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Top and bottom tensor couplings from a color octet scalar
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We compute the one-loop contributions from a color octet scalar to the tensor anomalous couplings
of top and bottom quarks to gluons, photons and W bosons. We use known constraints on the parameters
of the model to compare the predicted size of these couplings with existing phenomenological

constraints.
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I. INTRODUCTION

One of the main tasks of the LHC is to measure the
couplings between quarks and gauge bosons precisely in
order to search for new physics through possible deviations
from their standard model (SM) values. All the possible
deviations from the SM couplings have been catalogued
up to dimension six with an effective Lagrangian that
is consistent with the symmetries of the SM [1,2]. Of
particular interest are the couplings of the top-quark
because many ideas for new physics stem from the large
value of its mass, and its couplings can be probed by the
LHC which is the first top-quark factory. Related bottom-
quark couplings may also receive large corrections in
models where top-quark couplings are enhanced.

Amongst the anomalous top-quark couplings one finds
the flavor diagonal dipole-type couplings to photons and
gluons. These are simply the anomalous magnetic moment
(MDM), the electric dipole moment (EDM), and their color
generalizations CMDM and CEDM, respectively. These
couplings introduce spin correlations between top and
antitop pairs beyond those present in the SM, and have
thus received much attention because the weak decay of the
top-quark allows one to analyze its spin. They are usually
parametrized as.'

€ - .
L= zfgl‘”(a; + lySd.};/")fFﬂu
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LHC related phenomenological studies have illustrated
possible constraints on these couplings proposing a variety
of observables: deviations from SM cross sections [4,5],
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triple product (‘T-odd’) correlations [6—13], new CP-even
spin correlations [14,15], lepton energy asymmetries [16],
and associated production of Higgs bosons [17]. The
bottom-quark CEDM and CMDM couplings have been
studied in associated production with a Higgs boson
[17,18]. To study the photon couplings, rare decays such
as B — X,y, as well as tfy cross sections have been
proposed [19].

A related set of anomalous couplings, the transition
dipole moments f%‘R , occurs in the charged coupling tbW

g _
Ly = ﬁbifﬂ(f\L/PL + [ PRIV,
g - mO,W;

LHC related phenomenological studies for these
couplings also exist, for example the study of W helicity
fractions and angular asymmetries [20-22] as well as T-odd
observables [23-25]. Recent overviews of anomalous
couplings in the top-quark and Higgs sectors can be found
in Refs. [26-30].

The size of these anomalous couplings has been
considered in a variety of cases: 331 models, topcolor
models and extra dimension models [3]; two Higgs doublet
models [3,31-35]; models with vector like multiplets [36];
and MSSM extensions [37]. Their one-loop value within
the SM has also been computed in some cases [3,32], and
it is known that the EDMs vanish at this order within
the SM.

An interesting extension of the SM results from consid-
ering an additional color octet scalar, as introduced some
time ago by Manohar and Wise (MW) [38]. This particular
extension of the SM is motivated by the requirement of
minimal flavor violation, with which new physics naturally
satisfies constraints on flavor changing neutral currents
[39,40]. In this paper we consider the contribution of the
new scalars that appear in the MW model to the anomalous
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couplings described above. Since the couplings of these
scalars to quarks are proportional to the quark masses, this
model is an example where larger effects are expected for
top and bottom anomalous couplings.

II. THE MODEL

The MW model contains a number of parameters that
have been studied phenomenologically. In particular the
new color octet scalars have a large effect on loop level
Higgs production and decay [38]. They are also constrained
by precision measurements [41,42], one-loop effective
Higgs couplings [43—48], flavor physics [49,50], unitarity
and vacuum stability [51-53] and other LHC processes
[54-57].

In the MW model, the inclusion of the new field S
transforming as (8,2,1/2) under the SM gauge group
SU(3)c x SU(2), x U(1)y introduces several new, renor-
malizable, interaction terms to the Lagrangian. Because
S has nontrivial SM quantum numbers, it will have the
corresponding gauge interactions. In addition there will be
new terms in the Yukawa couplings that are consistent with
minimal flavor violation [38],

Ly = —nye gpugT*Q;S"
—npe™ ghdg,T°Q;S™ + H.c, (3)

where Q; are left-handed quark doublets, S = $T“(a =
1,...,8) and the SU(3) generators are normalized as
Tr(TeT?) = 5% /2. The matrices gfj’D are the same as
the quark Yukawa couplings, and 7y p along with their
phases e’®.», are new overall factors (that can be complex
and we write the phases explicitly). Nonzero phases would
signal CP violation beyond the SM and contribute to the
EDM and CEDM of quarks. In the quark mass eigenstate
basis these couplings are given by

Ly= —?nuemu UgT*M" U, S*
+ gm/e’m/ URT*M"V gDy S
- g71Dei‘"1’DRT“ZlA/IdDLS“OT
- gnDemDDRTaM“v}MULSG— +He., (4)

where M"¢ are the diagonal quark mass matrices,
Mt = diag(m,, 4, m.g, m,,); the quark fields are Uy =
diag(up g, cLr.tLr) and Dy g = diag(dy g, sz brLp)-
The neutral complex field S%° can be further decomposed
into a scalar S4 and a pseudoscalar S¢° as S =
(S%0 + iS59)/+/2. The following combinations of constants
usually appear together, and in our results we will use the
shorthand:
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9= <nu%>, 9y = (rm %) (5)

The most general renormalizable scalar potential for
this model is given in Ref. [38] and contains many terms.
Of these, our calculation will only depend on the terms
contributing to the mass of the new scalars,

2\ 2
V=2 <H“Hi - %) + 2m3TeS"S; + 2, H'' H,TtS"S;
+ LHH TtSYS; + (HHYTtS,S;. + He.)  (6)

Here v ~246 GeV is the Higgs vacuum expectation

value (vev) with (H) = v/+/2, the traces are over the
color indices and the SU(2) indices i, j are displayed
explicitly. Furthermore, A3 can be chosen to be real by a
suitable definition of S. After symmetry breaking, the
nonzero vev of the Higgs gives the physical Higgs scalar
h a mass m% = 2Av* and it also splits the octet scalar
masses as,

02

mzi :m§+ll 2

s
02

mg?“ =m%+ (4 +,12i2/13)? (7)
The parameters m%, and 4, 53 should be chosen such that
the above squared masses remain positive. Relations
between various parameters follow from custodial sym-
metry, and we will use 24; = 1, which makes S, and S*

degenerate.

III. ANOMALOUS COUPLINGS

A. Top CMDM and CEDM

We begin with the dipole-type couplings of the top-
quark to the gluon, the chromo magnetic dipole moment
al and chromo electric dipole moment ¢/ in the notation
of Eq. (1). In the one-loop calculation these couplings
are finite since they do not appear in the tree-level
Lagrangian and receive several contributions. One such
contribution arises from loops involving neutral scalars as
depicted in the two diagrams shown in Fig. 1. Denoting
by Mg the mass of the corresponding scalar in the loop
and using r,g = m,/Mg,, ry =m,/Mg, these two dia-
grams result in

LT TSl o
‘SZ?I// ‘\Su
t !
o -7 T~ co
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t ! t . t

FIG. 1. Diagrams with neutral scalars contributing to a/, and
d?, as described in the text.
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The factors 3/2 and —1/6 are the color factors for the
diagrams on the left and right respectively, and the
form factors F;;(r,) are one parameter Feynman
integrals explicitly given in the Appendix. We have
also introduced the shorthand notation ¢y = cosay,
sy = sinay.

There are also two diagrams with charged scalars
and a bottom-quark in the loop as shown in Fig. 2, and they
result in

m,|V .| 3 1
al = _ﬁ{(f}tz +93) <5G1,2(rn ) —ngJ(rn rb))

m
+ 2#9:91; cos(ap + ay)
t

3 1
X (ZGI,I (rerp) + ng,o(rn ”b))]

2
g ”lt|th| 2”117 .
= 54— sin(ap + a
t 167T2M§+ zgtgb ( D U)

X (%Gl.l(r,, ) —éGz.o(rn rb)) ©)

where the factors 3 /2 and —1/6 are again the color factors for
the diagrams on the left and right respectively and G; ;(r, r,)
are one parameter Feynman integrals also shown in the
Appendix. In the limit m;, — 0, Eq. (9) simplifies consid-
erably, with ¢/ vanishing and a/ retaining a term proportional
to the top-quark mass (cubed),

m|Vy,l? (3 1
al —miziﬂt;égzz <§G1,2(Vz,0) —ng.l(”z,O)>- (10)

To combine the diagrams to obtain the final result it is
important to note that the two neutral resonances tend to
cancel each other’s contribution to CP violation [56], and

FIG. 2. Diagrams with charged scalars contributing to a, and
d}, as described in the text.
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in fact produce a vanishing CEDM when they have the
same mass. To extract the leading behavior in the mass
difference, we write the scalar masses in the custodial
symmetry limit as

2

M5, = M5+

e ME =ML =M% (11)
and work to leading order in 4,. We can then add all the
contributions neglecting m,; and setting V,, =1 to finally

obtain

7 mun?
g _ iy 2
atj__ﬁl6ﬂ2vzrt ().
2
miy
';]:—167;21[‘]4§/12SUCU}’I29(1"I), (12)

where the functions f(r), g(r) are combinations of one
dimensional Feynman parameter integrals and we show
their numerical value in Fig. 3.

B. Bottom CMDM and CEDM

Similar diagrams, with the roles of top and bottom-
quarks interchanged, generate aj, and d. The two diagrams
with neutral scalars in the loop also have a bottom-quark in
the loop, and are proportional to m, (cubed). Defining
rpry = My/Ms, , these two diagrams give

0.5

0.0

-0.5

-1.0 )
—a(n

0.0 0.1 0.2 0.3 0.4 0.5
mi

r=—

Ms

FIG. 3. Numerical evaluation of the functions f(r) and g(r)
appearing in Eq. (12).
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where we have used the shorthand notation ¢, = cos ap,
sp = sinap.

The two diagrams with charged scalars now have a
top-quark in the loop and are analogous to Fig. 2
interchanging ¢ <> b and their corresponding couplings.
The result can also be obtained with this substitution
from Eq. (9), and in particular it contains terms
enhanced by m?/m? with respect to Eq. (13).

o

m
+2—Lg,g9, cos(ap + ay)
mp

L)

29,9, sin(ap + ay)

_ my| V|
16712M§+

g

— 2
a, =

t

)

+ g

1
2G1.2(”b’ rt) - 6G2,1<rbv rt))

(3
X —
2
mt|th |2

- 2172
l6n"My,

3 1
X (561,1(’% r) _EGZ,O(Vb’ ”z))-

Gyi(rp.r,) +
dj =
(14)

For regions of parameter space where npm;, < nym,
we can ignore the contributions from neutral scalars in

the loops and the complete result simplifies to
my|V | 3 1
a-Z = _Wztvzr? ’1%1 §G1,2(0’ ry) _EGZ,I(O’ ry)

+ 2nynp cos(ap + ay)

x (%GH(O, r) —|—%Gz,o(07 rt)ﬂ

_ my| V. |?
8rv?

3 1
X (ZGI,I(Ov re) = ng,o(Ov "z))-

dj = rinyip sin(ap + ay)

(15)
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The loop factors appearing in this result are evaluated
numerically and plotted in Fig. 4. The second term in aj
dominates as long as #np/ny cos(ap + ay) = 1/4.

C. Anomalous magnetic and electric
dipole moments

Once again these couplings are finite because they do not
appear in the tree level Lagrangian. They can be extracted
from our previous results by interpreting the wavy lines in
the Feynman diagrams as photons: we only need to replace
the color factor with the electric charge factor in the
respective vertex. For neutral scalars and top-quarks in
the loop the photon can only be emitted by the top-quark
(diagram on the right in Fig. 1) and the result can be
obtained from Eq. (8) by replacing the color factor —1/6g¢;
with the new color-electric charge factor 8/9e. For the
diagrams involving charged scalars in Fig. 2 we replace the
color factors 3/2g, and —1/6g, with 4/3e¢ and —4/9¢
respectively in Eq. (9). We obtain

— 3G15(0,)-£G24(0.1)
15
— 2G11(0.0)+3G20(0.1)
10 3611(0.0-3G20(0)
05
0.0
-0.5
/
0.0 0.1 0.2 0.3 0.4 0.5
m
r=—
Ms
FIG. 4. Numerical evaluation of the functions appearing in
Eq. (15).
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(F30(ry) — 25%1F2,0(Vz1))>
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To leading order in m;, and 4,v? /M3 and setting V,, = 1,
these simplify to

2

nym 3 1

aj = —9;]21;2 rt <F2.1(”r) +ZG1,2(H»O) —4G2,1(r,,0))
_Mysucum,

d =
' 187°M>

A1 Foo(ry). (17)
The loop factors appearing in this result are evaluated
numerically and plotted in Fig. 5, with V,;, = 1, and F,
scaled by a factor of 9 for convenience.

Similarly, for the MDM and EDM of the bottom quark,
only the diagram to the right in Fig. 1 contributes and the
result can be obtained by replacing —1/6g, with —4/9¢ in
Eq. (13). The resulting contributions are proportional to 7}
and negligible compared to those due to the exchange of a
charged scalar. For the latter case the result follows from
Eq. (14) replacing the color factors 3/2¢g, and —1/6g, with

—4/3e and 8/9¢ respectively. Keeping only the leading
terms in m,; we find,

mp| V. |? 4 8
az = —% t2|:’7%]<_§G1,2(rbvrt) +§G2,1(rb,r,)>

+ 2nynp cos(ap + ay)
4 8
X (—gGl,l(Vzw r) —§G2,0(”b, ’”t))}

_ my| V. |?
8a2v?

4 8
X <—§G1,1(rh»rz)+§G2,0(”h”’z)>- (18)

d, = rinyip sin(ap + ay)

The loop factors appearing in this result are evaluated
numerically and plotted in Fig. 6. From the figure we see
that @ is dominated by the second term in the expression
given in Eq. (18) as long as np/ny cos(ap + ay) 2 1/4.

D. tbW couplings

The MW model contributes to all the couplings that
appear in Eq. (2), but we concentrate of the tensor
couplings which are finite. The contribution to f% is also
finite and very interesting, but in this model it is suppressed
by factors of m,;. We begin with the Feynman diagrams
shown in Fig. 7. The diagrams to the left, one with S% and

3

. 4 4
995 sin(ap + ay) (g G i(rprp) = §G2,0(”n ”b)) . (16)

one with $9, combine to yield the finite result (in this case
the color factor is 4/3),

1 m

2
fi= 12722 (”U?t) Virirwe 2 “F (r,ry)  (19)

where we have defined r, =m,/Ms as before and
ryw = my/m,. The loop factor is written in the

0.6

— Fa1(n)+3G12(r.0)-1 G2(r,0)

— $Foo(n)

4

FIG. 5.
Eq. (17).

0.5 wg Gz2,0(0.1)

Numerical evaluation of the functions appearing in

— =3G15(0,)+£G1(0)

— ~4G14(0.1)-§G20(0)

0.0
-0.5
-1.0
-1.5
0.0 0.1 0.2 0.3 0.4 0.5

my

r=—

Ms

FIG. 6. Numerical evaluation of the functions appearing in
Eq. (18).
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FIG. 7. Generic Feynman diagram contributing to f% as
described in the text.
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FIG. 8. Numerical evaluation of the function F.(r, ry) appear-
ing in Eq. (A3) for a fixed value of ry = my/m,.

Appendix in Eq. (A3), it satisfies F.(0, ry) = 1 and the r,
dependence is evaluated numerically and shown in Fig. 8.
The diagrams also induce a nonzero fk but it is propor-
tional to m;, and we have dropped these terms for
simplicity. Interestingly, these two diagrams also contribute
to the form factor fL (without an m; suppression) as
inferred from the Gordon decomposition of the result
[proportional to (p, + p,)¢bPgt]. The form factor f%,
however, receives other contributions from these two
diagrams and from additional diagrams, some of which
are divergent. It is necessary to perform a full one-loop
calculation, including renormalization, to obtain a finite
result for fL.

Diagrams to the right in Fig. 7, with the charged and
neutral scalars interchanged are suppressed by at least
m32 /m? with respect to Eq. (19) and are therefore negligible
except for scenarios with np > 5. Similarly, diagrams in
which the W boson is emitted from the quark line contain
an S% ,bb coupling and are also suppressed by m3 /m? with
respect to Eq. (19).

IV. SUMMARY OF RESULTS AND COMPARISON
WITH EXISTING CONSTRAINTS

There exist a number of phenomenological papers
investigating possible constraints on these anomalous
couplings. We collect some of these results in Table I.

In addition, the couplings in the tbW vertex have been
recently constrained experimentally, with the 95% C.L.
results from CMS being [63],

PHYSICAL REVIEW D 95, 035041 (2017)

TABLE I. Summary of phenomenological constraints from
different processes. LHC cross sections assume these can be
measured to within the 1o uncertainty of the NLO SM calcu-
lations. LHC asymmetries are simulations at LHCI14 with
10 fb~!. Bounds quoted are 1o unless otherwise noted.

Process

o(17) [17]

(t7) T-odd [17]
o(tth) [17]
neutron edm [58]
o(bbh) [17]

Constraint

0,029 < m,a’ <0.024, |m,d!| <0.1
Im,d?| < 0.009
~0.016 < m,a! < 0.008, |m,d’| < 0.02
m,d] <2 x 1073 (indirect)
—-13x10* < mba‘z <24x107*
|myd)] < 1.7x107*

B — X,y [59] -0.15 < K < 0.57 (95% C.L.)

t — bW helicity —-0.0260 < f® <0.0312 (20),
fractions [23] % = 1“; =0

t— bW T-odd [23]  [Im(f§)| <0.115 (30), fE=f8 =0

t— bW [Re(fR)| <0.056 (36), fL=fR=0
asymmetries [23]

B - X,y -1 <m,al <0.15, —0.25 < m,d} <0.75
and o(tty) [19]

R, [60] —0.2 < m,al <0.33

8 parameter fit

to LHC data [61,62]  [Re(f%)| <0.120, |Im(f%)| < 0.120

IfL] > 0.98,
Ifk| < 0.057,

IR <0.16
—0.049 < fR <0.048.  (20)

A search for CP violation has also been started by CMS but
they have not yet constrained d¢ [64] beyond saying it is
consistent with zero.

Next we compare our results to the constraints listed
below in Table II. For this purpose we have fixed Mg to
500 GeV, the parameters #;, p = 3 and 4, = 6. The choice
for mass is just a benchmark as there are no good limits on
the masses of these type of scalars at the LHC [53]. The
value for 7;; is about tree times larger than the 1o bound
from R, [41], and nearly 50% of its tree-level unitarity

TABLE II. Summary of results.

m,a? 2% 10—3| ’%U |2(50(3WC;6V)2

m,d? -8 x 1074 % \2(—50(3wfev)2(%) cos ay sinay
myaj, —4.4 x 1079] "UTD |2(—50(3er")2

myd;, —1.2 x 1070 152 [2(X55Y)2 sin(ap + ay)

mta;’ 2 x 1073| UTU |2(500M?CV)2

mdj — 1.4 x 1072 | 2 0V)2(2) cos ayy sin ay
myaj, 1.8 x 1076 152 [ (304 3e)>

my,d;, =12 x 1070 152 [2(X047<Y)? sin(ap + ay)
73 ~2 x 10731 [2 (300 882 i
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constraint [52]. Similarly, the benchmark chosen for 4, is
well below its unitarity constraint [52] and at the level
where it saturates the parameter S [38]. For example,
keeping the values of 5y, and 4, fixed, the results in
Table II can be used to interpret the bounds of Table I as
constraints on M. The best LHC limit would be obtained
from o(tth), Mg 2 250 GeV. Similarly the best overall
limit, from the neutron edm, implies Mg = 316 GeV. Both
of these limits are slightly better than the existing robust
LEP limit M¢ 2 100 GeV [42]. A rough estimate for the
production cross-section of a single S% ; with these masses
can be found in [41,42,56], however, this cross section
depends strongly on the parameters 4, 5 which do not affect
this work. Setting them to 1 results in ¢(8°) ~2.7,7.5 pb
for Mg = 150, 500 GeV respectively at LHC13* The main
difference being that one of these values is above the #7
threshold.

The SM one-loop result, m,al = —0.014, is an order of
magnitude larger than typical corrections predicted by this
model, and is comparable to corrections in 2HDM or
models with extra dimensions as computed in Ref. [3]. The
corrections calculated here and listed in Table II are labeled
“typical” as they can be pushed up by an order of
magnitude by allowing couplings such as 5, to be as large
as their unitarity upper bound and/or considering lighter
scalars which at the moment are not ruled out.

Existing models with vector like multiplets [36] predict
d] as large as 0.003 a bit above our typical numbers. The
range for ¢ predicted in this model is below the reach of
near future experiments, as are the b-quark couplings o9
and aj.

The typical corrections to fX in this model as shown in
Table II are about a factor of three smaller than the SM one-
loop value f® = —(7.17 4+ 1.23i) x 107 as calculated in
Ref. [32]. A major difference from results obtained in
2HDM [33] is that in the MW model the correction to f° ’} is
much larger than that to £ except for regions of parameter
space where ny < npmg/m,.

The typical values shown in Table II are below the
potential constraints illustrated in Table I. But it is clear that
as the experimental constraints approach the numbers in the
Table, they will begin to limit the parameter space of the
MW model beyond perturbative unitarity.
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APPENDIX: FEYNMAN PARAMETER
INTEGRALS

All the loop diagrams appearing in the EDM, MDM,
CEDM and CMDM calculations presented in this paper can
be written in terms of the one parameter integrals

Fo(r) = /Olwdx

1 —x+ r’x?

1 xX"(1=x)"
G , =
i) = [ A T

dx.  (Al)

Although these integrals can be evaluated analytically,
for the purposes of this paper we choose to evaluate
numerically the combinations that appear in the final
results. For convenience we present here the limiting values
for small values of r, corresponding to large values of M.

Foio(l" - O) = —410g(r) -3

11
quo(r - O) = —210g(r) —Z

F3o(r—0) =-2log(r) —=
1
Fl.l(r—>0):§
Fislr—0) =
r — = -
12 6
1
F2,1(r—’0):§

Gn,m(rl - 07 = O) = Fn,m(r - 0) (AZ)

For the calculation of f® we need the two parameter
Feynman integral

2y

1 1—x
F.(r,ry) = dx d .
rorw) = [ ax | YTy + 2P = Al =) 1 AL+ Ay

Some manipulations have been carried out with the help of FEYNCALC [65].

*We thank Alper Hayreter for providing these numbers.
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