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750 GeV diphoton excesses in a realistic D-brane model
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We study the diphoton excesses near 750 GeV recently reported by the ATLAS and CMS collaborations
within the context of a phenomenologically interesting intersecting/magnetized D-brane model on a
toroidal orientifold. It is shown that the model contains a Standard Model singlet scalar as well as vector-
like quarks and leptons. In addition, it is shown that the singlet scalar has Yukawa couplings with vector-
like quarks and leptons such that it may be produced in proton-proton collisions via gluon fusion as well as
decay to diphotons through loops involving the vector-like quarks. Moreover, the required vector-like
quarks and leptons may appear in complete SU(5) multiplets so that gauge coupling unification may be

maintained. Finally, it is shown that the diphoton signal may be accommodated within the model.
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I. INTRODUCTION

Recently, the ATLAS [1] and CMS [2] collaborations
have both reported an excess in the diphoton channel near
750 GeV. With an integrated luminosity of 3.2 fb~!, the
ATLAS Collaboration has observed a local 3.6¢ excess at a
diphoton invariant mass of around 747 GeV, assuming a
narrow width resonance. For a wider width resonance, the
signal significance increases to 3.9¢ with a preferred width
of about 45 GeV. With an integrated luminosity of 2.6 fb~!,
the CMS Collaboration has also observed a diphoton
excess with a local significance of 2.6 at an invariant
mass of around 760 GeV. Assuming a decay width of
around 45 GeV, the significance reduces to 2¢ in this case.
The corresponding excesses in the cross section can be
roughly estimated as 63,15 ~ 3-13 fb [1,2]. While this is
well below the threshold to claim a discovery, this excess
could be the first signal of physics beyond the Standard
Model (SM). As such, it is worthwhile to consider possible
models of new physics which may explain the excess.
Indeed, many groups have proposed such possible explan-
ations [3-23].

Perhaps the simplest explanation for the excess is the
addition of a SM singlet scalar with a mass near 750 GeV
along with additional vector-like multiplets of colored
particles. With this setup, the singlet may be produced via
gluon fusion with the vector-like particles appearing in
loops. Similarly, the singlet may decay to diphotons.
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However, in order to preserve gauge coupling unification
as in supersymmetric versions of the SM, these vector-like
states should come in complete multiplets of SU(5).
Moreover, to preserve unification and avoid Landau poles,
the types and numbers of SU(5) multiplets is restricted [14].

Such light vector-like multiplets are often found in
models constructed within the framework of string theory
[24]. Indeed, vector-like states are generically present in
intersecting/magnetized D-brane models on orientifold
backgrounds [25-37]. One such model satisfying all global
consistency conditions has been constructed from inter-
secting/magnetized D-branes within the context of Type II
orientifold compactifications [38,39] on a T°/(Z, x Z,)
background. This model corresponds to the MSSM with
three generations of quarks and leptons as well as a
single pair of Higgs fields. The model contains a minimal
amount of exotic matter, which may be decoupled from the
low-energy sector. In addition, the tree-level gauge cou-
plings are automatically unified at the string scale [38,39].
Finally, the Yukawa couplings are allowed by global U(1)
symmetries, and it is possible to obtain correct masses
and mixings for quarks and charged leptons. Thus, this
is a phenomenologically interesting model worthy of
detailed study.

In the following, we briefly summarize the intersecting
D-brane model under study, which is a variation of the
model discussed above. It is shown that vector-like quarks
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D6-brane configurations and intersection numbers for a three-family Pati-Salam model on a Type-IIA T°/(Z, x Z,)
orientifold, with a tilted third two-torus. The complete gauge symmetry is [U(4)- x U(2), x U(2)g]

x [U(2) x USP(2)*]hiaden

observable

and N = 1 supersymmetry is preserved for y; =3, y, = 1, y3 = 2.

U(4)c x U(2), x U(2)g x U(2) x USp(2)*

N (n', 1Y) x (n2,12) x (n3, %) ng ny b b c oy d d 3 4
a 8 (0,—1) x (1,1) x (1, 1) 0 0o 3 0 3 0 0 o) 0 0
b 4 (3,1) % (1,0) x (1, 1) > 2 . 06) 0l 1 0(1) 0 -3
c 4 B-Dx(01)x(l,-1) -2 2 -1 o) 3 0
d 4 (1,0) % (1,=1) x (1, 1) 0 0 : Lo 1
302 (0, 1) x (1,0) x (0,2) =3
4 2 (0.—1) x (0, 1) x (2,0) =1 =2

are present in the model, and that these states may appear in
complete multiplets of SU(5) so that gauge coupling
unification may be maintained. Furthermore, it is shown
that there are SM singlets in the model which have Yukawa
couplings to the vector-like quarks and leptons. It should
be emphasized that this is a nontrivial result as these fields
carry global U(1) charges, under which the Yukawa
coupling must be neutral. Finally, we show that the
diphoton excesses may be explained in the model.

II. THE MODEL

A phenomenologically interesting intersecting D-brane
model has been studied in Refs. [38,39]. A variation of this
model with a different hidden sector was also studied in
Refs. [40,41]. Type IIA orientifold string compactifications
with intersecting D-branes (and their Type 1IB duals with
magnetized D-branes) have provided exciting geometric
tools with which the minimal supersymmetric SM (MSSM)
may be engineered. While this approach may not allow a
first-principles understanding of why the SM gauge groups
and associated matter content arise, it may allow a deeper
insight into how the finer phenomenological details of the
SM may emerge. In short, D6-branes in Type IA fill
(3 + 1)-dimensional Minkowski spacetime and wrap 3-
cycles in the compactified manifold, such that a stack of N
branes generates a gauge group U(N) [or U(N/2) in the
case of T®/(Z, x Z,)] in its world volume.

In general, the 3-cycles wrapped by the stacks of D6-
branes intersect multiple times in the internal space,
resulting in a chiral fermion in the bifundamental repre-
sentation localized at the intersection between different
stacks a and b. The multiplicity of such fermions is then
given by the number of times the 3-cycles intersect. Each
stack of D6-branes a may intersect the orientifold images of
other stacks &', also resulting in fermions in bifundamental
representations. Each stack may also intersect its own
image d/, resulting in chiral fermions in the symmetric
and antisymmetric representations. Nonchiral matter may
also be present between stacks of D-branes which do
not intersect on one two-torus. A zero intersection number
between two stacks of branes implies that the branes are

parallel on at least one torus. At such kind of intersection
additional nonchiral (vector-like) multiplet pairs from
ab + ba, ab' + b'a, and ad’ + d’a can arise. Global con-
sistency of the model requires certain constraints to be
satisfied, namely, Ramond-Ramond (R-R) tadpole cancel-
lation and the preservation of A" = 1 supersymmetry. In
particular, the conditions for preserving ' = 1 supersym-
metry fix the complex structure parameters.

The set of D6-branes wrapping the cycles on a
T$/(Z, x Z,) orientifold shown in Table I results in a
three-generation Pati-Salam model with additional hidden
sectors. The full gauge symmetry of the model is given by
[U<4)C X U(Z)L X U(Z)R]observable X [U(Z) X Usp(z)z}hidden'
As discussed in detail in Refs. [38,39], with this configu-
ration of D6-branes all R-R tadpoles are canceled, K-theory
constraints are satisfied, and N = 1 supersymmetry is
preserved. Furthermore, the tree-level MSSM gauge cou-
plings are unified at the string scale. Finally, the Yukawa
matrices for quarks and leptons are rank 3 and it is possible
to obtain correct mass hierarchies and mixings.

Since U(N) = SU(N) x U(1), associated with each of
the stacks a, b, ¢, and d are U(1) gauge groups, denoted as
uU(1l),, U(1),, U(1),, and U(1),. In general, these U(1)’s
are anomalous. The anomalies associated with these U(1)’s
are canceled by a generalized Green-Schwarz mechanism
that involves untwisted R-R forms. As a result, the gauge
bosons of these Abelian groups generically become mas-
sive. However, these U(1)’s remain as global symmetries
to all orders in perturbation theory. These global U(1)
symmetries may also result in the forbidding of certain
superpotential operators, such as Yukawa couplings and
those which mediate baryon and lepton number violation.
However, these global symmetries may be broken by
nonperturbative effects, such as from D-brane instantons.

Some linear combinations of U(1)’s may also remain
massless if certain conditions are satisfied. For the present
model, precisely one linear combination has a massless
gauge boson and is anomaly free:

Uy = U(1), +2[U(1), + U(1). +3U(1),]. (1)
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Thus, the effective gauge symmetry of the model at the
string scale is given by

SU(4)xSU(2), xSU(2)z x U(1)y x [SU(2) x USp(2)?].
(2)

The gauge symmetry is first broken by splitting the D-
branes as a — al 4+ a2 with N,y =6 and N, = 2, and
c—>cl+c2withN,, =2and N, =2,andd — dl 4 d2
with Ny =2 and N,y =2, as shown schematically in
Fig. 1. After splitting the D6-branes, the gauge symmetry of
the observable sector is

SU3)exSUR2), xU(1) g x U(1)p_y

X U)X ULy, o)
where

U()jar = 5 (U)o = U(1),0).

U)ot =35 (U(1), = 30(1),2),

Uy = 5 (U = U(1)p). @
and

U(D)spyr = =[U(M)g + U(1) 0 +2(U(1), + U(1)
+ U1 +3U(1)g +3U(2) )] (5)

The gauge symmetry must be further broken to the
SM, with the possibility of one or more additional U(1)
gauge symmetries. In particular, the U(1),_, x U(1);,, %
U(1)3p,; gauge symmetry may be broken by assigning
vacuum expectation values (VEVs) to the right-handed
neutrino fields N%. In this case, the gauge symmetry is
broken to

PHYSICAL REVIEW D 94, 025002 (2016)
[SU(B)C X SU(Z)L X U(I)Y X U(I)B]observable

X [U()jay % USP(2) e (©
where
U(1)y = g [U(1)yy = 30(1) 0 +30(1) = 3U(1) 3
= Sy + U )
and

—_—

U(l)g = Z[U(l)B—L +U(1)3p,]

—_ [1 u(l), 4-1(U(1)a2 +U(1), +U(1),

6 2

# Ul +30(D,)| )
Alternatively, the gauge symmetry may also be broken by
assigning VEVs to the vector-like fields XN%, and XN}, in

the a,c; sector shown in Table V. The gauge symmetry in
this case is then

[SU3)cx SU(2), x U(1)y x U(1),]

observable
X [U(1) 3y X USP(2)*]idden )
where
V(1) = 33Uy + UMl (10

From Table II, it may be seen that U(1), and U(1), count
baryon number and lepton respectively for the chiral fields,
although this is not the case for the vector-like fields. The
U(l)y x U(1)g x U(1) 3y and U(1)y x U(1), x U(1) 3y
gauge symmetries may also be broken by assigning VEVs
to some of the vector-like singlet fields ¢21;, ¢21, w12, and

c b c2 b
\ cl
\ Hu
H\ —>
Hd
a2 L E. NR
a == AN al =77 \\ <
U@)ecxUQ) x UQ2)r SUB)cx SUR2)L x U(1)sL x U(1)13r

FIG. 1.

Breaking of the effective gauge symmetry via D-brane splitting. This process corresponds to assigning vacuum expectation

values to adjoint scalars, which arise as open-string moduli associated with the positions of stacks a and ¢ in the internal space.
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TABLE 1II. The chiral superfields, their multiplicites and quantum numbers under the gauge symmetry
[SU(3)c x SU(2), x U(1)ylgpservapie X [U(1) 73y X USP(2)*]iden-

Multiplicity Quantum Number Onr Op_1 Osp.1 Oy 0Op 0)3 Oy Field
alb 3 (3.2,1,1,1,1) 0 1/3 1 1/6 1/3 0 1/6 o
alc2 3 (3.1,1,1,1,1) -1/2 -1/3 -1 -2/3 -1/3 0 -2/3 Ug
alcl 3 (3,1,1,1,1,1) 1/2 -1/3 -1 1/3 -1/3 0 1/3 Dg
a2b 3 (1,2,1,1,1,1) 0 -1 1 —-1/2 0 1 -1/2 L
acl 3 (1,2,1,1,1,1) 1/2 1 —1 1 0 —1 1 Eg
a2c? 3 (1,2,1,1,1,1) -1/2 1 -1 0 0 -1 0 Ng

w21 shown in Table VI. After this breaking, one anomaly-
free linear combination remains:

U(1)y = g[U(1)1 =30 (10 +30(1)y =30(1),2

+3U(1) 4 —3U(1)]- (11)

The VEVs assigned to the vector-like singlets may be string
scale or just below the string scale, so that below the string
scale the gauge symmetry is

[SU3)e x SU2), x U(1)y]gpservavte X [USP(2)?niddens
(12)

with U(1),, being identified with the SM hypercharge.
We will further assume that all exotic matter, shown in
Table III, may become massive, as shown in Ref. [41]. The
resulting low-energy field content is shown in Table II
along with their charges under U(1);3z, U(1)p_;,
U(1)sg., U(l)y, U(1)s3y, U(1)g, and U(1),. It should

be noted that there are several fields present which are SM
singlets.

Finally, it is possible to calculate the gauge couplings at
the string scale. For this model, it is found that the tree-level
gauge couplings are unified at the string scale:

5
G =g = ggi =2¢%.

(13)
where the unification with gf,, is noncanonical [39].
Moreover, the hidden sector gauge groups USp(2), and
USp(2), will become strongly coupled near the string
scale, thus decoupling matter charged under these
groups [39].

III. GAUGE COUPLING UNIFICATION AND
VECTOR-LIKE MATTER

Vector-like matter appears in intersecting/magnetized
D-brane models on toroidal orientifolds between stacks
of D-branes which do not intersect. The mass of such
vector-like states depends upon the separation between the
stacks of D-branes in the internal space. As such, it is

TABLE III. The chiral hidden sector superfields, their multiplicities and quantum numbers under the gauge symmetry
[SUB3)c x SU(2), x U(1)yX]gpservavte ¥ [U(1) 3y X USP(2)*]hidden-

Multiplicity ~ Quantum Number Qg Opr  OspiL Oy Ony O3 oL Oy Field
bdl 1 (1,2,1,1,1,1) 0 0 —4 0 1/2 -1 -1 1/2 Xpai
bd2 1 (1,2,1,1,1,1) 0 0 —4 0 -1/2 -1 -1 -1/2 Xpao
cldl 1 (1,1,1,1,1,1) 1/2 0 4 1/2 1/2 1 1 1 X141
cld2 1 (1,1,1,1,1,1) 1/2 0 4 12 -1/2 1 1 0 Xoan
c2d1 1 (1,1,1,1,1,1) -1/2 0 4 12 1)2 1 1 0 X o1
c2d2 1 (1,1,1,1,1,1) -1/2 0 4 -1/2 =12 1 1 -1 Xown
b4 3 (1,2,1,1,1,2) 0 0 -2 0 0 -1/2 -1)2 0 X,
cl3 3 (1,1,2,1,2,1) 1/2 0 -2 1/2 0 -1/2 -1/2 1/2 X
23 3 (1,1,2,1,2,1) —-1/2 0 -2 -1/2 0 -1/2  -1/2 -1/2  Xi,
d13 1 (1,1,1,1,2,1) 0 0 —6 0 1/2 -3/2  =3/2 1/2 X3
d23 1 (1,1,1,1,2,1) 0 0 —6 0 -1/2 =32 =3/2 -1/2 X3
dl4 1 (1,1,1,1,2) 0 0 -6 0 1/2 -3/2  -=3/2 1/2 X4
d24 1 (1,1,1,1,2) 0 0 -6 0 -1/2  =3/2  =3/2  —1/2 X
bg 2 (1,3,1,1,1,1) 0 0 —4 0 0 —1 —1 0 Ti
by 2 (1,1,1,1,1,1) 0 0 4 0 0 1 1 0 Si
cs 2 (1,1,1,1,1,1) 0 0 —4 0 0 0 -1 0 Th
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generically massive. Only stacks of D-branes which are
directly on top of one another have massless vector-like
states between them. In the model studied in Sec. II, the
toroidal orientifold consists of a six-torus which is
factorizable, T® = T2 x T2 x T2. If two stacks of D-
branes are parallel on one two-torus, then vector-like
matter appears in the bifundamental representation of the
gauge groups within the world volume of each stack. If
the two stacks are not separated on the two-torus on
which they are parallel, the vector-like multiplets are
massless. However, these states become massive if the
stacks are separated.

The most straightforward way to obtain the diphoton
excesses is with a SM singlet scalar with a mass ~750 GeV
coupled to vector-like quarks. The coupling to vector-like
quarks is necessary in order to produce the scalar via gluon
fusion and to allow the decay of the scalar into diphotons.
The requisite vector-like quarks are indeed present in the
model. In particular, the vector-like quarks and leptons in
the ab’ and ac’ sector fill 16 and 16 spinorial representa-
tions of SO(10), or equivalently 5+5+10 +10 +1 41
of SU(5). For example,

5' +5 = {(XDi, XDy), (XL}, XL})},
I+ 1' = {XN, XN§}. (14)

PHYSICAL REVIEW D 94, 025002 (2016)

It is well known that gauge coupling unification may be
preserved at the one-loop level if the extra matter comes in
complete representations of SU(5). However, at the two- or
three-loop level, a Landau pole may appear. This restricts
the number of SU(5) multiplets which may remain light to
either one (10 + 10) or three copies of (5 + 5). In addition,
any number of SM singlets may be present in the light
spectrum. Generically, there are many more vector-like
states in the spectrum, as can be seen from Tables IV, V,
and VI. Thus, in order to preserve gauge coupling uni-
fication, many of these states must obtain string-scale
masses, while simultaneously maintaining light masses
for either of the two cases stated above. Recalling that
vector-like matter appears between stacks of D-branes
which are parallel on one two-torus, the masses of these
vector-like states depend on the separation between the
stacks on the two-torus on which they are parallel. So, it is
possible to give string-scale masses to some of the vector-
like states by separating the two stacks of D-branes on the
two-torus on which they are parallel and where these
vector-like states are localized.

Is it possible to choose the position of the stacks of
D-branes so that only the 5+ 5 or 10 + 10 fields remain
light? The answer to this question is yes. As an example, let
us consider just the fields in the ab’ and ac’ sectors, where
it should be noted that these stacks of D-branes are parallel
on the third two-torus. Thus, for example the fields
(XQi,XQ!) may become massive by separating stacks

TABLE IV. The vector-like superfields not charged under U(1);3,, their multiplicities and quantum numbers under the gauge

symmetry [SU(3)C X SU(Z)L X U(l)Y]observable
etc. refer to different stacks of D-branes.

[U(1) 5y X USP(2)?])i44en @nd their charges under different U(1) groups. Here a, b, c,

Multiplicity Quantum Number Onr Op_1 O3p.1 Oy 0Op oL Oy Field

alb’ 3 (3,2,1,1,1,1) 0 1/3 -3 1/6 -2/3 -1 1/6 XQi
3 (3,2,1,1,1,1) 0 -1/3 3 -1/6 2/3 1 -1/6 X0;

a2b’ 3 (1,2,1,1,1,1) 0 —1 -3 -1/2 —1 0 -1/2 XL}
3 (1,2,1,1,1,1) 0 1 3 1/2 1 0 1/2 XL}

alcl’ 3 (3,1,1,1,1,1) 1/2 1/3 -3 2/3 -2/3 -1 2/3 XU%
3 (3.1,1,1,1,1) -1/2 -1/3 3 -2/3 2/3 1 -2/3 XU

alc? 3 (3,1,1,1,1,1) -1/2 1/3 -3 -1/3 -2/3 -1 -1/3 XDi
3 (3,1,1,1,1,1) 1/2 —-1/3 3 1/3 2/3 1 1/3 XD,

a2cl’ 3 (1,1,1,1,1,1) 1/2 -1 -3 0 -1 0 0 XN,
3 (1,1,1,1,1,1) —-1/2 1 3 0 1 0 0 XN,

a2c?’ 3 (1,1,1,1,1,1) —-1/2 -1 -3 —1 -1 0 -1 XE},
3 (1,1,1,1,1,1) 1/2 1 3 1 1 0 1 XEL

bel 6 (1,2,1,1,1,1) —-1/2 0 0 -1/2 0 0 -1/2 Hi,
6 (1,2,1,1,1,1) 1/2 0 0 1/2 0 0 1/2 H

be2 6 (1,2,1,1,1,1) 1/2 0 0 1/2 0 0 1/2 H
6 (1,2,1,1,1,1) -1/2 0 0 -1/2 0 0 -1/2 H,

bel’ 1 (1,2,1,1,1,1) -1/2 0 4 -1/2 1 1 -1/2 H,
1 (1,2,1,1,1,1) 1/2 0 —4 1/2 -1 -1 1/2 H,

bc2' 1 (1,2,1,1,1,1) 1/2 0 4 1/2 1 1 1/2 H,
1 1,2,1,1,1,1) -1/2 0 —4 -1/2 -1 -1 -1/2 H,
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TABLE V. The vector-like quarks and SU(2), doublets charged under U(1) 5, their multiplicities and quantum numbers under the

gauge symmetry [SU(3)C X SU(Z)L X U(l)Y}observable[
b, c, etc. refer to different stacks of D-branes.

U(1) 3y X USp(2)?]pidden @nd their charges under different U(1) groups. Here a,

Multiplicity Quantum Number Onr Op_1 O3pi1L Oy Or, 0Op o Oy Field
aldl 2 (3,1,1,1,1,1) 0 1/3 5 1/6 1/2 4/3 1 2/3 pll;
2 (3,1,1,1,1,1) 0 -1/3 -5 -1/6  -1/2  -4/3 -1  =2/3  ll,
ald2 2 (3,1,1,1,1,1) 0 1/3 5 1/6 —-1/2 4/3 1 —1/3 12
2 (3,1,1,1,1,1) 0 -1/3 -5 -1/6 1/2 -4/3  —1 1/3 912,
aldl 1 (3,1,1,1,1,1) 0 1/3 -7 1/6 1/2 -5/3 =2 2/3 cll
1 (3,1,1,1,1,1) 0 -1/3 7 -1/6  -1/2 5/3 2 =2/3 cI1
ald 1 (3,1,1,1,1,1) 0 1/3 7 1/6 -1/2  -=5/3 -2 -1/3 cl12
1 (3,1,1,1,1,1) 0 -1/3 7 -1/6 1/2 5/3 2 1/3 <12
bdl 1 (1,2,1,1,1,1) 0 0 -8 0 1/2 -2 -2 1/2 &
1 (1,2,1,1,1,1) 0 0 8 0 -1/2 2 2 -1)2 &
bd2' 1 1,2,1,1,1,1) 0 0 -8 0 -1/2 -2 -2 -1/2 &
1 (1,2,1,1,1,1) 0 0 8 0 1/2 2 2 1/2 &

al and b’ on the third torus. Similarly, the fields
(XU%,XU%) may become massive by separating stacks
al and c1’, while (XE%, XE',) become massive if stacks a2
and ¢2' are separated on the third two-torus. The fields
(XD%, XD4) may remain massless if stacks al and ¢2’/
overlap on the third two-torus, and the same is true for
(XL: ,XLY) if stacks a2 and b overlap on the third two-
torus. Thus with this configuration, only the fields in the
5 4+5 and 1'+1° (with i = 1...3) representations of
Eq. (14) remain light.

In addition, there are additional vector-like quarks and
leptons in the spectrum in the ad and ad’ sectors, as
shown in Tables V and VI. These fields may also become
massive by separating the relevant stacks of D-branes on

TABLE VL

the two-torus where they are parallel. For example, stacks
al and a2 are parallel with stacks d1 and d2 on the third
two-torus, and so the vector-like matter in these sectors may
be eliminated if these stacks are separated on the third two-
torus. Similarly, stacks al and a2 are parallel with stacks
dl’ and d2’ on the second two-torus, and the vector-like
matter in this sector may be eliminated by displacing these
stacks on the second two-torus.

On the other hand, it must also be kept in mind that
splitting the stacks in this fashion may affect the Higgs
sectors, which are also vector-like. For example the Higgs
fields H, and H, arise from vector-like matter in the bcl
and bc2 sectors respectively. Stacks al and c¢2’ must
overlap to keep (XE%, XE%) light while stacks al and b’

The vector-like singlets charged under U(1),5,their multiplicities and quantum numbers under the gauge symmetry

[SUB)ex SU2), x U1 ylopservanie lU (1) 13y X USP(2)?]iqden @nd their charges under different U(1) groups. Here a, b, c, etc. refer to

different stacks of D-branes.

MultlphClty Quantum Number Q13R QB—L Q3B+L Qy QI}V QB QL QY/ Field

a2dl 2 (1,1,1,1,1,1) 0 —1 5 -1/2 1/2 1 1/2 0 @21;
2 (1,1,1,1,1,1) 0 1 =5 1/2 -1/2 —1 -1/2 0 021,

a2d2 2 (1,1,1,1,1,1) 0 -1 5 —12 —1/2 112 -1 22
2 (1LL1L1,1,1) 0 1 -5 1/2 12 -1 -1)2 1 g2,

a2dl’ 1 (1,1,1,1,1,1) 0 —1 —7 -1/2 1/2 -2 -1 0 ¢21
1 (1,1,1,1,1,1) 0 1 7 1/2 -1/2 2 1 0 21

a2d? 1 (1,1,1,1,1,1) 0 —1 —7 -1/2 -1/2 -2 —1 —1 c22
1 (1,1,1,1,1,1) 0 1 7 1/2 1/2 2 1 1 22

cldl’ 1 (1,1,L1,1,1) 1/2 0 -8 1/2 12 2 2 1 yll
1 (1LL1L,1,1,1) ~1/2 0 8 ~12  -12 2 2 1yl

cld 1 (1,1,1,1,1,1) 1/2 0 -8 12 -2 2 2 0 wl2
1 (1LL1L1,1,1) ~1/2 0 8 —12  1)2 2 2 )

c2d1’ 1 (1L,1L1L1,1) ~1)2 0 8 —12 12 2 2 0 2l
1 (1,1,1,1,1,1) 1/2 0 8 -1/2 -1/2 2 2 0 w21

2d2! | (1,L,1,1,1,1) ~1/2 0 8 —12  —1/2 2 2 1 oy
1 (1,1,1,1,1,1) 1/2 0 8 1/2 1/2 2 2 1 22
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must be separated to give masses to the fields (XQ', X0} )
such that the light vector-like fields may be placed in 5 + 5
representations. However, this implies that stacks b and c2
must be separated and thus that the Higgs field H, is not
present in the light spectrum. Clearly, then it is not possible
to eliminate the fields in the 10 + 10 while keeping the
fields in the 5+ 5 without also eliminating some of the
Higgs field. Note that this constraint only applies to those
fields in the ab’ and ac’ sectors. In the next section, we shall
also consider the vector-like matter in the ad and ad’
sectors. We shall find that it is possible to have just vector-
like matter in the 5 + 5 representation without eliminating
some of the Higgs fields as a by-product.

IV. MSSM SINGLETS COUPLED
TO VECTOR-LIKE MATTER

We have seen in the previous section that the model
contains vector-like quarks and leptons in the ab’ and ac’
sectors which may be grouped into complete representa-
tions of SU(5). Furthermore, by displacing the stacks of
D-branes, it is possible to eliminate some of these fields
from the spectrum so that only three copies of 5 + 5 remain
light. In this way, gauge coupling unification may be
maintained while also avoiding the Landau pole problem.
However, upon inspection, none of these vector-like quarks
and leptons appear to have Yukawa couplings with any of
the singlet fields present in the model. Therefore, they may
not be involved in producing the diphoton excesses.
However, this is not the case if we examine the vector-
like quarks and leptons present in the ad and ad’ sectors.

Let us turn our attention to the SM singlet fields X .; ;, and
X 241 shown in Table I1I. These fields have Yukawa couplings
with the vector-like quarks in the ad and ad’ sectors:

Wy =cl-wl2 X4 @127 ¢12
+ch W2l Xeggr - 117 ¢, (15)
where (y12) and (y21) are near the string scale M, as

discussed in Sect. I. In addition, there are Yukawa couplings
between these singlets and some of the vector-like doublets:

W2 = kIXcld2ﬂ1§2 + k2X02d1H2§1- (16)

Finally, there are additional Yukawa couplings between X .; »»
and X .., and the singlet fields in the a2d and a2d’ sectors:

Wy =di - yl2- Xy - 922" - 622
+d w2l X o - 9217 - 21, (17)
Thus, the required couplings of the SM singlet fields to
vector-like quarks are present so that the singlet fields may

be produced by gluon fusion and decay to diphotons. In
addition, the singlet fields have additional couplings to

PHYSICAL REVIEW D 94, 025002 (2016)

other doublet and singlet fields. Note that the vector-like
quarks involved in these couplings combined with addi-
tional vector-like matter may be placed in complete
representations of SU(5) by replacing the right-handed
vector-like quarks, leptons, and singlets in Eq. (14) with
some of the quarks, leptons and singlets of Tables V and VL.
For example, making the interchanges

(XDL, XD4y) — (9121, 9127),
(XUR, XUg) = (p11%, o11"),
(XEL, XER) — (9221, 9227,
(XNR’XNR) — (921 ’ﬁl)’
(XLL,XL:) = (H!,HY), (18)

we have
5 45 = {(¢12;, 012", (H', H')},

10' + 10" = {(XQ07, X0} ), (911}, @11'), (922', 922)},
1+ 10 = {g21', p21'} (19)

where i = 1...2, and making the interchanges

(XDy.XDy) = (¢12,¢12)

(XUg. XUg) = (s11.¢11)

(XE3, XE}) — (.;22 c22)
( )
(

’
s

’

(XN3. XN3) — (21, 221),
(XL3.XLg) = (&1.6)), (20)

we have

545=1{(c12,¢12), (&1.€1)},
10 +10 = {(XQ;.X0;). (c11,¢11), (¢22,622)},
1+1={c21,¢21}. (21)

In order to have just three 5 + 5 multiplets + additional
singlets in the light spectrum, the fields grouped into the
10 + 10 multiplets must become massive, as well as any
additional vector-like states. To eliminate the vector-like
fields in the ab’ and ac’ sectors from the light spectrum, we
must require that stacks al and a2 are separated from
stacks b, c1’, and ¢2’ on the third two-torus. Furthermore,
to eliminate the fields in the above 10 + 10, we require that
stack al be separated from stack d1 on the third two-torus
and from d1’ on the second two-torus. Let us also require
that stack a2 be separated from both stacks d1, d1’, d2
and d2'.

To keep the fields in the above 5+ 5 representations
light, we require that stack al overlap with stack d2 on the
third two-torus and with stack d2’ on the second two-torus.

025002-7
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In addition, we require that stack b overlaps stacks c1, c1’,
¢2, and ¢2' as well as stacks d1’. This configuration assures
that the Higgs fields H!, and H', are present in the spectrum.
In addition, stack » may not overlap stack d1’ since stack
al overlaps stack d1. Since stack al and b’ are separated,
this implies that stacks b and d1’ are also separated.
Then, the fields in the light spectrum consist of the
following fields with quantum numbers under the
SU(3)c xSU(2), x U(1), gauge symmetry shown:

(XDlsz’XDi,Z) =2 X ((p12, (p]

({1 ()

(XD3.XD5) = 1 x (¢12,¢12)

{1}

2 x HIF

-{(12-3) + (123)}

(XLLyXLZ}) =1x(&,8)

. {(1,2,—2) + (122)} (22)

plus additional singlets. As shown in Eq. (15), the vector-
like quarks (p12'2,912'2) and (¢12,¢12) have Yukawa
couplings with the singlet field S = X.,. Thus, this
singlet field may be produced via loops involving these
vector-like quarks as well as decay to diphotons via gluon
fusion. In addition, the singlet field S has couplings to the
doublets (XL;,XL¢) to which it may also decay.

Using the notation of Eq. (22), the superpotential for the
extra vector-like states and the singlet S is

~—

(XLy,,. XLZM)

W = ApSXDXD¢ + A, SXLXL¢
+ MypXDXD + My, XLXLE. (23)

The corresponding supersymmetry-breaking soft terms are
Vot = Mxp(IXD|? + |XD°|?) + M, (IXL|? + |XL|?)
— (ApApSXDXD"
+ A, A, SXLXL®
+ BypMypXDXDC + By My, XLXL + H.c.).
(24)

V. THE DIPHOTON EXCESSES

The 750 GeV diphoton production cross sections
observed by the CMS Collaboration are o(pp — S —
yy) =05+0.6fb at \/s =8 TeV [42] and 6 + 3 fb at

PHYSICAL REVIEW D 94, 025002 (2016)

/s =13 TeV [2], while the ATLAS Collaboration
observed o(pp—S—yy)=04+08fb at /s =8 TeV
[43] and 10 £ 3 fb at /s = 13 TeV [1]. Replicating the
strategy of Ref. [15], we constrain the total decay width to
I' ~5-45 GeV. To reproduce the observed production
cross sections, we constrain the model using
T, Tyg/ M5 2 1077,

The effective loop-level couplings amongst the Standard

Model gauge bosons and scalar S are given by

S
-L = I [kpm F R FEMP + 13G4, G (25)
s

where FEM and G4, are the photon and gluon field strength
tensors, respectively, with a = 1, 2, ..8. The effective oper-
ators are represented by xgy and k3, which are written as

Qa; /1 MS .
oy = M {Z Ms 02NLF,

471' Mf
AAMs
+ ;T;Q}.NEMF} : (26)

_ MM AA M
Kra[; ", N3Ff+%: w2 NIF;|  (27)

where N = 3, NiE = 1, and N¥P = 1, and the functions
F;and F 7 are expressed as

Fr=2[1+1=-0f(x), (28)

Fy=x[-1+xf(x)] (29)

with the function y denoted by

2

flf ) (30)
M3

x=4

The triangle loop functions f( y) are defined here as

arcsin®[y/y '] if y>1
= 31
) [m e m]2 if 4 < 1. 1)

The diphoton and digluon decay widths in F — SU(5) are
computed from

2
r, = MMS, (32)

" 4n
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TABLE VII.

PHYSICAL REVIEW D 94, 025002 (2016)

Decay widths and production cross sections for a total decay width of I' =5 GeV for some sample points. All masses

and decay widths are in GeV. The cross sections are in femtobarns (fb). The Brpy represents the branching ratio allocated to dark matter.

For simplicity, we assume here that My = Myy and A = Ay.

I'=5GeV

Mxp Mxg M;(‘B Mo Myp Myz 40 4 Ap Ag T, Ty Txpixy Br, Bry Brxgxy Brpy o™V o)) TV
1200 255 2050 400 1662 308 0.65 0.351 3600 1530 0.0037 0.185 1.45 0.0007 0.037 0.290 0.672 038 1.77
1350 225 1750 330 1114 241 0.55 0.351 4050 1350 0.0077 0.138 1.88 0.0015 0.028 0.376 0.594 0.60 2.77
1200 265 1800 310 1342 161 0.60 0.351 3600 1590 0.0083 0.178 1.30 0.0017 0.036 0.260 0.702 0.82 3.83
1400 235 1750 330 1050 232 0.70 0.351 4200 1410 0.0081 0.218 1.74 0.0016 0.044 0.348 0.607 0.99 4.58
1050 225 1800 300 1462 198 0.70 0.351 3150 1350 0.0072 0.284 1.88 0.0014 0.057 0.376 0.565 1.14 5.32
1000 215 1450 330 1050 250 0.65 0.351 3000 1290 0.0075 0.319 2.02 0.0015 0.064 0.404 0.530 1.34 6.22
1000 255 1500 330 1118 209 0.65 0.351 3000 1530 0.0088 0.307 1.45 0.0018 0.061 0.290 0.647 1.50 7.00

2|k5? only (XD, XD¢) in the S — ¢gg loops, and hence there are

r, - sl (33) y ( ) 99 loop

The diphoton production cross section is calculated from

CyL'(S = gg9)T'(S = yy)
FSMS

o(pp—>S—yr)=K (34)

where T is the total decay width, /s is the proton-proton
center-of-mass energy, and C,, is the dimensionless par-
tonic integral computed for an Mg = 750 GeV resonance,
yielding C,, =174 at /s =8 TeV and Cyy = 2137 at
/s =13 TeV [44]. We use the gluon fusion K-factor
of 1.98.

We construct our intersecting D-brane model with the
(XD,XD¢) and (XL,XL°) vector-like particles, imple-
menting three copies of the (5,5). For the calculations,
we decompose the (XL, XL¢) multiplet into its (XE, XE°)
and (XN, XN¢) components. Given the null XN electric
charge Oxy = 0, no constraints can be placed on Myy, Ay,
or Ay in the model via the production cross section
calculations, so for simplicity we set Myy = My and
Ay = Ag when computing the decay of the scalar S directly
to the XN multiplet. The multiplets (XD,XD¢) and
(XE,XE°) participate in the S — yy loop diagrams and

TABLE VIIIL

eight free parameters in the effective operators kgy and k3
consisting of the Yukawa couplings A, trilinear A term
couplings A, fermionic component masses M, and scalar
component masses M. In total, there are ten parameters to
compute:

Myp, Mxp, M . M & . Mxp, Mxg, Ap, g Ap, Ag (35)
though the supersymmetry-breaking soft terms Myp, and
My can be trivially computed from the fermionic and

scalar components using the following relations:

M2 = Mkp, + Mp. (36)

M2 = M3 + M3g. (37)

The freedom on the eight free-parameters engenders a
large D-brane model parameter space. We treat the fer-
mionic component of the vector-like particle and its soft
supersymmetry-breaking term independently, such that
My # 1\~/If. Recent constraints at the LHC on vector-like
B quarks [45] provide lower limits of around 735 GeV
for the XD multiplet, allowing a light XE multiplet,

Decay widths and production cross sections for a total decay width of I' = 45 GeV for some sample points. All masses

and decay widths are in GeV. The cross sections are in femtobarns (fb). The Brpy, represents the branching ratio allocated to dark matter.

For simplicity, we assume here that Myp = Mxy and 1p = y.

I' =45 GeV
MXD MXE M}B )}VE MXD MXE /’{D /’{E AD AE F},y F,(],(] FXE+XN Bry}, Bryg BrXE+XN BrDM ()'}gyTeV 0’}3 Tev
1200 255 1750 340 1274 225 0.70 0.351 3600 1530 0.0090 0.250 1.45 0.00020 0.0055 0.032 0.962 0.14 0.65
950 255 1300 300 887 158 0.65 0.351 2850 1530 0.0079 0.380 1.45 0.00018 0.0085 0.032 0.959 0.19 0.87
1100 255 1450 350 945 240 0.70 0.351 3300 1530 0.0092 0.337 1.45 0.00021 0.0075 0.032 0.960 0.19 0.90
1000 265 1350 330 907 197 0.70 0.351 3000 1590 0.0091 0.401 1.30 0.00020 0.0089 0.029 0.962 0.23 1.05
900 265 1250 340 867 213 0.65 0.351 2700 1590 0.0094 0.420 1.30 0.00021 0.0093 0.029 0.962 0.25 1.14
950 265 1300 350 887 229 0.70 0.351 2850 1590 0.0097 0.441 1.30 0.00021 0.0098 0.029 0.961 0.26 1.23
800 265 1200 360 894 244 0.70 0.351 2400 1590 0.0099 0.580 1.30 0.00022 0.0129 0.029 0.958 0.36 1.67

025002-9



LI, MAXIN, MAYES, and NANOPOULOS

which contributes to invisible branching fractions when
Myp < 375 GeV. The maximum XD Yukawa coupling
applied here is 4p < 0.70, though we maintain Ag = 0.351,
restricting their freedom. Constraints are placed on the A
terms of Ap <3Mp and Ag < 6M to preclude premature
breaking of the SU(3).x U(l)gy gauge symmetry.
Some sample benchmark points are detailed in Table VII
and Table VIIL The cross sections 65,V and ¢)3 ™V in
Tables VII-VIII display a gain of 4.65 from 8 to 13 TeV.
We use values of the coupling constants at the M, scale in
our calculations of a; = 0.1185 and agy = 128.917!. The
S — XEXE° and S - XNXN decay modes reflected in
the I'yg. xy decay width and Bryg, xy branching ratio in
Tables VII-VIII are given by

- 1 5 4M7\?
res =—MgA -— 38
s—1h=gems(1-57) 69
where we take My = Mxy and A = Ay in the calcula-

tions. These decay modes are kinematically allowed
if Mg xy <375 GeV.

VI. CONCLUSION

We have studied the diphoton excesses near 750 GeV
recently reported by the ATLAS and CMS collaborations
within the context of a phenomenologically interesting
intersecting/magnetized D-brane model on a toroidal ori-
entifold. We have shown that the model contains a SM
singlet scalar as well as vector-like quarks and leptons. In
addition, we have shown that the singlet scalar has Yukawa
couplings with vector-like quarks and leptons such that it
may be produced in proton-proton collisions via gluon
fusion as well as decay to diphotons through loops
involving the vector-like quarks. Moreover, the required
vector-like quarks and leptons may appear in complete
SU(5) multiplets so that gauge coupling unification may be
maintained. In particular, we showed that we may have
three copies of 5 + 5 representations of SU(5) in the light

PHYSICAL REVIEW D 94, 025002 (2016)

spectrum which are present in the model. Finally, we
showed that the diphoton excesses observed by the
ATLAS and CMS collaborations may be accommodated.

It should be emphasized that we have obtained these
results within the context of a complete, globally consistent
string model. This particular model has many interesting
phenomenological features such as automatic gauge cou-
pling unification, realistic Yukawa mass matrices for quarks
and leptons, and minimal exotic matter. It is of note that the
singlet fields required to explain the diphoton signal arise
from this extra matter. In addition, the required vector-like
quarks are naturally present in the spectrum. Finally, the
Yukawa couplings between the singlet fields and the
vector-like quarks are allowed by the global symmetries
arising from U(1) factors whose gauge bosons become
heavy at the string scale via the Green-Schwarz mecha-
nism, a result which is completely nontrivial.

An interesting question is whether or not it is possible to
obtain supersymmetry partner spectra from the model
which take into account the light vector-like matter. As
mentioned earlier, the vector-like quarks and leptons have
Yukawa couplings with the Higgs fields in the model, and
thus may raise the Higgs mass by up to a few GeV. This
may alleviate the problem with electroweak fine-tuning. In
addition, the vector-like matter affects the renormalization
group equations running of the soft masses. Finally, the soft
supersymmetry-breaking masses may be calculated at the
string scale in the model. Thus, it would be very interesting
to study the possible supersymmetry partner spectra
obtainable in the model including the extra vector-like
matter. We plan to study this in future work.
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