
 

Impact of Yukawa-like dimension-five operators
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We study the effects of including Yukawa-like dimension-five operators in the Georgi-Machacek model
where the standard model is augmented with triplet scalars. We focus only on the charged Higgs sector and
investigate the constraints arising from radiative B-meson decays, neutral B-meson mixing and precision
measurement of Zbb̄ vertex. We observe that the inclusion of the dimension-five operators causes
substantial alteration of the limits on the charged Higgs masses and the vacuum expectation value of the
triplets, derived otherwise using only the dimension-four operators.

DOI: 10.1103/PhysRevD.99.035028

I. INTRODUCTION

The standard model (SM) Higgs-like scalar boson, dis-
covered at the Large Hadron Collider (LHC), has not yet
provided a full understandingof the dynamics of electroweak
symmetry breaking.Manymotivated beyond the SM (BSM)
scenarios postulate the presence of additional scalars (e.g.,
SU(2) singlet/doublet/triplet). Exploration of these scalars
through direct searches at colliders or through their indirect
contributions in various observables is an ongoing exercise.
In the absence of any new physics signals at the LHC so far,
an effective field theory approach with higher-dimensional
operators has been employed in different contexts [1–5].
Construction of effective theories in the singlet and two
Higgs doublet extended scenarios has received considerable
attention [6–11]. In this paper, we follow a bottom-up
approach in studying the triplet-extended Higgs models in
the effective field theoretic framework keepingYukawa-type
operators up to dimension five.
For illustration,we choose a particular type ofHiggs triplet

scenario, known as the Georgi-Machacek (GM) model,
which protects custodial symmetry at tree level [12–27].
In addition to the renormalizableYukawa terms involving the
SM doublet Higgs, we include dimension-five operators in
the quark sector (especially, the third generation) employing
the scalar triplet as well. Note that in two Higgs doublet
models the only dimension-five operator is the Weinberg

operator which appears in the leptonic sector generating
neutrinoMajoranamasses [28]. On the other hand, the scalar
triplets can couple to the lepton doublets through a renor-
malizable dimension-four operator leading to type-II see-
saw. Further inclusion of dimension-five terms involving the
triplets, together with the usual Weinberg operator, would
invariably add new twists to neutrino phenomenology. In this
paper, however, our main focus is to explore indirect
constraints on the charged Higgs sector in the GM model
by admitting dimension-five operators that involve the scalar
triplets and the heavy third generation quarks.
We note that the presence of higher-dimensional

Yukawa-like operators is, in fact, a generic feature of a
large class of BSM theories. They can arise, for example,
when heavy vector-like fermions are integrated out [29,30].
A broad class of composite Higgs models (e.g., little Higgs
models, gauge-Higgs unification models, etc.) contains
such heavy fermions [31–33]. Instead of appealing to
any specific BSM theory, we construct a toy scenario with
independent dimension-five operators involving the quarks
with unknown Oð1Þ coefficients, and constrain the param-
eter space using flavor and electroweak observables, more
specifically, B → Xsγ, B0

s − B̄0
s mixing and Zbb̄ vertex.

Depending on the relative sign and magnitude of the
coefficients of these dimension-five operators, the con-
straints on the charged Higgs masses can be substantially
modified from the existing limits obtained employing the
usual dimension-four operators only.

II. THE SETUP AND THE
RELEVANT OPERATORS

We outline here the salient features of the GMmodel and
construct the dimension-five operators relevant for our
discussions. The GM model contains two Higgs triplets
with hypercharge Y ¼ 0 and Y ¼ 1, in addition to the SM
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Higgs doublet with Y ¼ 1=2. In this scenario, the scalar
potential preserves custodial symmetry at tree level without
keeping the triplet scalars necessarily inert. This is possible
because the Higgs doublet and the triplets can be embedded
in the following bi-doublet and bi-triplet representations
under SUð2ÞL × SUð2ÞR, respectively, as

Φ¼
�

ϕ0� ϕþ

−ϕ− ϕ0

�
; Δ¼

0
B@

χ0� ξþ χþþ

−χ− ξ0 χþ

χ−− −ξ− χ0

1
CA: ð2:1Þ

Details of the scalar potential and its minimization can be
found in [17,34]. We assume that hϕ0i ¼ vd=

ffiffiffi
2

p
,

hχ0i ¼ hξ0i ¼ vt, and v2 ¼ v2d þ 8v2t ≃ ð246 GeVÞ2.
Using the standard notation in literature, we define

tan β≡ 2
ffiffiffi
2

p
vt

vd
: ð2:2Þ

Under the custodial SUð2ÞV one constructs the 5-plet
ðH��

5 ; H�
5 ; H

0
5Þ, triplet ðH�

3 ; H
0
3Þ and two singlet ðh;HÞ

scalars. With a slight perversion of notation, we shall
represent the mass eigenstates after diagonalization using
the same symbols. Their expressions in terms of the
original fields in Eq. (2.1) are given in [17,34].
We now focus on the couplings of the scalars with the

quarks. Since the Yukawa couplings explicitly break
custodial symmetry due to different hypercharge assign-
ments for the left- and right-handed fermions, instead of
expressing the scalars as bi-doublets and bi-triplets,
we rather use 21=2, 30, and 31 representations under
SUð2ÞL × Uð1ÞY, as follows:

ϕ ¼
�
ϕþ

ϕ0

�
; ξ ¼

�
ξ0=

ffiffiffi
2

p
−ξþ

−ξ− −ξ0=
ffiffiffi
2

p
�
;

χ ¼
�
χþ=

ffiffiffi
2

p
−χþþ

χ0 −χþ=
ffiffiffi
2

p
�
: ð2:3Þ

The usual dimension-four Yukawa Lagrangian is given by

−Lð4Þ
Yuk ¼ yuijQ̄Liϕ

cuRj þ ydijQ̄LiϕdRj þ H:c:; ð2:4Þ

which is not expected to contain the triplets ξ and χ for
group theoretic reason. The triplets, however, can couple to
the quarks through dimension-five operators, as

−Lð5Þ
Yuk¼

cu5
Λ
yuijQ̄Liχ

†ϕuRjþ
cd5
Λ
ydijQ̄Liχϕ

cdRj

þdu5
Λ
yuijQ̄Liξϕ

cuRjþ
dd5
Λ
ydijQ̄LiξϕdRjþH:c:; ð2:5Þ

where Λ is the cutoff scale of the effective operators.
Following the minimal flavor violation hypothesis, the
coefficients of dimension-five operators are assumed to be
aligned with the Yukawa couplings to avoid stringent
constraints from flavor changing neutral current processes.
The coefficients cu;d5 and du;d5 are taken as Oð1Þ real
numbers, whose exact values and signs depend on the
specific underlying UV models. Note that the real coef-
ficients keep the 125 GeV Higgs boson as purely CP-even.
In this paper, we will treat these coefficients as free
parameters. The couplings of the quarks with the physical
scalars are displayed in Table I. While the couplings of the
5-plet scalars arise only at the dimension-five level, those
involving the triplet and the singlet scalars originate from
both dimension-four and dimension-five terms.

TABLE I. The couplings of the quarks with the physical scalars are listed. The relative � sign appearing in
Feynman rules refer to up/down quarks. Also sαðcαÞ≡ sin αðcos αÞ, where α is the mixing angle between the neutral
scalars and tβðcβÞ≡ tan βðcos βÞ. For our calculations, H�

3;5 couplings are relevant.

Vertices Feynman rules

hf̄f −i mf

v ½cαcβ þ sαð c
f
5ffiffi
3

p � df
5ffiffi
6

p Þ v
Λ�

Hf̄f −i mf

v ½− sα
cβ
þ cαð c

f
5ffiffi
3

p � df
5ffiffi
6

p Þ v
Λ�

H0
3f̄f �γ5

mf

v ½tβ − cf
5ffiffi
2

p 1
cβ

v
Λ�

H0
5f̄f −i mf

v ½ð c
f
5ffiffi
6

p ∓ df
5ffiffi
3

p Þ v
Λ�

Hþ
3 ūd −i

ffiffi
2

p
v Vud½ðtβ − 1

cβ
ð cu

5

2
ffiffi
2

p þ du
5

2
Þ v
ΛÞmuPL − ðtβ − 1

cβ
ð cd

5

2
ffiffi
2

p − dd
5

2
Þ v
ΛÞmdPR�

Hþ
5 ūd i

ffiffi
2

p
v Vud½ð cu

5

2
ffiffi
2

p − du
5

2
Þ v
ΛmuPL − ð cd

5

2
ffiffi
2

p þ dd
5

2
Þ v
ΛmdPR�
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III. FLAVOR AND ELECTROWEAK
PHENOMENOLOGY

The most significant constraints on the charged Higgs
masses and couplings in this setup would come from the
radiative B decay, neutral B-meson mixing and the pre-
cision measurement of the Zbb̄ vertex, which we dis-
cuss below.

A. B → Xsγ decay

The latest experimental world average for BrexpðB→
XsγÞ¼ð3.32�0.16Þ×10−4 [35], while BrSMðB→XsγÞ¼
ð3.36�0.23Þ×10−4 [36]. The branching ratio receives
large contributions from the charged Higgs couplings via
the Wilson coefficient Ceff

7 . The structure of the charged
Higgs ðH�

i Þ couplings with the quarks is given by

L ¼
ffiffiffi
2

p

v
VudH

þ
i ū½Ai

umuPL − Ai
dmdPR�dþ H:c: ð3:1Þ

The new physics contributions to Ceff
7;8 (dominated by the

top quark mass) at the matching scale (∼160 GeV [36]) is
given by

δCeff
7;8 ¼

X
i

�ðAi
tÞ2
3

Fð1Þ
7;8ðxiÞ − Ai

tAi
bF

ð2Þ
7;8ðxiÞ

�
; ð3:2Þ

where xi ≡m2
t =m2

i . Here i takes two values, 3 and 5, which
correspond to the scalars H�

3 andH�
5 . We restrict ourselves

to leading order in new physics. The functions Fð1;2Þ
7;8 ðxiÞ

can be found in [37]. The expressions for Ai
t;b can be read

off from Table I. Following [36,38], we have translated the
limits on branching ratio to the following range,

−0.063 ≤ δCeff
7 þ 0.242δCeff

8 ≤ 0.073; ð3:3Þ

where we have combined the theoretical and experimental
uncertainties in quadrature. With only the dimension-four
operators, the new physics part of the GM model always
contributes destructively with the SM amplitude leading to
a decrease in the overall branching ratio. The dimension-
five operators contribute constructively or destructively
depending on the sign of the coefficients. However, since
the numerical impact of dimension-five operators is smaller
than that of dimension-four operators, the prediction for the
overall branching ratio stays reduced compared to the SM
expectation.

B. Neutral B-meson mixing

For the sake of demonstration, we show the charged
Higgs contributions to the B0

s − B̄0
s mixing, as it provides

slightly stronger constraints than B0
d − B̄0

d mixing. The
primary reason for this is smaller uncertainties in Bs-system
for both experimental measurements and the SMpredictions

[35]. The measured value of the mass splitting and its SM
prediction in Bs-system are given by [35]

Δmexp
Bs

¼ ð17.757� 0.021Þ ps−1;
ΔmSM

Bs
¼ ð18.3� 2.7Þ ps−1 ð3:4Þ

We obtain the total contributions to the mass splitting from
the W� bosons, the Goldstones and the charged Higgs
bosons (H�

3 , H
�
5 ), through the box graphs using standard

notations as

ΔmBs
¼G2

Fm
2
t

24π2
ðV�

tsVtbÞ2f2Bs
BBs

mBs
ηBItotðxW;xi;xjÞ; ð3:5Þ

where xW ¼ m2
t =M2

W , and

Itot ¼ IWWðxWÞ þ
X
i;j

ðAi
tÞ2ðAj

tÞ2IHiHj
ðxi; xjÞ

þ 2
X
i

ðAi
tÞ2IWHi

ðxW; xiÞ: ð3:6Þ

The explicit expressions for the Inami-Lim functions IWW ,
IWHi

and IHiHi
can be found in [39,40], while we have

calculated IHiHj
(with i ≠ j), given by

IHiHj
¼ xixj

�
1

ð1 − xiÞð1 − xjÞ
þ log xi
ðxi − xjÞð1 − xiÞ2

þ log xj
ðxj − xiÞð1 − xjÞ2

�
: ð3:7Þ

Normalizing ΔmBs
with respect to its SM prediction, we

obtain the following range at 2σ,

0.675 ≤
ΔmBs

ΔmSM
Bs

¼ ItotðxW; xi; xjÞ
IWWðxWÞ

≤ 1.265: ð3:8Þ

Unlike in theB → Xsγ case, the dimension-four newphysics
contributions add up constructively with the SM part in
neutral meson mixing. However, the dimension-five con-
tributions depend on the sign of ct5 and dt5.

C. Zbb̄ vertex

One of the most precisely measured electroweak observ-
ables is the Z → bb̄ branching ratio

Rb ¼
ΓðZ → bb̄Þ

ΓðZ → hadronsÞ ; ð3:9Þ

where Rexp
b ¼ 0.21629� 0.00066 [41] and RSM

b ¼
0.21581� 0.00011 [42]. The modifications in Rb due to
the charged Higgs contributions at one loop are given by

IMPACT OF YUKAWA-LIKE DIMENSION-FIVE … PHYS. REV. D 99, 035028 (2019)

035028-3



δRb ≃ −0.7785δgLnew: ð3:10Þ

Here δgLnew is the modification in the ZbLb̄L coupling,
calculated from a combination of triangle graphs
where H�

3;5 and the charged Goldstones float inside the
loop. Their explicit expressions can be found in [43,44]. A
new type of triangle graph, induced by the dimension-five
operators, nevertheless arises in our context. This involves
the set fH�

5 ;W
∓; tg inside the loop. Its contribution is

given by

δgLnewðH�
5 ;W

∓; tÞ ¼ −
g2

16π2
jVtbj2

�
ct5
2

ffiffiffi
2

p −
dt5
2

�

×
v
Λ
sβm2

t C0ðmt;MW;m5Þ; ð3:11Þ

where C0ðmt;MW;m5Þ is the usual Passarino-Veltman
function [45] and g denotes the SUð2ÞL gauge coupling.
This new graph provides a numerically significant

interference with the other contributions. We constrain
the new physics parameter space by squeezing it in the
following 2σ range

−0.00086 ≤ δRb ≤ 0.00182: ð3:12Þ

D. Results

Before discussing our results, it is worthwhile to recall
the existing constraints in the GM model that guided us
choose our benchmark values. The oblique S and T
parameters do not sense the dimension-five Yukawa-like
operators at one loop. Nevertheless, they constrain the
vacuum expectation value (vev) of the triplet scalars from
the dimension-four operators in the gauge sector
[18,34,46]. The 125 GeV Higgs boson production and
decay are of course affected by the dimension-five oper-
ators. This, however, involves the neutral Higgs mixing
angle (α), which can be tuned to restrict the severity of the
contribution [22,46–52]. Nonobservation from direct

FIG. 1. Exclusion limits on the charged Higgs masses and the triplet vev from B → Xsγ, B0
s − B̄0

s mixing and Zbb̄ vertex for the
different sets of benchmark parameters (shown in Table II). In the left panel, regions on the left of each curve are disfavored at 2σ, while
in the right panel the regions above each curve are disfavored at 2σ. We have fixed Λ ¼ 1 TeV, and have taken vt ¼ 50 GeV (left panel)
and m5 ¼ 250 GeV (right panel).

TABLE II. Modified lower limits onm3 andm5 in the presence of dimension-five operators from three observables for different sets of
input parameters. Clearly, the Set-I input values correspond to the purely dimension-four case.

Set

Benchmark parameters

2σ Lower limits on m3, m5 (in GeV)

B → Xsγ B0
s − B̄0

s Zbb̄

ct5 dt5 cb5 db5 m3 m5 m3 m5 m3 m5

vt ¼ 50 GeV (tan β ¼ 0.70)
I 0.0 0.0 0.0 0.0 250 � � � 225 � � � 85 � � �
II −0.5 1.5 0.5 1.5 230 � � � 110 � � � � � � � � �
III −0.5 −1.5 0.5 1.5 455 � � � 450 � � � 260 145

vt ¼ 40 GeV (tan β ¼ 0.52)
I 0.0 0.0 0.0 0.0 80 � � � 100 � � � � � � � � �
II −0.5 1.5 0.5 1.5 75 � � � � � � � � � � � � � � �
III −0.5 −1.5 0.5 1.5 270 � � � 285 � � � 115 50
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searches also restricts the masses of H� and H��, though
the strategies involve several assumptions [50,53–62].
We now discuss our observations. The left panel of Fig. 1

shows the constraints in the plane of the charged Higgs
masses coming from the triplet and 5-plet scalars (m3 and
m5) for a few benchmark points chosen for illustration,
while the right panel displays the same in the tan β-m3

plane. We draw attention to the substantial contributions
from the dimension-five operators when compared to the
situation containing only dimension-four terms. The sign
and magnitude of the coefficients of the new operators play
a crucial role here. In Table II, we present some
conservative lower limits on m3, and in some cases also
on m5, for the above mentioned benchmark values of the
parameters including the triplet vev. Larger the triplet vev,
stronger is the constraint, as expected. Note that the
constraints on m5 arise only when we consider the
dimension-five operators. Among the three sets of observ-
ables, only Zbb̄ offers reasonable constraints on m5. The
situation with B → Xsγ has become a little tricky over the
last few years [35,63]. The experimentally measured central
value and the SM prediction have moved in such a way that
there exists more space to squeeze our parameters now than
a few years ago. Consequently, the limits on the charged
Higgs masses in the GM model from B → Xsγ are not as
stringent as before [18]. Throughout our analysis we have
kept the cutoff scale Λ ¼ 1 TeV, except in Fig. 2 where we

plotted m3 against Λ, fixing other parameters. We empha-
size that the constraints we derived on m3, m5 and tan β,
albeit depending on the benchmark values, are both
complementary as well as competitive with those obtained
from oblique electroweak parameters and direct searches.

IV. CONCLUSIONS AND OUTLOOK

Two points are worth noting in our analysis. First, we
have constructed the dimension-five Yukawa-like effective
operators from a bottom-up phenomenological approach in
the Georgi-Machacek framework keeping their UV origin
unspecified. Second, we demonstrate that for reasonable
values of the input parameters these operators significantly
modify the limits on the charged Higgs masses. In this
context, the dimension-five operators provide a new handle
to constrain the mass of the 5-plet charged Higgs (H�

5 ). All
we emphasize is that the limits on the charged Higgs
masses derived previously are not infallible once we admit
higher-dimensional operators. Therefore, while devising
the search strategies, one should not be biased by the
previously existing limits.
A natural extension of our study would be to construct

similar operators in the leptonic sector, and importantly a
new one, given by lTLCiτ2χξl, together with the standard
Weinberg operator ðlTLCiτ2ϕÞðϕTiτ2lÞ. A further extension
can be envisaged by constructing the full set of higher-
dimensional operators in both Yukawa and gauge sectors in
an effective theory framework at the expense of introducing
more Oð1Þ parameters which would affect a large pool of
observables.
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disfavored at 2σ. The implications of different lines are as in
Fig. 1.
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