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Measuring the Higgs couplings accurately at colliders is one of the best routes for finding physics Beyond
the Standard Model (BSM). If the measured couplings deviate from the SM predictions, then this would
give rise to energy-growing processes that violate tree-level unitarity at some energy scale, indicating
new physics. In this paper, we extend previous work on unitarity bounds from the Higgs potential and
the Higgs couplings to vector bosons, the top quark, yy and y Z; to the Higgs coupling to gg. We show

that the scale of new physics could be as low as ~ 10 TeV, which although beyond the reach of the LHC,
is well within the reach of the future 100-TeV collider, and can also be probed indirectly in the High

Luminosity LHC (HL-LHC).
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1. Introduction

Unitarity arguments have long been used to investigate the pos-
sibility of new physics. For any Quantum Field Theory (QFT) to be
consistent, it has to preserve unitarity to all scales, otherwise, the
theory is incomplete, which is usually a sign of new physics at or
below the scale at which unitarity is violated.

A classical example of the use of unitarity to predict new
physics is the prediction of the Higgs boson from the unitarity vi-
olation of the scattering amplitude of the longitudinal modes of
gauge bosons [1,2]. There, Lee, Quigg, and Thacker showed that the
scattering amplitude of the longitudinal modes of gauge bosons is
quadratically divergent with the center of momentum energy and
that the amplitude can be unitarized by including the Higgs ex-
change diagram which exactly cancels the divergence, rendering a
finite amplitude at all energies. The requirement that unitarity be
respected translates into an upper bound on the Higgs mass
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and indeed, the Higgs was discovered with a mass of 125 GeV
[3,4].

In the same spirit, unitarity arguments can be utilized to set an
upper limit on the scale of new physics. The reason is that the
SM is the unique UV-complete theory with the observed parti-
cle content that can be extrapolated to arbitrarily high energies,
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which means that any deviation from the SM predictions will ruin
this UV-completeness. This UV-incompleteness will manifest itself
as energy-growing amplitudes that eventually violate unitarity at
some high energy scale, signaling the onset of new physics, in
exactly the same manner as Lee, Quigg, and Thacker’s argument
points to the upper limit on the Higgs mass, and the current level
of uncertainties on the measurement of the Higgs couplings to
other SM particles leaves ample room for new physics Beyond the
Standard Model (BSM), which provides further motivation for this
argument.

This argument was used in [5,6] to probe the scale of new
physics in the Higgs potential, as well as the Higgs couplings to
the top quark and the W /Z, whereas the hyy and hyZ sectors
were investigated in [7]. In this study, we seek to extend this ar-
gument to the hgg sector. As the case with the hyy and hyZ
sectors, hgg is loop-induced, thus we utilize the same effective
coupling approach utilized in [7], where the loops are integrated
out in order to write these couplings as tree-level couplings. Cur-
rently, experimental measurements constrain the coupling hgg to
be within 0(0.1),

Previous studies in the literature utilized the SM Effective Field
Theory (SMEFT) to investigate the couplings hgg [8-18]. How-
ever, in this paper, we adopt the completely model-independent
bottom-up approach that was used in [5-7], which does not rely
on power counting but parametrizes the scale of new physics
as deviations from the SM predictions. In this approach, no as-
sumptions are made regarding the deviations and the infinitely
many unconstrained higher-order couplings, other than that they
are compatible with experimental measurements. This approach
avoids the SMEFT assumption of only keeping the LO operator and
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neglecting higher-order ones. In addition, this approach makes it
easier to generalize 2 — 2 scattering to n — m scattering, which
turns out to provide stronger bounds.

As we show in this study, due to the loop suppression of the
Higgs coupling to ggh, the scale of new physics is generally much
higher than what was obtained from the tree-level couplings in
[5,6], but lower than that from the yy and y Z sectors [7] due to
the strong coupling. For instance, it was found in [5,6], that the
current level of constraints on the couplings hVV and htt allows
for a scale of new physics that could be as low as ~ 3 TeV, which
is well within the reach of the HL-LHC. On the other hand, we
will show in this paper that the model-independent scale of new
physics from the Higgs coupling to gg is generally = 10 TeV unless
the deviations from the SM predictions are unnaturally large. This
is beyond the reach of the HL-LHC, however, we show that one
can probe these couplings indirectly, making these sectors worth
investigating.

This paper is organized as follows: In Section 2, we present a
quick review of the model-independent approach and the main re-
sults found in [5,6]. In Section 3 we investigate new physics in the
hgg sector and discuss the relationship with SMEFT. We relegate
the lists of full results to the appendices. We present some simple
UV completions in Section 4, and finally, we present our conclu-
sions in Section 5.

2. Review of the model-independent approach

This section is intended as a comprehensive review of the
model-independent approach utilized in [5-7], so that the reader
can obtain all salient points herein. Readers who are interested in
further details regarding the scale of new physics from the Higgs
potential, as well as from the Higgs interaction with the top quark,
W/Z, yy and y Z are instructed to refer to [5-7].

In the literature, physics BSM is usually captured through the
SMEFT approach, where one would systematically enumerate all
higher-order operators that are consistent with the symmetries
of the SM, suppressed by the appropriate power of the UV scale
A. While SMEFT is quite systematic and elegant, it is nonethe-
less not quite model-independent, as a single UV scale of new
physics is assumed in the operator expansion, which needn’t be
the case. In addition, only the leading order SMEFT operators are
commonly retained, which implicitly assumes that the scale of new
physics is high enough that higher-order operators can be safely
neglected, an assumption that might not hold for all we know.
Furthermore, SMEFT is not very transparent phenomenologically,
as the couplings are what is measured in colliders and not the UV
scale A.

Given the shortcomings of SMEFT, we are thus motivated to
adopt a completely model-independent approach, where the new
physics in the Effective Theory (EFT) is captured through devia-
tions in the Higgs couplings from the SM predictions. The only
constraint on these deviations is that they are compatible with
measurements. With this approach, we can write the effective La-
grangian of the Higgs potential and its interactions with the top
quark and gauge bosons (including the effective couplings to yy
and y Z) in the unitary gauge as follows
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where 8y parametrize the deviations in the couplings gx compared
to the SM predictions’

(SM)
8x — 8x
Sx=—"—c— (2.2)
SM ’
g™
whereas c; represent the Wilson coefficients of higher dimensional

operators that do not have SM counterparts, and c},], c%] are the

SM effective Higgs coupling to ¥y and y Z respectively, after inte-
grating out the top and W loops. Notice here that we have divided
the operators by appropriate powers of v to keep the Wilson co-
efficients dimensionless, i.e. v is NOT an expansion scale and is
only introduced for convenience. Therefore, §; and c¢; could assume
any value compatible with experimental measurements. It is more
convenient to work in a gauge where the Goldstone-bosons are
manifest so that we can use the equivalence theorem. We can do
this first by writing the Higgs doublet as

1 G1+iG;
H‘ﬁ<v+h+ic3 ’ (23)

with h being the physical Higgs field, and then defining the field

X=+v2H'H-v

G2 G* G
=h+ 2v+h)  8wimd T 0 v+h3s )
(2.4)

where we have introduced G = (G1, G2, G3).2 Because X = h in the
unitary gauge, we can generalize Eq. (2.1) to any general gauge by
substituting h — X.

Although Eq. (2.1) appears similar to the Higgs Effective Field
Theory (HEFT) [19], we should nonetheless keep in mind that we
are implicitly restoring the Higgs doublet via the above substitu-
tion. In fact, when Eq. (2.1) is generalized to a general gauge using
the aforementioned substitution, then one can show that it be-
comes isomorphic to SMEFT. More explicitly, the deviations §; and
Wilson coefficients c¢; are assumed to receive contributions from
multiple higher-order operators in the SMEFT expansion, such that
one can match the generalized Lagrangian to the SMEFT expansion
truncated at a certain order. To be more concrete, if we truncate
SMEFT at a certain order, like dim-6 for example, and expand the
operators explicitly; then one can map its parameters (i.e. the cut-
off scale and Wilson coefficients in SMEFT) to the parameters in
our approach (i.e. §; and c;). The correspondence is one-to-one for
a certain SMEFT truncation but might change by including higher-
order SMEFT operators. We show the matching explicitly in the
hgg sector in Subsection 3.4.

1 Notice that in the « framework, kx =1 + 8.

2 When calculating the amplitudes in this paper, we rewrite the Goldstone bosons
in terms of the longitudinal modes of the W and Z using WLi = %(Gl FiGy) and
Z; = Gs.
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Operators in Eq. (2.1) give rise to amplitudes that grow with
energy, which eventually violate unitarity at some high energy
scale, signaling the onset of new physics. To obtain the scale of
new physics Emax, we demand that the amplitudes respect uni-
tarity up to Emax, and only assume that there are no new light
degrees of freedom up to that scale. We call processes that depend
on one parameter only model-independent, as they do not depend
on any assumptions regarding the possible UV completion. Other
processes are not truly model-independent, because the scale of
new physics can vary based on the assumed relations among the
various parameters, which does depend on the particular UV com-
pletion.

For example, modification to the Higgs potential gives rise to
the energy-growing process W, W, W;" — W W[ W;". Demand-
ing that the amplitude of this process respect unitarity gives the
following model-independent bound on the scale of new physics

14 TeV

max = W (2.5)

As clarified in [5], loops contain either heavy particles or SM
particles. In the former case, the heavy particles can be integrated
out to give local terms that appear in the expansion in Eq. (2.1).
On the other hand, SM loops give perturbatively small corrections
up to the unitarity-violating scale, where they become comparable
to the tree-level contributions, and thus give 0(1) corrections.?

Finally, we should note that one could have additional op-
erators in Eq. (2.1) by introducing higher derivatives, however,
higher derivatives will only lead to amplitudes that grow faster
with energy and thus can only lower the unitarity-violating scale.
We choose to be conservative and neglect operators with higher
derivatives.

The technical details of how the states are defined and normal-
ized, in addition to the derivation of the unitarity condition, are
presented in more detail in [5-7].

3. New physics from the gg sector

In this section, we extend the treatment in [5-7] to the Higgs
interaction with a pair of gluons. As the Higgs couples to gg at
loop-level, we would expect the scale of new physics to be larger
than the tree-level ones found in [5,6], and comparable to the ones
found in [7] for the yy and y Z couplings.

3.1. Model-independent bound on the scale of new physics from the
coupling hgg

In the SM, the Higgs couples to a pair of gluons through a
fermion loop as shown in Fig. 1. The contribution of the top quark
dominates over all other fermions due to its larger Yukawa cou-
pling, and one can integrate it out to write the coupling as a
tree-level effective coupling. Using the convention in [21], we can
write the effective Lagrangian in the unitary gauge as

s
Lhge = Cg1——hG% GV, 31

hgg gl 1oy Ky (3.1)
where G%, = 9,G} — 0,G, + gf*®*°Gb G, and in the SM, c3}' ~
1.03 when only the top quark is retained. Similar to Eq. (2.2), it is
more convenient to express new physics in terms of the deviation
in the hgg coupling. Thus we define

3 In [20], loops from Eq. (2.1) were studied in detail to investigate the possibility
of canceling the quadratic divergences in the Higgs mass corrections. There, it was
found that the quadratic divergences in the Higgs mass could be canceled if the
scale of new physics is < 19 TeV.
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Fig. 1. The SM coupling of the Higgs to gg. The contribution of the top quark is the
dominant contribution.

SM
Cg1 —C 1
Sg1 = —rt. (3.2)
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Moving away from the unitary gauge by restoring the Gold-
stones using Eq. (2.4), and expressing the coupling hgg in terms
of 841, we write Eq. (3.1) as
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where the ellipsis indicates higher-order operators that depend on
other deviations and/or Wilson coefficients. In this paper, we limit
ourselves to the contact interactions and neglect processes with
propagators.?

Before we discuss the bounds, we need to mention a few com-
ments on Eq. (3.3): As we can see from the above equation, due to
the non-Abelian covariant derivative, we have three types of op-
erator. The first type contains two derivatives, the second contains
one, and the third contains no derivatives. Inspecting the operators
that contain only one derivative, it is easy to see that they give
vanishing contributions, as first and second terms give identical
contributions that cancel one another. This result is general: All op-
erators with one derivative have vanishing amplitudes. As for the
remaining two types, notice that the amplitudes of the operators
with two derivatives will have an enhanced energy growth com-
pared to the ones without derivatives. This in general will make
their amplitudes grow faster and thus violate unitarity at lower
scales, resulting in generally stronger bounds.’

Extracting the unitarity bounds from Eq. (3.3), we find that the
strongest bound comes from gi+g+ — WLJr W, and reads

10.9 Tev
18g111/2

The 95% limits from ATLAS [22] constrain 8g1 € [-0.11,0.17],
which gives a scale of new physics = 26 TeV. This is beyond the
reach of the LHC, however, it is well within the reach of the future
100 TeV collider. In addition, 8g1 can be probed indirectly in the
HL-LHC, which will help make the limits tighter. For instance, [23]
puts the HL-LHC's 95% projections for g1 at £5%, which would

(3.4)

Emax =

4 For a complete discussion of processes with propagators and the possible IR
enhancement, see Appendix A5 of [6].

5 In calculating processes with 4 gluons, we simplify our calculation by summing
and averaging over initial and final spins, whereas we do not do so for processes
with 2 gluons only. Our results are not impacted by this.
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Fig. 2. The unitarity-violating bound as a function of §g1. The model-independent

bound is obtained from Eq. (3.4). The band aroung the model-independent bound

results from varying the unitarity bound to % < M < 2. The solid black line repre-

sents the 95% C.L. limits on g obtained from ATLAS [22], whereas the dotted one
represents the 95% C.L. HL-LHC projections obtained from [23].

be push the scale of new physics to above ~ 48 TeV. We plot the
unitarity bound as a function of 8¢ in Fig. 2, together with the
LHC limits and HL-LHC projections.

3.2. Model-independent bounds on the scale of new physics from the
couplings h"gg

Eq. (3.1) can easily be generalized to include interactions with
any number of Higgs bosons with a gluon pair by writing the ef-
fective Lagrangian as

S Con s sh\T
_ca cawv§Cen s (h
Linas = Gl G D 25 12n(v> ’ (3:3)

where cg, are Wilson coefficients that parametrize the effective
couplings of n-Higgses with a gluon pair. We point out that cg, do
not vanish in the SM. For example, cg;" is obtained by integrating
the propagator and loops in the diagrams shown in Fig. 3. How-
ever, unlike c?}", cfg',\," for n > 2 have never been calculated to the
best of our knowledge. Thus, it is more convenient to define the

deviations 8gy in terms of c3}' instead
Can — cM
gn
8gn S for n>2, (3.6)
(o

and treat 8g, as free parameters. Notice here that defining dg, in
this manner does not quantify how far we deviate from the SM
predictions precisely, however, it does allow us to express the SM
limit more transparently as 8g; — 0. We can restore the Goldstone
bosons in the usual way and then expand the fields in Eq. (3.5)

SM
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Fig. 3. The SM coupling of two Higgses to gg.
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Notice here that Eq. (3.3) can be obtained from Eq. (3.7) by
setting 8gn — 0 for n > 1. Also notice that as mentioned above,
the second term which contains a single derivative gives vanish-
ing amplitudes, and the last term which has no derivatives gives
subleading bounds in general, although they might dominate for
scatterings with larger particles as we shall see below. Up to the
dim-8 operators shown above, the strongest model-independent
bounds are given by the following processes

Sg2,2
SEh? + } (3.7)

) 12.9 TeV
g+8+ —> hh: Emax > W,
10.8 TeV

g+8+ —> hhh: Epax > W, (3.8)
11.3 TeV
gigih — hhh : Emax ~ W

Given that dg, are essentially free parameters, Eq. (3.8) seems
to suggest that the scale of new physics could be significantly
low and perhaps even within the reach of the LHC. However,
this would require 8g, = 2 to have any hope of being probed in
the LHC, which is highly unlikely. Nonetheless, the scale of new
physics from these processes is relatively low and is well within
the reach of the 100 TeV collider, even for small values of the de-
viations. For example, for 84334 ~ 0.1, the scale of new physics
could be between ~ 20 —40 TeV. In addition, the HL-LHC could in-
directly probe these deviations and thus set lower bounds on the
scale of new physics.

The processes given in Eq. (3.8) are not the only model-
independent ones that can be obtained from the Lagrangian in
Eq. (3.7). Inspecting Eq. (3.7), it is not hard to see that all pro-
cesses involving g2 or g* with any number of pure Higgses are
indeed model-independent. To be more specific, we consider the
following type of operators

SM

Coq Oganlsy s hy2n

oL :( ' )(_) Ga Ga#v
22 =\ oz n /\v) T

5811 s abe n—
() e ()

The strongest bounds are obtained from symmetric processes,
i.e. processes with an equal number of initial and final states. This
fact stems purely from combinatorics as shown in detail in [5]. We
find that the following processes are the dominant ones

(Gh,GP)(G5G™).
(3.9)
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Fig. 4. The unitarity-violating scale as a function of n from gigih""! — ht1
(blue), and ggh"! — ggh™ ! (red). Both processes are comparable for n > 3. Here
8gan, 8gon—2 are set to 1.
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where N. =8 is a color factor, C(G) is the Casimir invariant and
n > 2. Fig. 4 shows a comparison between the two processes in
Eq. (3.10), where we set 8gon, 8gon—2 — 1. From the figure, we can
see that ggh" ! — ggh"! dominates over g.gi+h" ! — W™t for
n > 3. This is counter-intuitive, as the latter process has a stronger
energy dependence by two powers as can be seen from Eq. (3.10),
and although we have set both 842, and 8gzn—> to 1, which needn’t
be the case, we have checked this is behavior persists as long as
8g2n < 8gan—2, which is quite a plausible assumption. The main rea-
son for this is that ggh®! — ggh"! is more symmetric than the
other process, and thus the enhacement due to the combinatorics
more than compenstates for the extra two derivatives, especially at
large n where the (2n)™ and (2n — 2)™ roots are not significantly
different.

We can also see that the strongest bound comes from n ~ 2 —4,
which seems to suggest that the bounds given in Eq. (3.8) are
not far from optimal. However, as in Fig. 4 we have set g =
8gon—2 =1, it is possible in principle that different values might
change this behavior. However, we checked that this behavior is
maintained as long as these deviations become smaller with n,
which, as we stated, is quite conservative and consistent with an
EFT expansion. We have also checked that the minimum is not too
sensitive to specific values of 8go, and 8gn—2 and remains around
~ 2 — 4. Thus, we conclude that the strongest unitarity-violating
scale should not be too far from the ones given in Eq. (3.8).

3.3. Other bounds

The processes given in Egs. (3.4), (3.8) and (3.10) are the
only model-independent ones in this sector. Nonetheless, it is still
worthwhile investigating other processes which are not model-
independent. The reason for this is that for a certain choice of the
NLO deviations, the scale of new physics could be lower than the
model-independent ones, and could potentially be probed in the
HL-LHC. Furthermore, studying such processes can help constrain
higher-order deviations that are usually harder to measure di-
rectly. Here, we limit ourselves to the unitarity-violating processes
that depend only on 8g1 and 8. Using the general Lagrangian in
Eq. (3.7), the strongest bounds are

Physics Letters B 833 (2022) 137389

TeV

16— ATLAS 20 Bounds
Projected HL-LHC

204 -02 00 02 04

Fig. 5. The unitarity-violating scale that depends on both 841 and 8g>. The solid
black line represents the 95% C.L. limits on 8g1 from ATLAS [22], whereas the dotted
line represents the 95% HL-LHC projections [23]. Here we set an upper limit on
[8g1.2] <0.5.

Frar— 8 TeV
gigi—>WL WLhZ Emaxzimv
|8g2 _5g1| /
8.3 TeV (3.11)
+ -t . ~ :
8+&+W | — WIW W/ Emax= W-

We show the strongest unitarity-violating scale from Eq. (3.11),
in Fig. 5, together with the ATLAS limits [22] and HL-LHC pro-
jections [23] superimposed. Notice that the diagonal, which cor-
responds to g2 = g1, gives a unitarity-violating scale that blows
up, as one can evidently observe from Eq. (3.11). The interpreta-
tion of this behavior is very simple: It reflects the fact that the
corresponding operators in (3.7) vanish, and thus one needs to in-
clude the NLO operator. The plot also reveals that the scale of new
physics could potentially be smaller than the model-independent
ones. For example, if we make the conservative assumption that
|8g2] ~ 0.4, then the scale of new physics could be as low as ~ 10
TeV. Which, although is beyond the reach of the LHC, is more ac-
cessible in future colliders such as the 100 TeV collider. In addition,
one can use the limits on g1 to set bound 84> using any null col-
lider searches.

3.4. SMEFT predictions from unitarity

As mentioned in the introduction, the SMEFT approach is pred-
icated upon the assumption that the UV theory is of the decou-
pling type, which means that in the low-energy theory, the ef-
fects of new physics should be captured by adding to the SM
higher-dimensional gauge-invariant operators that become more
and more irrelevant the higher the scale of new physics becomes.
As we mentioned before, SMEFT does not provide a way to es-
timate the uncertainty associated with neglecting higher-order
operators. It was shown in [6] that using unitarity arguments
alone could make a quantitative statement about the accuracy of
SMEFT.

To this avail, notice that for the SMEFT prescription to be plau-
sible, then the leading operators in the expansion, i.e. the dim-6
operators, need to dominate over the next-to-leading ones. To be
more concrete, we consider a theory consisting of the SM in addi-
tion to the dim-6 SMEFT operator

: 1 v?
dim-6
L:Sll\l/.ll}_:l;-r = W(HTH - 7)6‘;“)60“1}7

and demand that it dominate over all higher-order operators. From
this, we find that SMEFT predicts the following relations

(312)
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Fig. 6. The unitarity-violating scale from processes that depend on both g1 and 8¢
as function of the fractional deviation €z from the predictions of the dim-6 SMEFT
operator. See Egs. (3.13) and (3.14).
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We can estimate the accuracy of SMEFT by requiring that the
scale of new physics that comes from §g, does not fall below that
coming from &8gq. This requirement translating into tuning 8¢y to
be close to the SMEFT prediction in Eq. (3.13), as can be easily
seen by inspecting Eq. (3.11), where we can see that the unitarity-
violating scale becomes larger when 8¢, is tuned to be close to
8g1. To be more quantitative, we parametrize the deviation in dg
from the SMEFT prediction as

Sg9 — SSMEFT

g = g(ssTngr «1, (3.14)
g2

where SEQ’IE” is given by Eq. (3.13). The process that is most sen-
sitive to new physics is given by the second line in Eq. (3.11). We
plot the bound from this process against the fractional deviation
from the SMEFT predictions €gy in Fig. 6. The plot reveals that
SMEFT becomes more accurate the higher the scale of new physics
is, which is what one expects for an EFT description. For exam-
ple, Suppose the HL-LHC measures [8g1| to be within 2.5% at 1-o
as projected in [23], then Eq. (3.4) would predict a scale of new
physics around ~ 69 TeV, which in turn would limit [§g>| to be
less than < 1% of the SMEFT predictions as can be seen from Fig. 6.
Thus, not only do precision measurements of dgq predict the scale
of new physics, but they also can help constrain 842, which is hard
to measure directly.

4. Possible UV completions

In this section, we present a few simple extensions to the SM
and show how our EFT approach is mapped to the UV comple-
tion. In particular, we consider the 2-Higgs Doublet Model (2HDM)
- Type I, the scalar singlet extension of the Higgs sector, and the
extension of the SM with a top quark partner. In each scenario, we
briefly summarize the UV model, show how the leading deviations
map into the UV parameters and calculate the unitarity-violating
scale given the experimental constraints on the model’s parame-
ters.

4.1. The 2HDM - type Il
In the 2HDM, the Higgs sector is extended to 2 doublets: an

up-type doublet and a down-type doublet, each developing its own
VEV
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HJ’ Vd+H2
Hy =1 v,+H0 |, Hy = \/z , (4.1)
V2 Hy

where tan g = v, /vq, T > > 0. The 2HDM has 8 degrees of free-
dom, 3 of which are eaten by the W* and Z, whereas the rest
give rise to 2 CP-even neutral Higgses h and H, 1 CP-odd neu-
tral Higgs A, and two charged Higges H*. The physical CP-even
neutral Higgses are obtain via the rotation
; 0

(I;>:< cosa sma) (RE(H3)>7 (42)

—sina cosa /) \ Re(Hy)
where h is the SM Higgs. In type I, H, couples to the up-type
quarks, whereas Hy couples to down-type quarks and leptons. This
implies that the coupling of h to the top quark gets multiplied by
¢ng - Therefore, the value of c2PM which result from integrating
out the top loop is obtained by simply modifying the SM contri-
butions accordingly, and 8¢ is obtained from Eq. (3.2). Given the
bounds on « and S in the 2HDM - Type II [24], the unitarity-
violating scale is found to be

Erg‘g‘x 2 34.5TeV. (4.3)
4.2. A scalar singlet extension

We consider extending the SM Higgs sector with a scalar singlet
® that develops a VEV vy. In the unitary gauge, the SM scalar
sector becomes

0
H= Vo+¢ s
V2

where vg is the SM Higgs VEV and ¢ and x are the gauge eigen-
states of the SM Higgs and scalar singlet respectively. The part of
the Lagrangian that is relevant for our study is given by

d=vi+ g, (4.4)

£ =(D,H) (D*H) + %(BMCD)(E)“dD)
+ V(H, ®) — (yif  Htg +h.c.), (4.5)

where H = €H*, y; is the SM top quark Yukawa coupling, and the
scalar potential is given by

1
V(H,®)=m?HH) + 5m%bcbz +A(HTH)> — u®(HTH). (46)

The potential in Eq. (4.6) is minimized by imposing aV /dvg =
aV/dvi =0, and the mass matrix is obtained by substituting
Eq. (44) in V(H, ®). The masses of the physical SM Higgs h and
heavy Higgs S are obtained through diagonalizing the mass ma-
trix, which gives the following mass eigenvalues for the SM Higgs
h and the heavy Higgs S

1 1
Mj s = Emé +Av3F 5\/(mfp —2Av0)? +4u2v3. (4.7)

Notice that in the limit u — 0, the heavy Higgs S decouples
and the SM limit is restored. The mass eigenstates h and S can be
obtained from the gauge eigenstates ¢ and x via the rotation

h\ [ cosa sina\ [ ¢
(5)_<—sina cosa)(x>’ (4.8)

where
2uv
sin2o = %, (49)
MS - Mh
%
tana = — 10 (4.10)

2 2"
Mj — 2)vg
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A straightforward calculation shows that the coupling of the SM
Higgs to the top quark gets modified by cosa. Therefore, cg1 in
this scenario gets simply multiplied by cos«, and the deviation
8g1 = cosa — 1. The constraints on « are obtained from the Higgs
signal strength [22]

cos? (@) €[0.95, 1], (4.11)

and with this bound, the unitarity-violating scale in this scenario
is found to be

EM3X > 68 TeV. (412)

4.3. Sinlge top partner

Finally, we consider extending the SM with a single top quark
partner T, that couples to the SM Higgs via the interaction
mr —
Lint = ——VhTT. (4.13)
v
Assuming that the top partner is a color triplet with Q =2/3,
then the Higgs couplings to gg will receive an additional contribu-
tion from the fermion loop in Fig. 1 with T running in the loop.
This additional contribution is simply found by replacing the mass

of the top with mr in the fermion loop function. Hence the devia-
tions are readily found

SM
S — Co1 (m¢ — mr)
g1 = SM
g1

(4.14)

The fermion loop functions saturate quickly for large argu-
ments, and since mr is constrained to be > m¢, the unitarity-
violating scale quickly saturates, yielding the following bound
which is independent of my

ETX > 11 TeV. (4.15)

5. Conclusions

In this paper, we investigated the scale of unitarity violation
that arises from the modification of the Higgs couplings to gg. The
unitarity of the SM at high energy relies on delicate cancellations
among the various higher-order operators. This implies that any
deviation in these couplings from the SM predictions would up-
set these cancellations, which in turn would lead to processes that
have amplitudes that grow with energy, which would eventually
violate unitarity at some high energy scale, signaling the onset of
new physics.

In this paper, we focused on the couplings h"gg with n > 1.
In the SM, hgg is known theoretically to percent level, whereas
experimentally it is only constrained to be ~ 0(0.1). In addition,
the other couplings with n > 1 have neither been calculated the-
oretically nor been measured experimentally. This leaves plenty of
room for new physics BSM. Experiments in the future, including
the HL-LHC and the future 100 TeV collider, can help probe these
couplings.

We found the unitarity-violating scale in the h"gg to be gener-
ally higher than what was found in [5,6] from the Higgs couplings
to the top quark and W/Z, in addition to the Higgs trilinear cou-
pling. This is to be expected given the fact that these couplings are
loop-induced and thus are much weaker than the former tree-level
ones. On the other hand, we found that the bounds are comparable
or even stronger than the bounds found in [7] from the couplings
hyy and hyZ, which is also expected given that all these cou-
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plings are loop induced, and that o > «. Specifically, we found
that the current level of constraints on hgg allows for new physics
as low as ~ 26 TeV. On the other hand, since the couplings h"gg
for n > 2 are essentially unconstrained, the scale on new physics
could much lower. For instance, with the conservative assumption
that |8gy| < 1, the scale of new physics could be as low as ~ 10
TeV.

We also found that from the unitarity argument alone, we can
both make quantitative statements about the accuracy of SMEFT,
and indirectly set limits on the various couplings, especially the
ones that are difficult to measure in colliders. For example, the HL-
LHC is projected to measure the coupling hgg at a +2.5% level at
1-0; if this coupling is found to conform to the SM predictions
to that level, then the scale of new physics from this operator
is pushed to around 69 TeV, which in turn will place stringent
constraints on the coupling hhgg, as it will be constrained to be
within +1% of the SMEFT predictions.

Our main conclusion is that the current level of measurement
of the Higgs properties leaves ample room for new physics BSM,
whether through direct or indirect searches. A completely model-
independent bottom-up approach can help us probe the scale of
new physics from unitarity considerations alone. We found that
while the scale of new physics in the hgg is mostly beyond the
reach of the LHC, it is well within the reach of the future 100 TeV
collider. In addition, accurate measurements of the Higgs prop-
erties at lower energies, especially at the HL-LHC, can help both
determine the scale of new physics and place stringent limits on
its couplings.
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Appendix A. Results

Here we present the leading high-energy behavior for the pro-
cesses used in the main text. All massive gauge bosons are un-
derstood to be longitudinally polarized unless expressly indicated
otherwise. We use —(+) to denote LH (RH) gluons. All processes of
the form g+g+X — Y or g+X — g+Y have vanishing amplitudes
as they do not conserve angular momentum. All other processes
not listed in the tables are either related to the ones listed in Ta-
bles 1-6 via charge conjugation or are vanishing. All amplitudes
are calculated in the contact approximation, and all particles are
assumed to be massless. Processes containing four gluons were cal-
culated through summing and averaging over initial and final spins
to simplify the calculation.
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Table 1
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|M| of the 4-body model-independent unitarity-violating processes arising from the modifica-
tion of the Higgs coupling to gg.

SM s SM s
Process Xts ;‘2,:2‘5,]2‘ E? Process as ;‘2”‘2?2‘ E?
gi8r > WTW— 2N geWt —> g Wt 1
8+8+ > 7272 V/N¢ g+Z — g=Z 1

SM s SM s
Process s ;gs,ﬁl zflzz‘ E? Process s ;gs'; ngzz‘ E?
g+8+ — hh /N¢ g+h— g=h 1

Table 2

|M| of the 5-body unitarity-violating processes arising from the modification of the Higgs

coupling to gg.

Process xas% 3 Process xas% 3
g+8+ — hZ? 3J/Ne g+gih— 72 VNe
g+8+7Z — hZ V2N¢ g+Z — g+hZ 2
g+h— gz72 V2 g+8+ —> hWww- 3V2N¢
gigth—> WHTw- V2N: g+8+W+ > hwt 2N¢
gih— gzWrw~- 2 geWT — ghw™ 2
Process s ng}q‘% 3 Process 57 1;? ‘;g;‘ﬁ 3
grge — M3 3N. g+g+h — h? VNe
g+h — gzh? V2

Table 3

|M| of the 6-body unitarity-violating processes arising from the modi-

fication of the Higgs coupling to gg.

32— 31

4

Process X SWE
g+7% — g2 7? 2
g18+7— 73 3N,
g1 ZWt > g zwt 4
GWHW™ - g 72 22
g18+7 — ZWHW~- 2N¢
grgiWT —» 22wt VNe
geWHW™ - g-WHw- g
ZeWHWT - g-wHw+ 4
grgiWt s wiw-wt 2V/N¢

N 1851 —8g2+ 3 83|

g1 1°g 82T 3 9g 4
Process XO‘SWE
gehW* — g-hw+ 2
gih? — gzWHw- V2
g18+h— hwtw- 3575_5
gLgsW* —h2W* W
g+hZ — g+hZ 2
gih? — g=72 1
grgih — hZz? 3‘/2N_°
g18+7Z — h%Z 3‘/2N_°

M54l

g1 19g: 4
Process xasmE
gihz — g;hz 1
g:gth— 13 Bhe
Table 4

|=A2| of the 2n + 2-body model-independent unitarity-violating pro-
cesses arising from the modification of the Higgs coupling to gg.

Process

SM E
XUsCyq [8g2n |(m)

gigihnf1 s pnt1

g+h" — g-h"

V2Ne
3+t DIn—1)!

2
3(+D!n+D!n=D)!
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Table 5

|M| of the 5- and 6-body model-independent unitarity-violating processes from the non-
derivative operators arising modification of the Higgs coupling to gg.

211l capey2 2 18g11 . caben2
Process xof g7 (f)°E Process xog L7 = (f*)°E
N, N
gg — ggh e gh— g3 fs
SM 5 SM s
Process 2 Cﬁi;fy'z‘ (fabe)2E2 Process xo2 371'3?2‘ (fabey2 2
87— g’z Ne 87’ > g =
2wt > g2wt | N W-w+ — o3 N,
4 g c g —>g 3
M3, M5
Process 2 Cai‘;aizz‘ (fabey2 g2 Process 2 C;:,,l;izz‘ (fabey2 g2
g°h — g?h N gh? —» g3 ﬂ;
Table 6

|=A2| of the 2n + 2-body model-independent unitarity-violating pro-
cesses from the non-derivative operators arising modification of the
Higgs coupling to gg. Here, amplitudes were calculated by summing
and averaging over initial and final spins to simplify calculations.

Process

2
X 5% C3¥8gan—2) (f7)> (

4rv

E )211—2

gzhn—1_>g2hn—1
gh”—>g3h”‘2

g4hn—3 — ptl1

__Ne
nl(n—"1)!(n—1)!
/2N
nl(n—1)1/3n1(n—2)!
N

nl(n—1)! 6(;+1)!(n—3)!
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