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Abstract. The non-minimal Higgs-gravity coupling, EH'HR, can play an interesting role
in particle physics. We utilize the available LHC Run-2 data to obtain the bound on the
coupling £ and discuss the prospects of constraining it at CEPC, FCC-ee and ILC. Also, we
investigate its implication on the naturalness.
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1 Introduction

The discovery of the Higgs boson at the LHC completes the Standard Model (SM). It is
a great step towards understanding the electroweak symmetry breaking mechanism. Up to
now, most of measurements are compatible with the SM predictions at 1 — 20 level. Search
for new physics beyond the SM will be next essential task in the LHC experiments. However,
there are still no convincing deviations from the SM reported in on-going particle physics
experiments. This drives us to reconsider the question of the scale of new physics.

As well known, Planck energy M, = v/87G ~ 1018 GeV is a definitely higher physics
scale, where the gravity that is not included in the SM will become important. By far, general
relativity (GR) is the best description of gravity in terms of geometric language. However,
GR cannot be the correct theory at the quantum level as it is not renormalizable. From
the prospective of effective field theory, GR can be considered as the leading order term of a
more fundamental high energy theory that is diffeomorphism invariant, which is given by
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Here R and R, are Recci curvature scalar and tensor. A denotes the cosmological con-
stant. ¢; and co are dimensionless parameters. Higher dimensional operators are neglected
in eq. (1.1), because they are suppressed by increasing powers of the Planck scale M.

Assuming the SM is a valid theory between electroweak and planck scale, the SM par-
ticles will interact with the gravity. The matter fields in GR couple to gravity through their
energy-momentum tensor in the manner of minimal coupling,

Snc = —/d4m\/—g5gWT§1\”/[, (1.2)

where Téﬁ is the energy-momentum tensor. Besides, up to dimension-4 interactions, the
Higgs doublet H can also couple to the curvature scalar R via an unique dimension-4 operator,

Swm:—/&mﬁﬁRWH, (1.3)

where £ is a dimensionless parameter. Such a non-minimal coupling was first pointed out in
reference [1] and then in the study of quantization of a scalar field on a curved spacetime [2]. It
can play an important role in Higgs inflation, see e.g. [3]. On the other hand, this non-minimal
coupling could affect the stabilization of the electroweak scale. The quadratic divergence of



the Higgs mass can be counterbalanced with the quartic divergence of the vacuum energy
that depends on £. Besides, it will lead to the change of Higgs couplings with the SM particles
and can be constrained by the LHC data [4] and unitarity bound [5, 6].

In this work, we will first update the bound on the coupling £ with the available LHC
Run-2 data in section 2 and then discuss implications of this non-minimal coupling on nat-
uralness in section 3. Finally, we draw our conclusions in section 4.

2 Bounds on no-minimal coupling at the LHC and beyond

In the Jordan frame, the action including non-minimal coupling can be written as,
1 1
_ a7 a2 T J_ 2 kY
Sy= [ d*z\/—g <2M +£HH>R 4ZFMF].
J

+ (D, H)Y(D'"H) — V(H), (2.1)

where H is the Higgs doublet and F' is the gauge field strength tensor. For simplicity, we
ignore the cosmological constant A in eq. (2.1). The corresponding equation of motion after
differentiating with action is given by,
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where the dimensionless parameter € is defined as,
M? +2¢HTH
02 = % (2.3)
Mp

In order to recover canonical Einstein equation, the canonical Higgs kinetic term must be
renormalized, which can be realized by the Weyl transformation,
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Then the action in the Einstein frame can be rewritten as follows,
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Besides, the additional transformation of the Higgs doublet is required to obtain the canonical
Einstein equation,

1
Y

where 8 = 6£%0? /M?%. We can see that the wave function of new Higgs field y is suppressed
by a factor of 8. This will lead to the change of the Higgs couplings and affect the observed

(2.6)



Facility | HL-LHC | ILC CEPC | FCC-ee
ey 25% | 12% | 9.0% | 4.2%
g 35% | 25% | 1.6% | 1.98%
KW 2-5% 1.1% 1.5% 1.27%
Kz 2-4% 6.7% 4.3% 4.4%
Ko 7-10% — — —
Kd 4-7% — — —
Ke 7-10% 2.9% 2.2% 1.7%
K 4-7% — — —
Kt 7-10% — — —
Kb 4-7% 0.42% | 0.28% | 0.28%

Table 1. Expected statistical precisions, A(c - Br)/(o - Br), for Higgs measurements at the
HL-LHC (14TeV, 3 ab~!) [7], ILC (250GeV, 2 ab~1!) [8], FCC-ee (240GeV, 5 ab™1) [9] and
CEPC (240GeV, 5 ab™ 1) [10].

Higgs signal strength at the LHC. We should mention that the wavefunction renormalization
effect in eq. (2.6) is not only in Einstein frame but in Jordan frame. The reason why we
focus on Einstein frame is that it is convenient to deal with Higgs detection.

Up to now, various productions and decays of Higgs boson have been measured at the
LHC. The signal strength of a single Higgs boson in a specific analysis can be given by,

p= ZCiC% (2.7)

where the sum runs over all production and decay channels used in the analysis. For i-th
channel, the signal strength can be calculated by

o — [0 x BR], ’ (2.8)
[O'SM X BRSML‘
and the corresponding weight is given by,
w; = €; [USM X BRSM]Z' (2'9)

Zj €5 [USM X BRSM]J'.

Here ¢; is the relative experimental efficiencies for i-th channel. We confront the modified
Higgs couplings with the available LHC Higgs data and calculate the x? with the pack-
age HiggsSignals-2.2.0 [11, 12], which includes 102 observables from the LHC run-1 and 2.
The number of degrees of freedom ng, ¢ is 101. We take the Higgs mass mj = 125 GeV and
choose the peak-centered y? method to perform the fit.

In figure 1, we show the Ay? distribution in one dimension for the non-minimal cou-
pling &. For plotting distributions of Ayx? as a function of one variable, the 20 exclusion
limit is then given by Ax? = 4. The appearance of additional factor ¢ in eq. (2.6) will result
in an overall suppression of Higgs coupling with the SM particles, which will be constrained
by the Higgs measurements. It can be seen that ¢ > 3.7 x 10'® has been excluded by the
current Higgs data at 20 level. Besides, we also estimate the prospects of constraining the
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Figure 1. Ax? distribution for the non-minimal coupling £&. The black solid line corresponds to
the fitting result with current LHC data. The green dashed (CEPC), blue dotted (ILC), cyan dash-
dot-dot (HL-LHC) and yellow dash-dot lines (FCC) corresponds the fitting results with the expected
precisions in table 1, respectively. The red dash-dot line denotes the 20 upper bound of &.

non-minimal coupling ¢ in future HL-LHC, ILC, FCC-ee and CEPC experiments. In the
fitting, we assume that all the measured Higgs couplings will be the same as the SM cou-

plings with the expected measurement uncertainties (o;) given in table 1. By calculating
N

X = Z(,Uz —1)?/0?, we find that the HL-LHC will be able to improve the current LHC

upper lilmit of & by a factor of 5. More importantly, the future lepton colliders, such as CEPC
and FCC-ee, will further reduce this upper bound by an order.

It should be noted that the cut-off A in our scenario is proportional with 1/¢ given
by the tree-level unitarity bound [13]. The allowed large O(¢) ~ 10'® may lead to a low
cut-off, i.e. O(A) ~ 103 GeV, which seems inconsistent with the current LHC data and
may have the unitarity problem. However, in [14, 15], the authors studied the perturbative
unitarity violation in the standard Higgs inflation model and found that the Cutkosky cutting
rule implied by perturbative unitarity is fulfilled at one-loop. This strongly indicated that
unitarity can be restored order by order in perturbation theory so that there is no need to
worry about the low cut-off problem. Such a mechanism is known as self-healing mechanism.
Therefore, the Standard Model with a non-minimal coupling of the Higgs boson to space-
time curvature can describe particle physics and inflation up to Plank scale. On the other
hand, the large coupling & may re-introduces the hierarchy problem for Higgs boson, since
its quadratic divergence is proportional to large cut-off A%2. But in the next section, we will
show the large £ plays a central role in reducing the fine-tuning.

3 Implication on naturalness

In the SM, the Higgs mass my, is proportional to vacuum expectation value v, m% = \v2,
where )y, is Higgs trilinear self-coulping. The appearance of non-minimal coupling will lead
to the vacuum energy Vj contributing to this relation and affect the quantum corrections



to the Higgs mass [18]. To see this, we start from the Einstein equation in a spontaneously
broken phase background, which is given by

R= (4Vy + 2mav® + Apo?), (3.1)

1
M2 — &v?
mi + M\v® +ER = 0. (3.2)
When & = 0, eq. (3.2) will recover the SM tree-level relation of vacuum expectation value
and Higgs mass. Then, we can obtain the new tree-level vev straightforwardly,
o —miM3 —4Vy¢
v = 5 5 (3.3)
It should be noted that the quadratic and quartic divergences will appear when we calculate
the one-loop correction to the cosmological constant and Higgs mass [16-18],

5V = Lﬂ_ <1(nF - nB)A4 + 2m,2LA2>
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After expanding terms up to O(A?/M3), we have the one-loop correction to vev as followings,
A2
ov? ~ <1 = 5) A? (3.5)
ME

It can be seen that dv? may vanish for a specific value of ¢ so that the fine-tuning problem
can be simply removed. In order to quantitatively calculate the fine-tuning, we define the
following measure A,
A = 5v? /02 (3.6)
In figure 2, we show region plot of fine-tuning measure A < 10 (green color) on the plane
of £ versus UV cut-off A. We can see that there are two separated green regions. The lower
region is trivial because the UV cut-off A is close to TeV scale. While the upper region is due
to the cancelation effect of £ in eq. (3.5). The red and orange regions are from the bounds
given by current LHC Higgs data and expected Higgs measurements at CEPC/FCC-ee, which
can already exclude a part of region with A < 10. It should be noted that the UV cut-off A
is arbitrarily large since the unitarity contion A < Mp/€ [13] is restored automatically. In
other words, the higher dimensional operator is highly suppressed by the large cut-off which
plays no role in Higgs boson quantum corrections. We should mention that our stabilization
of hierarchy between Plank scale and weak scale is achieved at one-loop level. This situation
also happens in strong dynamics approaches to solve hierarchy problem, such as Composite
Higgs and Twin Higgs models. The quadratic divergence in our framework will reappear in
higher order corrections, which may be cancelled by adjusting the value of £ technically.

4 Conclusion

In this paper, we confronted the non-minimal Higgs-gravity coupling EHTHR with the
LHC Higgs data and investigate its implication on naturalness as the cancellation between
quadratic divergence of the Higgs mass and the quartic divergence of the vacuum energy. We
found that the dimensionless parameter £ > 3.7 x 10! has been excluded at 95% C.L., which
constrained the low fine-tuning region with large coupling &. The upper bound on £ will be
further reduced to 2.9 x 10~ at CEPC and FCC-ee.
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Figure 2. Region plot of fine-tuning measure A < 10 (green color) on the plane of ¢ versus UV
cut-off A. Red and orange regions have been excluded by the current LHC Higgs data and future
Higgs measurements at CEPC/FCC-ee, respectively.
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