from Type II string theory [1]. Open strings that begin and end on a stack of
M D-branes generate the gauge bosons of the group U(M) living in the world volume of
the D-branes. So the standard approach is to start with one stack of 3 D-branes, another
of 2, and n other stacks each having just 1 D-brane, thereby generating the gauge group
U(3) x U(2) x U(1)". Fermions in bi-fundamental representations of the corresponding
gauge groups can arise at the intersections of such stacks [2], but to get D = 4 chiral
fermions the intersecting branes should sit at a singular point in the space transverse to the
branes, an orbifold fixed point, for example. In general, such configurations yield a non-
supersymmetric spectrum, so to avoid the hierarchy problem the string scale associated
with such models must be no more than a few TeV.

Gravitational interactions occur in the bulk ten-dimensional space, and to ensure
that the Planck energy has its observed large value, it is necessary that there are large
dimensions transverse to the branes [3]. The D-branes with which we are concerned wrap
the 3-space we inhabit and closed 1-, 2- or 3-cycles of a toroidally compactified T2, T?xT?
or T? x T? x T? space. Thus getting the correct Planck scale effectively means that only
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D4- and D5-brane models are viable, since for D6-branes there is no dimension transverse
to all of the intersecting branes. In a non-supersymmetric theory the cancellation of the
closed-string (twisted) Ramond-Ramond (RR) tadpoles does not ensure the cancellation
of the Neveu-Schwarz-Neveu-Schwarz (NSNS) tadpoles. There is a resulting instability in
the complex structure moduli [4]. One way to stabilise some of the (complex structure)
moduli is to use an orbifold, rather than a torus, for the space wrapped by the D-branes.
The above instability has also recently inspired attempts for reconciling string theory with
inflationary cosmology [5].

If the embedding is supersymmetric, then the instabilities are removed. This has
been studied [7], using D6-branes, but it has so far proved difficult to get realistic phe-
nomenology consistent with experimental data from such models 3.

During the past year orientifold models with intersecting D6- and D5-branes have
been constructed that yield precisely the fermionic spectrum of the standard model (plus
three generations of right-chiral neutrinos) [8]. The spectrum includes SU(2); doublet
scalar tachyons that may be regarded as the Higgs doublets that break the electroweak
symmetry group, but also, unavoidably, colour-triplet and charged singlet tachyons either
of which is potentially fatal for the phenomenology. The wrapping numbers of the various
stacks are constrained by the requirement of RR tadpole cancellation, and this ensures
the absence of non-Abelian anomalies in the emergent low-energy quantum field theory. A
generalised Green-Schwarz (GS) mechanism ensures that that the gauge bosons associated
with all anomalous U(1)s acquire string-scale masses [9], but the gauge bosons of some
non-anomalous U(1)s can also acquire string-scale masses [8]; in all such cases the U(1)
group survives as a global symmetry. Thus we must also ensure the weak hypercharge
group U(1)y remains a gauge symmetry by requiring that its gauge boson does not get
such a mass. In a recent paper [10] we constructed the first semi-realistic intersecting
D4-brane orbifold models that satisfy these constraints.

We start with an array of D5-brane stacks, each wrapping closed 1-cycles in both
2-tori of T? x T?, and situated at a fixed point of the transverse T?/Z3 orbifold. A stack
a is specified by two pairs of wrapping numbers (n,,m,) and (7., m,) that specify the
number of times a wraps the basis 1-cycles in each T?. When n, and m, are coprime
a single copy of the gauge group U(N,) occurs; if n, and m, have a highest common
factor f, there are f, copies of U(N,), or if m, (or n,) is zero, then there are n, (or m,)
copies of U(N,). The same thing happens if 7, and m, are not coprime. The number of
intersections of stack a with stack b is given by L., = Iaplep, Where Iy = ngmy — many
and I, = ne,my —mgny are the intersection numbers of the corresponding 1-cycles in each
torus T2. The generator 6 of the Z3 point group is embedded in the stack of N, branes as
Yoo = oPly,, where o = e?™/3 p, =0,1,2. The first two stacks a = 1,2 defined above,
that generate a U(3) x U(2) gauge group, are common to all models. We require that
the intersection of these two stacks gives the three copies of the left-chiral quark doublet
@r. Then, without loss of generality, we may take their wrapping numbers as shown in
Table 1. We require that ny # 0 mod 3, so that the U(2) group is not replicated. Besides
the first two stacks we have, in general, three sets I, J, K of U(1) stacks characterised by
their Chan-Paton factors: p; = po Vi € I, p1 # pj # p2 Vj € J, and p, = p1 Vk € K;

3 Another promising way for stabilising the moduli is to turn on fluxes for antisymmetric fields of type
II-string theory. In this case a non-trivial superpotential is generated, and depending on the choice of
fluxes various scenarios for expaining the hierarchy problem can in principle be obtained [6].
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[ Stack a [ N, | (7, 7) | (7w a) | Y00 |

1 3| (L0) | (L0) |orL
2 2 (ng,3) (ng, 1) | oy
1€l 1| (ny,my) | (R, my) | af
JjedJ L | (ng,my) | (fy,my) | o
ke K 1 (nk, mk) (ka, fnk) aP

Table 1: Multiplicities, wrapping numbers and Chan-Paton phases for the D5-brane mod-
els, (p # q #r #p).

the sets I, J, K are each divided into two subsets I; U Iy = I etc., defined [11] so that the
weak hypercharge Y is the linear combination

— =—Q1+ Q2+ZQM+ZQ31+ZQ;§I (1)

i1€l1 J1€1 k1€K1

where @), is the U(1) charge associated With the stack a; ), is normalised such that the
N, representation of SU(N,) has Q, =

The mixed U(1) anomalies are cancelled by a generalised GS mechanism involving
the exchange of fields that arise from the dimensional reduction of the twisted two-form
RR fields Bék), C’ék), Dék) and Eék) that live at the orbifold singularity [12]. These fields
are coupled to the U(1), field strength F, of the stack by terms in the low energy action
of the form

naﬁa/ Tr(%,a/\a)Bék) ANTrF,, mafna/ Tr(%,a)\a)Cék) ANTrF,,
M4 M4

Mafia / Tr(vod) DS A TLE,, ngifta / Tr(yp ) ESY ATV, 2)
My My

where v, = vg’a and ), is the CThe couplings determine the linear combination of U(1)
gauge bosons that acquire string-scale masses via the GS mechanism. We require that
the U(1)y gauge boson associated with the weak hypercharge given in eqn (1) remains
massless. Consequently, the corresponding field strength must be orthogonal to those
that acquire GS masses. It follows that the sets J; U K and Jy U K5 are both non-empty.

We obtain the following constraints on the wrapping numbers deriving from twisted
tadpole cancellation and requiring that the U(1)y gauge boson associated with weak
hypercharge does not acquire a GS mass:

71277L2 + Znilﬁil = Z?’lefljl =1 + anlﬁkl = T11 (3)
1
nang + Z NNy = Z nj,Mj, =2+ Z Mgy Ty = T2 (4)
2
3+ Z My, My, = Z mj,mj, = Z My, Mi, = Ty (5)
1
3 + ZmiQﬁliQ = ijgm]é = ;kaka = T42 (6)
12 J2 2
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g Y My = Y gy =y gy, =Ty (7)
i1 J1 k1

nz + anmiz = Zn]ém]é = anka‘Q = T22 (8)
i2 J2 k2

By + D mi iy = Y myiy =Y my iy, =T (9)
(31 J1 k1

By + D My, = Y myity, = Y my, iy, = T (10)
i2 J2 ko

Tachyonic scalars arise only at intersections between stacks a and b which have the
same Chan-Paton factor p, = py. Thus, Higgs doublets, which are needed to give mass
to the fermionic matter, arise at (2i;) and (2i2) intersections. With D5-branes, chiral
fermions arise only at intersections with p, # py,. Thus to obtain (doublet and singlet)
leptons, we also require U(1) stacks in the sets J and/or K.

The difference of the angles 6,, and éab between the intersecting 1-cycles on the
two wrapped tori determine the squared mass of the tachyon at such an intersection, and
when they are equal the tachyon is massless. Thus this mechanism in D5-brane models
may remove potentially unwelcome (e.g. charged-singlet and/or colour triplet) tachyons.
A further novelty compare to D4-brane models is that tachyons may also arise when the
intersecting D5-branes have parallel 1-cycles in one, but not both, of the two wrapped tori,
ie. 04 = 0 or 0, = 0. The intersection number of the non-parallel 1-cycles determines
the number of such states that arise. The distance between the parallel 1-cycles enters
the mass formula, so the masses of these states are continuously adjustable. When it is
zero (or small enough) the states are tachyonic, but when the cycles are far enough apart
the states are massive and can be removed from the low-energy spectrum. Equations
(3)-(10) are quadratic in the wrapping numbers, and the only six-stack models that can
satisfy them have stacks 1,2, 14, i, k1, k2. Unfortunately, the solution gives I;, = Iy, =0
and, since the 1-cycles in both tori are parallel, these models have no Higgs doublets (or
charged-singlet or colour triplet tachyons). They are therefore not standard-like and we
are forced to consider eight-stack models from the outset.

We concentrate in models with not more than one stack in each of the classes
L, I, Ji, Jo, K1, Ky. To ensure that Higgs doublets arise at the (2i;) intersection, either
T3 or T3;, must be non-zero. Similarly, for the (2i3) intersection, either Ty or Tio,
must be non-zero. Then the general solution for the wrapping numbers are presented in
tables 2 and 3. To avoid triplication of gauge group factors in table 2, we require that
ne = —p mod 3 and to avoid triplication of gauge group factors in table 3 we require
ny = g mod 3 for Toy = 0,19 = —g mod 3 for T3, = 0.

There are four classes of models obtained by combining one of the options in Table
2 with one of the options in Table 3. For no choice of the parameters can any of the
stacks in Table 2 or 3 be absent. Thus a minimum of eight stacks is required, and in
fact this a general result, even if we allow more than one stack in some of the sets [13].
In the first instance all such eight-stack models have gauge group U(3) x U(2) x U(1)°.
By construction the standard model gauge group SU(3). x SU(2)r, x U(1)y survives the
GS mechanism that gives string-scale masses to some of the original (eight) U(1) gauge
bosons. In addition, it is easy to see that the symmetry U(1)x, associated with the the
sum of the charges X = Y, @, also survives as a gauge symmetry. However, this is
uncoupled to all of the matter and gauge fields, and so is physically unobservable.
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‘ Stack a ‘ Ng ‘ My ‘ T ‘ My, ‘
2 Ny 3 | p—ng | —1
J1 nap 3p 1 0
ky nop— 11| 3p 1 0
2 Ng — P 3 —Ny —1
J1 1 0 nap p
k’l 1 0 77L2p —1 P

Table 2: Wrapping numbers for the stacks i1,j; and k. At the top To; = 0, T3 =
3p, T11 = nap, and at the bottom Ty, = p, T3 = 0, T11 = ngp. In both cases p = +1. A
further overall, arbirary sign ¢, = 1 is understood for each stack a = iy, j1, k1.

| Stacka | n, |[ma| fa |1 ]
(5 N 3 | g—ng | —1
J2 n2q | 3q 1

0

ko neq — 2 | 3q 1 0
9 q—ny | —3 Ty 1
q

4q

J2 1 0 naq
k’g 1 0 77L2q -2

Table 3: Wrapping numbers for the stacks ig, jo and ky. At the top Tos = 0, T3 =
3q, T2 = naq, and at the bottom Ty = q, T30 = 0, Ti2 = N2q. In both cases ¢ = +1. A
further arbitrary, overall sign ¢, = +1 is understood for each stack a = iy, jo, ks.

It turns out that in the case Ty = 0 = T39, 6 of the original 8 U(1) gauge bosons
get GS masses, leaving just the massless, gauged U(1)x and U(1)y. Potentially this can
yield a standard-like model. The consistency conditions for avoiding triplication requires
ne = —p mod 3 = —g mod 3 The spectrum, which is independent of p, has 3 generations
of chiral matter that include right-chiral neutrino states, and there is additional vector-like
leptonic, but not quark, matter. We find

3(L+ L)+ 6(e5 +é5)+ 38 + %) (11)

There is also one Higgs doublet at the (2i;) intersections, and 3 Higgs doublets at the
(2i5) intersections. Less welcome are the 9 charged-singlet tachyons that arise, 3 at each
of the (iyis), (j172) and (k1ks) intersections. In principle, the contributions from the two
tori can cancel leaving massless states rather than tachyons. For this to happen for the

charged-singlet tachyons at the (i1i5), (j172) and (k1k2) intersections, the parameters must
eRa/R1 __ |z(p—2x) z| _ | p—z
L " éRz/Ri  |y(p—v) yl — [2p—y
Ny — Ra/ Ry, Ry, Ra, Ry, Ry are the gadii of the fundamental 1-cycles on the two wrapping
tori and € = 2|cos(0/2)], € = 2|cos(0/2)|. These are all satisfied if

|z

satisfy the conditions where © = ny — 3R/ Ry, Yy =

3 2 1
pr=g=py orif pr=o= py (12)
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The 3 colour-triplet scalars that arise at the (1k;) intersection, as well as the one at the
(1k9) intersection, can be expunged by taking the separation between the parallel 1-cycles
to be sufficiently large.

For the case Toy = 0 = Tj;, again only U(1)x and U(1l)y evade acquiring GS
masses and so survive as gauged symmetries. To avoid triplication of gauge group factors
requires that ny = —p mod 3 = ¢ mod 3. In this case we find the vector-like matter to
be: 3(L + L) + 12(e$ + &) + 3(v§ + %). The total tachyonic Higgs, colour-triplet and
charged-singlet scalar content is the same as for the above model. In this case though,
there are 3 Higgs doublets at the (2i;) intersections, and one at (2i2); the colour-triplet
scalars are similarly interchanged. They are massless if

3 4
pr=—5=-py or it pr= 3= —2py (13)
Ratios of the gauge coupling constants are independent of the Type II string cou-
pling constant A;;. Thus % = |zy|. Also, for the Ty; = 0 = T3, model we have
string
that ( R
Q3| Mistring

——= =5+t lry+l|xp—y)| + x|+ |pxr—1 14
o e — 24 gyl 1= )]+ Lol + e 1 (14
Consistency with a low string scale requires that these ratios do not differ greatly from
the values measured [14] at the electroweak scale my, 2mz) — 3 54 aslmz)l _ 17 8 Tt g

3
az(mz) ay(mz)
easy to find all solutions of these:

pr =4.78, —1.75, 2.41, —4.11
py = 0.74, —2.02, —1.46, 0.86 (15)

which can be satisfied with reasonable values of the parameters. For example, ny =
—2=1mod 3, Ry/R; =0.93, s =1, Ry/R; = 1.74. None of these solutions is close to
satisfying the conditions (12) for massless charged-singlet scalars, so the existence of these
tachyons is unavoidable in this model unless there are very large radiative corrections.

For the T3 = 0 = Ty model, eqn (14) is replaced by % =1+ 3|ay|+|(z —
p)y| + |ly| + [py — 1| and the solutions are obtained by interchanging pz and py in (15).
Again, it is easy to satisfy these with reasonable values of the parameters. For example,
ny =1, Ry/Ry = 1.00, iy = —1, Ry/Ry = 0.75. In this case, the third solution is not too
far removed from satisfying the first condition in (13) and it is possible that the effects of
renormalisation group running and/or radiative corrections to the masses could remove
the charged-singlet scalar tachyons from the low-energy spectrum.

In conclusion, we have obtained the standard model gauge group with no addi-
tional, unwanted gauged U(1) symmetries, plus three (non-supersymmetric) generations
of chiral matter that include right-chiral neutrino states using intersecting D5-branes.
This required at least 8 stacks. This parallels the situation in orientifold models, in which
a minimum of four stacks, plus their orientifold images, is required [8]. We found two
distinct classes of model. Both classes of model have extra vector-like leptons, as well as
charged-singlet scalar tachyons, and optional colour-triplet tachyons. There are radiative
corrections to the masses of both that might be sufficient to render them non-tachyonic,
without removing the Higgs doublets. For particular values of the wrapping numbers,
both classes of model predict ratios of gauge coupling constants close to those measured
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at the electroweak scale, thereby allowing the possibility of a nearby string scale, such
as is required of non-supersymmetric theories to avoid the hierarchy problem. For the
model with T3; = 0 = Ty, one choice of the parameters comes close to removing the
charged-singlet scalar tachyons from the low-energy spectrum. Both classes of model pos-
sess the Yukawa couplings of the tachyonic Higgs doublets needed to generate masses at
renormalisable level for three generations of chiral matter including neutrinos. However,
neither class of model has masses at renormalisable level for all of the vector-like matter.
All models have anomalous U(1)s that survive as global symmetries. Their gauge bosons
acquire string-scale masses via the generalised GS mechanism. It is expected that TeV-
scale Z' vector bosons will be observable at future colliders, and precision electroweak
data (on the p-parameter) already constrain [15] the string scale to be at least 1.5 TeV.
In particular, baryon number B = )1/3 is anomalous and survives as a global symmetry.
Consequently, the proton is stable despite the low string scale. As before in the D4-brane
case [11], the Higgs boson fields are also charged under some of the anomalous U(1)s that
survive as global symmetries. Thus a keV-scale axion is unavoidable.
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