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3Jožef Stefan Institute, Jamova 39, P. O. Box 3000, 1001 Ljubljana, Slovenia

(Received 8 January 2010; published 25 March 2010)

The experimental results on the t�t production cross section at the Tevatron are well described by the

QCD contributions within the standard model, while the recently measured forward-backward asymmetry

is larger than predicted within this framework. We consider light colored scalars appearing in a particular

SUð5Þ grand unified theory model within the 45-dimensional Higgs representation. A virtue of the model

is that it connects the presence of a light colored SUð2Þ singlet (�6) and a color octet weak doublet (�1)

with bounds on the proton lifetime, which constrain the parameter space of both scalars. We find that both

the total t�t production cross section and the forward-backward asymmetry can be accommodated

simultaneously within this model. The experimental results prefer a region for the mass of �6 around

400 GeV, while �1 is then constrained to have a mass around the TeV scale as well. We analyze possible

experimental signatures and find that �6 associated top production could be probed in the t�tþ jets final

states at Tevatron and the LHC.
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I. INTRODUCTION

The CDF and D0 experiments at the Tevatron have
produced many important and useful results in top quark
physics. Recently the measurements of the forward-
backward asymmetry in t�t production (FBA) [1,2] have
attracted a lot of attention due to the more than 2� dis-
crepancy of the most precise experimental result [1] com-
pared to the Oð�3

sÞ interference effect predicted within the
standard model (SM) [3]. At the same time, other CDF and
D0 results on top quark properties and processes exhibit a
very good agreement with SM predictions [4]. Several
scenarios of new physics (NP) have already been consid-
ered, trying to explain this discrepancy [5–8].

Among possible NP proposals, the path of gauge uni-
fication in the form of grand unified theories (GUTs) is
perhaps one of the most appealing. Traditionally, the two
main challenges of GUTs have been achieving SM gauge
couplings’ unification and ensuring stability of the proton
beyond present experimental limits. Recently, nonsuper-
symmetric SUð5Þ GUT models [9–11] that incorporate 45-
dimensional scalar representation have been found to sat-
isfy the first criterion. An important observation was that
some of the 45 states can be relatively light and play an
interesting role in ensuring sufficient proton stability. With
this in mind, we have recently investigated the role of

scalar leptoquarks also appearing within such a represen-
tation in charm meson decays [12].
In the present study we investigate a colored SUð2ÞL

singlet with electric charge 4=3 (�6), which is incorporated
in the 45-dimensional representation of SUð5Þ, as a pos-
sible explanation of the FBA discrepancy. Direct experi-
mental constraints on the mass and couplings of the new
state come from flavor and collider experiments. In addi-
tion however, they are constrained indirectly due to gauge
couplings’ unification and with the proton not decaying too
fast. In particular, it turns out that the later two conditions
require another relatively light state (�1), which is an octet
of color, doublet of SUð2ÞL, and has hypercharge one half.
The paper is organized in the following sections: In

Sec. II we introduce the candidate �1;6 states within a

GUT model and discuss constraints coming from gauge
couplings’ unification and proton decay. In Sec. III we
discuss the phenomenology of the two �’s in hadronic t�t
production at the Tevatron, while other related phenome-
nology and constraints are discussed in Sec. IV. We briefly
cover possible search strategies for �6 at the Tevatron and
the LHC in Sec. V, before summarizing our results in
Sec. VI.

II. �1 AND �6

The scalar fields we discuss—ð�3; 1; 4=3Þ and
ð8; 2; 1=2Þ—naturally emerge in a theoretically well-
motivated class of grand unified scenarios. Namely, they
both reside in a 45-dimensional scalar representation of
SUð5Þ. And, this representation should be a part of any
simple renormalizable scenario without supersymmetry
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together with a 5-dimensional scalar representation—
5 � ð�D;�TÞ ¼ ð1; 2; 1=2Þ � ð3; 1;�1=3Þ—to generate
viable masses of charged fermions [13]. It is entirely
possible to bypass this requirement by either judicious
introduction of extra vectorlike fermions [14] or the use
of higher dimensional operators to correct charged fermion
mass relations. However, both approaches have no unique
implementation and, in the latter case, the same class of
operators could have significant effect on the gauge cou-
pling unification [15,16]. To avoid these ambiguities we
opt for the framework where viable charged fermion
masses are generated through 5- and 45-dimensional scalar
representations at the tree level and neglect influence of all
higher dimensional operators. We accordingly discuss sca-
lar fields in question in their most natural setting—a re-
normalizable SUð5Þ framework without supersymmetry—
in what follows.

The couplings of the multiplets in the 45-dimensional
scalar representation of SUð5Þ—45 � ð�1;�2;�3;�4;
�5;�6;�7Þ ¼ ð8; 2; 1=2Þ � ð�6; 1;�1=3Þ � ð3; 3;�1=3Þ �
ð�3; 2;�7=6Þ � ð3; 1;�1=3Þ � ð�3; 1; 4=3Þ � ð1; 2; 1=2Þ—to
the matter are set by the following pair of SUð5Þ contrac-
tions: ðY1Þijð10��Þið�5�Þj45���� and ������ðY2Þijð10��Þi �
ð10��Þjð45Þ��� . Y1 and Y2 are Yukawa coupling matrices

while the matter fields of the SM reside in 10i and �5j [17],

where i, j ¼ 1, 2, 3 are family indices. The couplings of
ð�3; 1; 4=3Þ ¼ �6 are then

L 3 ðY1ÞijeCTi CdCaj�
�
6a þ

ffiffiffi
2

p ½ðY2Þij � ðY2Þji�
� �abcu

CT
ia CuCbj�6c; (1)

where a, b ¼ 1, 2, 3 are color indices. Note that the latter
set of couplings is antisymmetric in flavor space. It is that
fact that makes �6 leptoquarks innocuous as far as the
proton decay is concerned at the tree level as has been
noticed only recently [12]. Nevertheless,�6 could still mix
via the Higgs doublet with a scalar that has the right
diquark couplings to destabilize the proton [18]. Indeed,
there is one such scalar multiplet in the adjoint representa-
tion of SUð5Þ. However, in simple scenarios we have in
mind, where there is only one adjoint scalar—24 �
ð�8; �3; �ð3;2Þ; �ð�3;2Þ; �24Þ ¼ ð8; 1; 0Þ � ð1; 3; 0Þ � ð3; 2;
�5=6Þ � ð�3; 2; 5=6Þ � ð1; 1; 0Þ—that breaks SUð5Þ, these
particular components, i.e., �ð3;2Þ and �ð�3;2Þ, always get

eaten by the so-called X and Y gauge bosons and are thus
prohibited from mixing.

The couplings of ð8; 2; 1=2Þ ¼ �1 to the matter are

L 3 � ffiffiffi
2

p ðY1ÞijdTaiðTAÞabCdCbj�0A�
1 ;�2½ðY2Þij � ðY2Þji�

� uTaiðTAÞabCuCbj�0A
1 ;� ffiffiffi

2
p ðY1ÞijuTaiðTAÞabCdCbj�þA�

1

þ 2½ðY2Þij � ðY2Þji�dTaiðTAÞabCuCbj�þA
1 : (2)

Here, ðTAÞab ¼ 1=2ð�AÞab, where �A (A ¼ 1; . . . ; 8) are

the usual Gell-Mann matrices of SUð3Þ. �1 has two sets
of color components. One is electrically neutral—�0A

1 —

and the other is electrically charged—�þA
1 .

Clearly, both �1 and �6 have the right couplings to
influence the asymmetry we are interested in. However,
in order to be relevant both �1 and �6 must be sufficiently
light. This, on the other hand, has repercussions for uni-
fication of gauge couplings. In particular,�6 tends to either
lower the unification scale below proton decay limits or
ruin gauge coupling unification all together if light enough.
On the other hand, the �1 mass scale and the GUT scale,
i.e., scale where the SM couplings unify, are inversely
proportional. So, whenever �6 is light �1 will also be light
in order to keep the GUT scale above the limits imposed by
proton decay. In other words, whenever �6 is light enough
to play a role in low energy physics the same is true for �1.
We find that the simplest SUð5Þ scenario comprising

only 5-, 24-, and 45-dimensional scalar representations
cannot unify at all with �6 light. (Admittedly, the scenario
with this content when �6 is sufficiently heavy unifies
[9,10,19] but is already ruled out by proton decay experi-
ments according to a recent study [9] unless one suppresses
relevant operators due to either scalar [12] or gauge boson
exchange [20] or both.) Of course, one can always judi-
ciously add an arbitrary number of additional representa-
tions of various dimensions to adjust for that but we seek a
theoretically well-motivated scenario. We have accord-
ingly checked unification with light �6 in the following
two simple SUð5Þ scenarios where all the standard model
fermions have viable masses and mixing parameters.
First, we have studied a scenario where, in addition to

the 5-, 24-, and 45-dimensional scalar representations, we
have a 15-dimensional scalar representation [9,10] to gen-
erate neutrino masses via the type II seesaw mechanism
[21–24]. In this case, the gauge couplings of the SM do
unify but the GUT scale comes out too low. Namely, the
upper bound turns out to be around 1013 GeV which im-
plies that the masses of X and Y gauge bosons—mediators
of proton decay—are unacceptably small.
We have then replaced the 15-dimensional scalar repre-

sentation with a 24-dimensional fermionic representa-
tion—24F � ð	8; 	3; 	ð3;2Þ; 	ð�3;2Þ; 	24Þ ¼ ð8; 1; 0Þ � ð1; 3;
0Þ � ð3; 2;�5=6Þ � ð�3; 2; 5=6Þ � ð1; 1; 0Þ—to have a re-
normalizable SUð5Þ scenario [11] where neutrino masses
are generated via combination of type I [25–29] and
type III [30,31] seesaw mechanisms. (This is a renormaliz-
able version of the model proposed in [32] and further
analyzed in [33].) In that particular scenario, the situation
is much more promising. Namely, the upper bound on the
GUT scale comes out very close to the present experimen-
tal limits due to partial proton decay lifetime measure-
ments with both �1 and �6 in the range accessible in
collider experiments. Since the unification in this regime
is very constraining and rich in features we discuss it in
some details next.
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For the unification of the SM gauge couplings at the
GUT scale (MGUT) to be successful at the one loop level
two relevant equations [19] need to be satisfied:

B23

B12

¼ 5

8

sin2
W � �=�3

3=8� sin2
W
¼ 0:716� 0:005; (3a)

B12 ¼ 16�

5�
ð3=8� sin2
WÞ ¼ 184:9� 0:2: (3b)

The right-hand sides reflect the latest experimental mea-

surements of the SM parameters [34] at MZ in the MS
scheme: �3 ¼ 0:1176� 0:0020, ��1 ¼ 127:906� 0:019,
and sin2
W ¼ 0:231 22� 0:000 15. The left-hand sides, on
the other hand, depend on particle content and associated
mass spectrum of the particular unification scenario. In
fact, Bij ¼ Bi � Bj, where Bi ¼ P

IbiI lnMGUT=mI,

(MZ � mI � MGUT). The sum over I goes over all parti-
cles from MZ—the SM particle scale—to the GUT scale.
biI are the usual �-function coefficients of the particle I of
massmI. For example, the SM content with one light Higgs
doublet field has b1 ¼ 41=10, b2 ¼ �19=6, and b3 ¼ �7,
and, accordingly, yields B23=B12 	 0:53.

Any potentially realistic SUð5Þ grand unified scenario
must also allow for large enough masses of the X and Y
gauge bosons since these vector leptoquarks mediate pro-
ton decay. Their practically degenerate masses are identi-
fied withMGUT (mðX;YÞ � MGUT), which in turn allows one

to set lower bound on the GUT scale using proton decay
lifetime limits. The most stringent bound comes from the
latest experimental limit [35] on p ! �0eþ partial decay
lifetime: �p!�0eþ > 8:2� 1033 years. Theoretical predic-

tion for this particular channel reads

� 	 mp

f2�

�

4
A2
Lj�j2ð1þDþ FÞ2 �

2
GUT

m4
ðX;YÞ

½A2
SR þ 4A2

SL�;

(4)

where ASLðRÞ gives a leading-log renormalization of the

relevant operators from the GUT scale to MZ. These are
given as [36–38]

ASLðRÞ ¼
Y

i¼1;2;3

YMZ�mI�MGUT

I

�
�iðmIþ1Þ
�iðmIÞ

�ð�LðRÞiÞ=ð
PMZ�mJ�mI

J biJÞ
;

(5)

where �LðRÞi ¼ ð23ð11Þ=20; 9=4; 2Þ. The QCD running be-

low MZ is captured by the coefficient AL. To establish
lower bound on MGUT we further use mp ¼ 938:3 MeV,

D ¼ 0:81, F ¼ 0:44, f� ¼ 139 MeV, AL ¼ 1:25, and
j�j ¼ 0:01 GeV3 [39].
Also, the masses of all scalar leptoquarks that mediate

proton decay must be sufficiently heavy to render the
scenario viable. These are �T , �3, and �5. (Note that �6

has erroneously been associated with a generation of the
so-called d ¼ 6 proton decay operators [18].) If all the
couplings of 45 with matter are taken into account [12] and
no suppression via Yukawa couplings is arranged their
masses should not be below 1012 GeV due to the proton
decay constraints. To remind us of that we place a line over
them in Table I for convenience where we list all nontrivial
bi � bj contributions of the scenario we analyze.

In addition to these considerations there are two more
constraints on the mass spectrum of the particles listed in
Table I. First, 	8 must be heavier than 106 GeV to accom-
modate the big bang nucleosynthesis constraints [32].
Second, in the renormalizable model we are interested in
[11] there is a particular relation between masses of the
fields in fermionic adjoint. Namely, due to a small number
of terms in the relevant part of the Lagrange density the
masses of these fields are not independent from each other
[11]. As it turns out, we get unification only in one regime
when �6 is light which corresponds to the following set of
mass relations [11]:

m	8
¼ m̂m	3

; m	ð3;2Þ ¼ m	ð�3;2Þ ¼
ð1þ m̂Þ

2
m	3

; (6)

where m̂ is a free parameter that basically represents a
measure of the mass splitting between 	8 and 	3.
With all these constraints in mind we are now in a

position to determine an upper bound on the GUT scale
at the one loop level assuming that �6 is responsible for
asymmetry and is accordingly in the following mass range:
300 GeV � m�6

� 1 TeV (see Sec. III for details). We do

that by numerically maximizingMGUT while imposing that
solution that not only satisfies Eqs. (3a), (3b), and (6) but
that the masses given by numerical solution are in the
following ranges: 102 GeV � m�3

; m�8
; m�1

; m�2
; m�4

;

m�7
; m	ð3;2Þ ; m	ð�3;2Þ � MGUT, 1012 GeV � m�T

; m�3
;

m�5
� MGUT and 106 GeV � m	8

� MGUT.

In Fig. 1 (Fig. 2) we present the m̂ ¼ 1014 (m̂ ¼ 1012)
scenario. We opt for this because in the region of parameter
space we are interested in, i.e., 300 GeV � m�6

� 1 TeV,

viable unification can exist only when 106:4 � m̂ � 1014:2.
However, if MGUT is to be above the limit imposed by
proton decay measurements then 1011:5 � m̂ � 1014:2.

TABLE I. The bi � bj coefficient contributions.

�D
��T �8 �3 �1 �2

��3 �4
��5 �6 �7 	8 	3 	ð3;2Þ þ 	ð�3;2Þ

b23
1
6 � 1

6 � 3
6

2
6 � 4

6 � 5
6

9
6

1
6 � 1

6 � 1
6

1
6 � 12

6
8
6

4
6

b12 � 1
15

1
15 0 � 5

15 � 8
15

2
15 � 27

15
17
15

1
15

16
15 � 1

15 0 � 20
15

20
15
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It is important to stress that for each viable unification
point in Figs. 1 and 2 we know the full mass spectrum of
the model including �GUT and ASLðRÞ. We can thus estab-

lish an accurate lower bound on MGUT by matching the
prediction of the scenario for a partial lifetime of p !
�0eþ at the leading order due to the gauge boson exchange
with the current experimental limit. This prediction is seen
in Fig. 2 as a dashed line. Space below that line should be
considered as excluded. In Fig. 1, however, an almost
horizontal dashed line represents a line along which the
mass of proton decay mediating scalar �3 is at its experi-
mentally imposed limit (m�3

¼ 1012 GeV). Again, space

below that line should be considered as excluded. What
happens is that as m̂ is varied we go from one regime where
the so-called d ¼ 6 proton decay operators due to gauge
boson exchange dominate (m̂ ¼ 1014) to the other regime

where the d ¼ 6 proton decay operators due to scalar
exchange dominate. The important consequence of this
flip in proton decay dominance is that the entire viable
region of unification when 300 GeV � m�6

� 1 TeV will

be experimentally excluded with an improvement of about
a factor of 6 in partial lifetime measurement for p !
�0eþ. This is what makes regime of light �6 extraordi-
narily predictive and testable.
Clearly, for a given value of m�6

(and m̂) we have an

upper bound on m�1
. For example, when m�6

¼ 520 GeV

and m̂ ¼ 1014 (Fig. 1) we have m�1
� 5 TeV.

Our findings on unification in the setup with 5-, 24-, and
45-dimensional scalar representations and one adjoint fer-
mionic representation substantially differ from what has
been presented elsewhere [40]. In particular, if �6 is not
assumed to be light we find no reasonably accessible upper
bound on MGUT nor any upper bound on m�1

, contrary to

what has been put forth in Ref. [40]. To illustrate our
disagreement with respect to the MGUT predictions we
plot in Fig. 3 what we find to be upper bound on the
GUT scale as a function of m̂ for varying values of m�6

.

For definiteness we want to compare our finding with those
of Ref. [40] when the masses in the fermionic adjoint obey
Eq. (6) and m�1

¼ 200 GeV, m�3
¼ 1012 GeV, and

m�6
¼ MGUT. Clearly, in the upper bound on MGUT we

find when m�6
¼ MGUT depends strongly on m̂ and sub-

stantially exceeds the value of 7:8� 1015 GeV that has
been advertised in Ref. [40] as an absolute upper bound in
that case. Moreover, the corresponding experimental
bound due to proton decay on MGUT (dotted line) for the
m�6

¼ MGUT case is more than 2 orders of magnitude

below the predicted value for MGUT in a substantial part
of available parameter space. Only when m̂ < 1 do we
actually get a scenario that can be probed by proton decay.
If, however, we assume thatm�6

is light—as we do—the

picture changes completely. The red solid line represents
the upper bound on MGUT for m�6

¼ 300 GeV while the
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FIG. 2 (color online). Viable unification in the m̂ ¼ 1012 case.
The phenomenologically allowed region is between m�1

¼
102 GeV and the dashed line, which stands for the lower bound
on MGUT due to the d ¼ 6 proton decay via gauge boson
exchange.
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line, which is due to the constraint imposed by experimental
results on proton decay when imposed on the p decay predic-
tions due to the scalar boson exchange.
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dashed line represents the corresponding proton decay
limit on the GUT scale. Clearly, significant parts of pa-
rameter space in this regime are already excluded by
proton decay experiments. (Note also that the unification
is not possible for all values of m̂. Both upper and lower
bounds on m̂ as a function of m�6

are given as thin dashed

lines.)
We trace the above mentioned disagreement to a simple

fact that the analysis in Ref. [40] does not vary all the
masses of the fields in the model within their phenomeno-
logically allowed ranges but makes the judicious choice of
varying only those masses that are associated with fields
with negative b12 coefficients and members of the adjoint
fermionic representation. What we have presented is a
consistent unification analysis at the one loop level. If
one is to consider two loop effects in the running of gauge
couplings the relevant range of allowed masses form�6

and

m�1
would slightly change but they would still be within

the TeV range.

III. THE t �t PRODUCTION CROSS SECTION AND
THE FORWARD-BACKWARD ASYMMETRY

In this section we investigate the impact of light �1;6

states on the production of t�t pairs at the Tevatron. The
analysis is performed in a model independent way and the
results apply to any model scenarios with light colored
scalar triplets and/or octets. The current versions of widely
used Monte Carlo tools for colliders such as MADGRAPH/

MADEVENT and CALCHEP cannot handle the color flow of

the required �6 couplings [41]. Therefore we consider LO
inclusive production cross sections on which we do not
impose any kinematical cuts. A more realistic evaluation
would also need to properly simulate particle decays,
hadronic showering of their products, and detector effects,
all of which can in principle affect the quantities under
study. However, we have checked that our calculation of
the t�t production in the SM agrees well with results from
MADEVENT. This gives us confidence in the reliability of

our crude approach.
The �6 contributes to the t�t production from the

u-channel exchange in the left diagram on Fig. 4. It inter-
feres with the SM q �q contribution for the u �u and c �c initial
partons yielding

d�q �q
6 ðŝÞ
dt̂

¼ d�q �q
SMðŝÞ
dt̂

� �sjgqt6 j2
9ŝ3

ðm2
t ŝþ ðm2

t � ûÞ2Þ
ðm2

�6
� ûÞ

þ jgqt6 j4
48�s2

ðm2
t � ûÞ2

ðm2
�6

� ûÞ2 ; (7)

where t̂ ¼ ðpu � ptÞ2, û ¼ ðp �u � ptÞ2 and we have de-

noted the relevant parameters of the �6 as gqt6 �
2

ffiffiffi
2

p ðYqt
2 � Ytq

2 Þ for q ¼ u, c. Similarly the�1 contribution
can be obtained by reversing the color and fermion flow of
t quarks as seen in the right diagram of Fig. 4 and adjusting

the required color factors. The differential cross section
can then be written as

d�q �q
1 ðŝÞ
dt̂

¼ d�q �q
SMðŝÞ
dt̂

þ 2�sjgqt1 j2
27ŝ3

ðm2
t ŝþ ðm2

t � t̂Þ2Þ
ðm2

�1
� t̂Þ

þ jgqt1 j4
18�s2

ðm2
t � t̂Þ2

ðm2
�1

� t̂Þ2 ; (8)

where now also the down quark partons contribute to the
�1 mediated cross section terms. We denote gut1 � 4ðYut

2 �
Ytu
2 Þ and gdt1 � 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðYdt

2 � Ytd
2 Þ2 þ Ydt�2

1 =8
q

, where u ac-

tually stands for u, c quark flavors and d for d, s. In our
analysis we neglect possible interference contributions
between both �’s.
In order to obtain the hadronic cross section, we con-

volute the partonic result with the appropriate parton dis-
tribution functions (PDFs) and consistently transform the
phase-space integration from the parton to the lab frame.
We obtain

d�ðsÞ
dt

¼ X
p;p0¼q;g

Z 1

x0

dx1
Z 1

x0

dx2x1x2
d�pp0 ðŝÞ

dt̂

� fpðx1Þfp0 ðx2Þ; (9)

where fpðxÞ is the (anti)proton PDF for parton p, x0 ¼
4m2

t =s is the physical PDF threshold cutoff for our process,
ŝ ¼ x1x2s and t̂ ¼ x1x2ðt�m2

t Þ þm2
t is the transformed

Mandelstam variable t̂ ¼ ðpt � pp0 Þ2. The factor x1x2 in

the integrand is the corresponding Jacobian. In the x1, x2
integration we have to furthermore impose kinematical

limits ŝ > 4m2
t and �ŝð1þ �̂tÞ=2þm2

t < t̂ <�ŝð1�
�̂tÞ=2þm2

t , where �̂t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

t =ŝ
p

. The sum runs
over all q quarks as well as antiquark flavors and the gluon
contribution, however as discussed above, relevant leading
contributions only involve diagonal p ¼ �p0 ¼ q and (in
the SM) p ¼ p0 ¼ g entries. Finally, to obtain the polar
angle (
) distribution of t�t pairs, we transform the above
differential cross section to

d�ðsÞ
d cos


¼ s�t

2

d�ðsÞ
dtðcos
Þ ; (10)

where tðcos
Þ ¼ �sð1� cos
�tÞ=2þm2
t . The FBA and

FIG. 4. Leading contributions to the t�t production cross section
and the FBA at the Tevatron coming from �6 (left panel) and �1

(right panel) exchange.
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the total inclusive cross section are then defined as

At�t
FBðsÞ ¼

R
1
0 d cos
½d�ðsÞd cos
� �

R
0
�1 d cos
½d�ðsÞd cos
�

�t�tðsÞ ; (11)

�t�tðsÞ ¼
Z 1

�1
d cos


�
d�ðsÞ
d cos


�
: (12)

Applying these formulas at the partonic level, it be-
comes clear that the couplings of the octet �1 cannot
induce a large positive FBA. This is also seen on Fig. 5,
where we plot examples of the partonic cross section and
the FBA induced by the two �’s, for two different �1;6

masses. The �1 contributions interfere constructively with
the SM amplitude resulting in big enhancements in the
cross section, while the induced FBA is negative. On the
other hand,�6 tends to produce a large positive asymmetry
at large values of partonic center of mass energy, while the
induced asymmetry is negative close to the threshold.
Therefore, in order to obtain a good fit to both the cross
section and the FBA the contributions of �1 should generi-
cally be suppressed compared to those of �6. This would
be the case if �1 was much heavier than �6. However, this

possibility is limited in this model, by the existing proton
decay bounds. Consequently, some fine-tuning is needed
between the couplings of �1 to up and down quarks in
order to suppress its effects.
In our numerical analysis we use the CTEQ5 [42] set of

PDF’s at the single renormalization and factorization scale
F ¼ R ¼ mt at which we also evaluate the strong cou-
pling constant �sðmtÞ ¼ 0:108. We use mt ¼ 175 GeV—
the value used by the CDF analysis [43], and rescale our
results so that our (tree level) SM value agrees with the SM
prediction at next-to-leading order in QCD for �t�tðsÞ [44].
We apply the same procedure for each bin when looking at
the invariant t�t mass (mt�t) spectrum and take the reference
SM predictions from [45].
We plot the cross section and the FBA at the Tevatron in

Fig. 6 as a function of the gut6 coupling for three�6 masses.

We compare the FBA to the difference between the mea-
sured value and the SM prediction Aexp

FB � ASM
FB ¼ ð14:2�

6:9Þ%, while we use the CDF cross section value of �exp
t�t ¼

7:0� 0:6 pb [43]. We see that the values for the gut6
coupling, required to explain the measured FBA are quite
large and are positively correlated with m�6

so that the
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FIG. 5 (color online). Examples of the partonic t�t cross section
(top panel) and the contribution to the FBA (bottom panel),
induced by the exchange of �1;6.
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shaded regions are outside the one sigma experimental bounds.
For the FBA, the SM contribution is subtracted from the plotted
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mass of�6 should be right at the electroweak scale to avoid
gut6 becoming nonperturbative. While �6 also contributes

in the c �u and u �c channels, there is no interference with the
leading SM contribution, so that only the last term in
Eq. (7) would remain with the coupling replacement

jgqt6 j4 ! jgct6 gut�6 j2. Because of the small c and �c PDF

components these contributions are further suppressed.
For the same reason the c �c component contribution cannot
significantly affect the cross section for reasonable values
of �6 parameters and we are left with the u �u contribution.
The combined constraints on the parameter space of the
model given by the integrated t�t production cross section
and the total FBA are shown in Fig. 7. We obtain that both
the t�t production cross section and the FBA can be accom-
modated simultaneously due to the negative interference
contribution to the cross section, provided m�6



300 GeV. The corresponding best-fit relation between the
parameters gut6 and m�6

in this region can be put into the

approximate form

jgut6 j ¼ 0:9ð2Þ þ 2:5ð4Þ m�6

1 TeV
: (13)

Another important constraint on the relevant parameters
of �6 in t�t production, in particular, its mass, comes from
the high mt�t spectrum measured by the CDF collaboration
[46] which reports �t�tð800 GeV � mt�t � 1400 GeVÞ ¼

0:041� 0:021 pb, where we have given the integrated
cross section in the highest bin and combined the experi-
mental errors of [46] in quadrature. This constraint is
shown in Fig. 8 together with the contours of the FBA fit.
We see that there is some tension between this constraint
and the FBA fit throughout the relevant mass range. The
most interesting region lies aroundm�6

	 400 GeV where

the tension is the smallest. It grows stronger for larger �6

masses and the two observables cannot both be reconciled
for m�6

above the TeV scale. However, due to the ques-

tionable reliability of our naively corrected LO estimation
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FIG. 7 (color online). Combined constraints on the parameter
space of �6 given by the integrated t�t production cross section
(shaded regions) and the total FBA (contours). The 68%, 95%,
99% confidence level regions in production cross section are
shaded in green, yellow, and orange, respectively. The corre-
sponding 68(95)% C.L. regions in the FBA are bounded by blue
dashed (red dotted) contours. The best-fit contours are drawn in
thick (thin) full lines for the cross section and the FBA, respec-
tively.
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FIG. 8 (color online). �6 contributions to the mt�t invariant
mass spectrum in t�t production at the Tevatron (top panel) and
the resulting constraints on the parameter space (bottom panel).
In the top plot, values of gut6 are chosen according to Eq. (13). In

the bottom plot, the constraint on the parameter space of �6 is
given by the highest invariant mass bin in t�t production (shaded
regions). The 68%, 95%, 99% confidence level regions are
shaded in green, yellow, and orange, respectively. The best-fit
contour is plotted in the green dot-dashed line. Superimposed are
the 68(95)% confidence region contours of the total FBA as in
Fig. 7.
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at highmt�t, this bound is to be considered as tentative at the
moment. A more decisive conclusion would require a
consistent evaluation of the observable at next-to-leading
order in QCD including the NP contributions which is
beyond the scope of this analysis.

Note that a similar constraint can also be derived from
the recent CDF measurement of the mt�t spectrum of the
FBA [47], which exhibits large positive contributions in the
low top-pair invariant mass region. This poses a problem
for any NP explanation of the asymmetry with heavy
mediators in the tðuÞ channels, since it will generically
predict a small FBA in this region of phase space. At the
moment, the significance of such a constraint is still lower
than the high end tail of the production cross section
spectrum, however it is potentially much more robust,
since it is believed to be less sensitive to higher order
QCD effects and PDF uncertainties [3].

IV. OTHER CONSTRAINTS

The constraints on color octets such as �1 have been
considered elsewhere in some detail [48] and we will not
repeat the discussion here, noting only that they are al-
lowed to be as light as 100 GeV. Regarding �6, the most
robust lower limit on its mass is given by the high energy
run of LEP II, putting the lower bound at roughly m�6

>

105 GeV [49]. Tevatron searches for resonances in the
invariant mass spectrum of dijets [50] only constrain the
gcu6 coupling. A sizable gtu6 coupling does not induce flavor

changing neutral current processes unless one of the other

gij6 couplings is different from zero as well. Even in their

presence, contributions to flavor changing neutral current
processes of first-two generation up quarks such as D� �D
mixing only appear at one loop and we leave this for a
subsequent study. Contrary to neutral t-channel mediators
of t�t production, the �6 does not induce like-sign top-pair
production which would otherwise severely constrain the
high �6 mass region. In addition, the single top production

cross section necessarily involves the guc6 coupling which

can be suppressed. On the other hand, an important con-
straint on the gtu6 comes from the production of t�tþ jet

which has been measured by CDF in agreement with the
SM predictions [51]. The �6 contributes to this process
through its associated production with a top or an antitop
quark. The contributing diagrams for the latter are shown
in Fig. 9. The contribution to �t�tþj can then be written

approximately as �
�6

t�tþj 	 ð�t��
6
þ ��t�6

Þ � Brð�6 ! tuÞ.
The expression for the underlying partonic cross section
�ðug ! �t�6Þ is rather lengthy and is given in the
Appendix. In case we put all other couplings of �6 to
zero, its branching ratio to tu pairs will be one for �6

masses above the top. The above (narrow width) approxi-
mation is valid in the whole interesting parameter region
provided no other channels contribute significantly to the
�6 width. We are also neglecting possible interference
effects with the SM. This is a reasonable approximation
at the Tevatron, where the dominant SM contributions
come from gluon radiation and do not interfere with the
�6 contribution. The resulting constraint on parameters of
the model is shown in Fig. 10. We see that the constraint,
although not competitive at the present level of experimen-
tal precision, is potentially important for low �6 masses.

V. SEARCH STRATEGIES

A detailed analysis of �1 phenomenology at colliders
has already been performed in Refs. [48,52], where it was

FIG. 9. Diagrams contributing to partonic single �6 produc-
tion, associated with an (anti)top quark.
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FIG. 10 (color online). Constraint on the parameter space of
�6 coming from t�tþ jet production (shaded regions). The 68%,
95%, 99% confidence level regions are shaded in green, yellow,
and orange, respectively. Superimposed are the 68(95)% con-
fidence region contours of the total t�t production FBA as in
Fig. 7.
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found that such states could be observed at the LHC for
masses around or below TeV. As shown in the previous
sections, this is also the case in our scenario, provided that
the�6 is responsible for the observed deviation in the FBA.

Regarding �6, in the interesting mass region its width is
dominated by the two body decay �6 ! tu which can be
written as

�ð�6 ! tuÞ ¼ jgut6 j2ðm2
�6

�m2
t Þ2

16�m3
�6

: (14)

If �6 has no other relevant interactions and we neglect
loop-induced decay channels, the dependence of �6 width
on its mass is shown in Fig. 11, where we have again taken
values of gut6 which reproduce the FBA within 1 standard

deviation for a given �6 mass and neglected all other
interactions. We see, in particular, that the �6 can be
narrow for low enough masses, while for masses of the
order of TeV, it becomes very broad and thus more difficult
to isolate in spectra.

Perhaps the most promising search strategy would be to
study the spectrum of the t�tþ j production and search for
(narrow) resonances in the invariant mass of the light jet
together with a top or an antitop (mtj and m�tj). The cross

sections for the production of tþ ��
6 (or �tþ �6) pairs at

the Tevatron and the LHC are shown in Fig. 12. We see that
the production cross section at the LHC is at the order of
magnitude of the total SM t�t cross section over the com-
plete interesting mass range for the �6 which makes this
channel indeed very prospective.

The �6 can also be pair produced in hadronic collisions,
decaying into t�t pair plus two jets. The production process
proceeds though the QCD couplings of the�6, so the�6�

�
6

cross section only depends on the �6 mass. At the partonic
level, the �ðq �q ! �6�

�
6Þ and �ðgg ! �6�

�
6Þ read [53]

�ðq �q ! �6�
�
6Þ ¼

2��2
s

27ŝ
�̂3

� (15)

�ðgg ! �6�
�
6Þ ¼

��2
s

96ŝ

�
3�̂�ð3� 5�̂2

�Þ � 16�̂�ð�̂2
� � 2Þ

þ ½8ð�̂4
� � 1Þ � 9ð�̂2

� � 1Þ2�

� log

��������
�̂� þ 1

�̂� � 1

��������
�
; (16)

where �̂� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

�6
=ŝ

q
. The resulting cross sections at

the Tevatron and the LHC are shown in Fig. 13. We see that
the production cross section at the Tevatron only becomes
sizable for very low �6 masses. This channel may be more
prospective at the LHC, where the cross sections of the
order of 1 pb can be expected even for �6 masses around
0.5 TeV. The search may be aided by the fact that the �6’s
would appear as resonances in the invariant masses of a top
quark and one of the hard jets.
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FIG. 11 (color online). Dependence of the minimal �6
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to Eq. (13).
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VI. SUMMARY

The interplay of nonsupersymmetric SUð5Þ GUT model
which contains the 45-dimensional representation with
light scalar states and the t�t hadronic production phenome-
nology results in very interesting consequences.

Within the SUð5Þ GUT model we found correlations
between the masses of �6 and �1 and the partial proton
decay width. In the particular scenario of a TeV scale �6,
present constraints also require a TeV scale �1 as well. A
moderate increase in the precision measurement of the
p ! eþ�0 decay width will constrain presently allowed
ranges of the light scalar masses.

The contribution of �6 to the production of t�t at the
Tevatron does not spoil the successful standard model
prediction for the total hadronic cross section, whereas
the associated forward-backward asymmetry can be en-
hanced and account for the experimental result provided
the �6 mass is above 300 GeV. On the other hand, some
tension is already present when comparing with the high
mt�t spectrum. The constraint gets stronger with larger �6

mass, disfavoring masses above TeV. On the other hand,
sizable �1 contributions cannot accommodate experimen-
tal results, constraining the mass and couplings of this
state. These conclusions are model independent and apply
to any scenario with light scalar colored triplets and/or
octets.

Some implications of the light �6 scalar in the ongoing
and future experiments have been discussed. The best
strategy for the experimental search for this state would
be to study the spectrum of the t�tþ jet production and
search for resonances in the invariant mass of the light jet
together with a top or an antitop. The �6 can also be pair
produced in hadronic collisions resulting in t�tþ 2 jets final
states. This channel seems to be more promising at the
LHC than at the Tevatron.
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Note added.—During the completion of this work,
Refs. [54,55] appeared, where the effects of colored scalars
on the FBA are also considered. Compared to these works,
we not only study the influence of colored scalars on the
FBA in a model independent way but also consider a very
concrete and viable scenario, where phenomenological
constraints require more than one colored scalar to be light.
In addition, we study several existing and prospective
future experimental constraints or signatures of �6, some
of which have not been considered in the aforementioned
papers. In the model independent parts of our work we
confirm the results of [54] and the updated version of [55].

APPENDIX: ug ! �t�6 AMPLITUDES

Associated production of �6 in a hadron collider ug !
�t�6 has three contributing diagrams at tree level (Fig. 8).
To avoid fermion number flowing into the�6 �u �t vertex, one
can work with the tc field to make fermion lines going
through the diagram and also correspondingly change the
QCD vertex g�tctc. For color indices arrangement uag

A !
�tb�6c the respective contributions of the three diagrams of
Fig. 8 are

a1 ¼ igut�6 �dbc

�
�tcPR

ið6p�t þ 6p�6
Þ

s
½ig�TA

da�u
�
�A; (A1a)

a2 ¼ igut�6 �adc

�
�tc½�ig�TA

db�
ið6pu �p6 �6

þmtÞ
u�m2

t

PRu

�
�A;

(A1b)

a3 ¼ igut�6 �abdð�tcPRuÞ i

t�m2
�6

½igTA
cdðpu �pt þp�6

Þ��A:

(A1c)

The resulting partonic differential cross section, averaged
over polarizations and colors of the scattered and final state
particles, is

d�ug!�t�6

dt
¼ �sjgut6 j2

48s2
jA1 þA2 þA3j2; (A2)

where individual diagonal and interference terms are

jA1j2 ¼ m2
t � u

s
(A3)

jA2j2 ¼
ðt�m2

t Þðm2
�6

þ tÞ
ðt�m2

�6
Þ2 (A4)

jA3j2 ¼
m4

t þ 3m2
t ðm2

�6
� uÞ �m2

t t� su

ðu�m2
t Þ2

(A5)

2ReðA1A�
2Þ ¼�2m2

�6
ðm2

t � tÞ� 2m4
t þm2

t ðsþ 2tÞþ st

sðm2
�6

� tÞ
(A6)

2ReðA2A�
3Þ ¼

ðm2
t � tÞðm2

t þm2
�6
Þ� ðm2

t þ tÞðm2
�6

�uÞ
4ðu�m2

t Þðt�m2
�6
Þ

(A7)

2ReðA3A�
1Þ ¼ 2

m2
t ðs� uÞ �m2

�6
tþ 2m2

�6
m2

t � us

sðu�m2
t Þ

:

(A8)

Mandelstam variables we used here are t ¼ ðpu � p�tÞ2 and
u ¼ ðpu � p�6

Þ2.
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