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Abstract: We adopt a bottom-up Effective Field Theory (EFT) approach to derive a model-independent Veltman
condition to cancel out the quadratic divergences in the Higgs mass. We show using the equivalence theorem that all
the deviations in the Higgs couplings to the  and  from the SM predictions should vanish. We argue based on
tree-level  unitarity  that  any new physics  that  naturally  cancels  out  the quadratic  divergences should be  TeV.
We show that the level of fine-tuning required is  unless the UV sector has a symmetry that forces the
satisfaction of the model-independent Veltman condition, in which case all fine-tuning is eliminated. We also con-
jecture that, if no new physics that couples to the Higgs is observed up to  TeV, or if the Higgs couplings to the
SM particles conform to the SM predictions, then the Higgs either does not couple to any UV sector or is fine-tuned.
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I.  INTRODUCTION

The discovery of the Higgs boson at the LHC repres-
ents a resounding triumph of the Standard Model (SM) of
elementary particles.  With this  discovery,  the final  piece
of the SM has been put in place, and we now have a UV
complete theory that can provide accurate predictions that
can be  measured  with  high  precision  at  the  LHC.  Non-
etheless,  it  is  almost  certain  that  the  SM  is  not  the  full
story,  and  that  new physics  Beyond the  Standard  Model
(BSM)  is  required.  There  is  still  no  accepted  theory  of
quantum gravity, no agreed-upon explanation of neutrino
masses, dark matter, or matter-antimatter asymmetry, and
no explanation  of  dark  energy.  Furthermore,  the  SM  it-
self  suffers  from  inconsistencies  that  appear  to  suggest
the need for new physics.  The hierarchy problem, which
refers to the sensitivity of the Higgs mass to UV correc-
tions,  remains  one  of  the  most  crucial  inconsistencies  in
the SM that are yet to be solved.

O(10−34)

It was first pointed out in [1] that a theory with a fun-
damental scalar at the Electroweak (EW) scale would re-
quire  the  fine-tuning  of  in  the  scalar's  self-en-
ergy,  thereby  making  the  theory  unnatural.  The  concept
of  naturalness  states  that,  for  a  theory  to  be  natural,  it

should  not  be  too  sensitive  to  the  fundamental  constants
of  nature  at  ordinary  energies  [2].  When  applied  to  the
SM Higgs, the 1-loop Higgs mass corrections (see Fig. 1)
are given by [3] 

δm2
h =

3Λ2

8π2v2

[
4m2

t −2m2
W −m2

Z −m2
h

]
+O

log
Λ2

m2
h

 , (1)

Λ v

δm2
h ≃ 0

where  is  a  UV cutoff  scale,  is  the  Higgs  VEV,  and
only the mass of the top quark is retained out of all fermi-
ons.  For  the  Higgs  mass  to  remain  at  the  EW scale  and
thus  be  natural,  one  has  to  tune .  This  is  the  so-
called  Veltman  condition.  Prior  to  the  discovery  of  the
top  quark  and  the  Higgs  boson,  the  Veltman  condition
was used to make (wrong) predictions for their masses [4,
5].  However,  as  the  masses  of  the  top  quark  and  the
Higgs boson became known, it  became apparent that the
Veltman condition could not be satisfied as it stands. This
led to some efforts to explain the hierarchy problem as an
artifact  of  the  renormalization  scheme  [6-10];  however,
this  can  only  be  accurate  if  there  is  no  new physics  that
couples  to  the  Higgs  sector  in  the  UV,  as  the  masses  of
such heavy states should appear in the low energy theory.
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The  modern  view  of  the  hierarchy  problem  is  that,
when the Higgs sector is treated as an EFT, then its mass
suffers from quadratic sensitivity to the scale at which the
UV  theory  comes  into  play  (for  instance,  see  [11]  for  a
pedagogical introduction to the topic). More specifically,
if the Higgs boson couples to some heavy sector at a UV
scale ,  then  after  integrating  out  the  heavy  degrees  of
freedom,  one  finds  that  the  Higgs  mass  is  schematically
given by 

m2
h = m2

H −
1

16π2

[
C0Λ

2+C1m2
H +C2

m4
H

Λ2 + · · ·
]
, (2)

mh mH

Ci m2
h

m2
H

∼ O(Λ2)

where  is  the  physical  Higgs  mass,  is  the  bare
mass,  and  represent  Wilson  coefficients.  To  have 
at  the  EW scale,  one  has  to  tune  against  the  second
term . This makes the physical Higgs mass sens-
itive to whatever UV completion that has been integrated
out, rendering the Higgs sector unnatural.

∼ Λ2

However, if there is no UV sector that couples to the
Higgs, then there will be no heavy degrees of freedom to
integrate out in the first place, and Eq. (2) will be free of
any terms , thus eliminating the issue of fine-tuning
and making the Higgs mass natural. In this case, the hier-
archy problem will simply reduce to a mere artifact of the

renormalization scheme used and can be resolved by for-
mulating an  appropriate  scheme,  or  by  simply  using  di-
mensional  regularization  and  subtracting  the  suitable
counterterms. Nonetheless, there are strong reasons to be-
lieve that the Higgs boson should couple to new physics
in the UV, most notable of which is to provide a natural
explanation for neutrino masses1).

In  this  study,  we  tackle  the  issue  of  the  Higgs  mass
naturalness and  the  hierarchy  problem  using  a  com-
pletely  model-independent  bottom-up  approach.  We  use
an EFT Lagrangian to calculate the 1-loop corrections to
the Higgs mass and derive a model-independent Veltman
condition in  terms  of  the  deviations  in  the  Higgs  coup-
lings from the SM predictions. Similar work has been un-
dertaken in [12] within the context of the Standard Mod-
el EFT (SMEFT), where the dimension-6 SMEFT operat-
ors were used to derive the modified Veltman condition.
In [13], a bottom-up approach was used to argue that new
scalar  degrees  of  freedom that  couple  both  to  the  Higgs
boson  and  to  fermions  should  exist.  However,  in  this
study, we  follow  a  completely  model-independent  ap-
proach based on the results presented in [14, 15], and we
remain completely agnostic with regard to any UV com-
pletion.

The self-couplings  of  the  Higgs  boson  and  its  coup-
lings  to  the  remaining  SM  particles  are  currently  being

G0 G±
W± Z

Fig. 1.    1-loop Higgs mass corrections in the Landau Gauge. Here,  and  are the longitudinal modes of the massive gauge bo-
sons, whereas  and  are the transverse modes.
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1) One can, of course, assume that the neutrino masses are of the Dirac type and thus avoid the need for UV physics such as the seesaw mechanism, however, fine-
tuning will simply reappear in the minuscule Yukawa couplings of the active neutrinos, and thus the issue of fine-tuning in the SM remains, albeit in a different form.
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O(20%)
≲ 10

measured at  the  LHC. Although these measurements  are
consistent  with  the  SM  predictions,  they  nonetheless
leave  ample  room  for  potential  deviations  from  the  SM
predictions,  and  thus,  for  the  possibility  of  new  physics
BSM.  For  instance,  the  couplings  of  the  Higgs  to  other
SM particles  are  only  measured  at ,  whereas  the
Higgs self-coupling is only constrained to be . Thus,
the effective Lagrangian can be written as 

L =LSM−δ3
m2

h

2v
h3−δ4

m2
h

8v2 h4−
∞∑

n=5

cn

n!
m2

h

vn−2 hn

+δZ1
m2

Z

v
hZµZµ+δW1

2m2
W

v
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+δZ2
m2

Z

2v2 h2ZµZµ+δW2
m2

W

v2 h2W+µWµ−

+

∞∑
n=3

[
cZn

n!
m2

Z

vn hnZµZµ+
cWn

n!
2m2

W

vn hnW+µWµ−
]

−δt1
mt

v
ht̄t−

∞∑
n=2

ctn

n!
mt

vn hn t̄t+ · · · , (3)

δiwhere  parametrize the  deviations  of  the  Higgs  coup-
lings from the SM prediction: 

δi =
gi−gSMi

gSMi

, (4)

ci

M

M

while  represent  Wilson  coefficients  that  do  not  have
SM counterparts. In this parameterization, we expand the
BSM operators that could couple to the Higgs in terms of
the dimension  of  the  operator  without  assuming  any  ex-
pansion scale .  Here,  we scale  the Wilson coefficients
by the  powers  of  the  Higgs  VEV  to  keep  them  dimen-
sionless.  This  parameterization  is  more  model-independ-
ent than  SMEFT.  This  is  because,  in  SMEFT,  one  as-
sumes  a  single  expansion  scale  for  the  higher-order
operators,  which  need  not  be  the  case;  in  contrast,  here,
we  only  assume  deviations  in  the  Higgs  couplings  and
only demand that  they be consistent  with measurements.
Furthermore, this parameterization is more transparent, as
in  the  LHC,  couplings  are  measured,  not  the  expansion
scale.  The  ellipses  denote  operators  with  higher  powers
and/or  derivatives  that  do  not  contribute  to  the  Higgs
mass. Note  that  the  BSM  couplings  and  Wilson  coeffi-
cients are  perturbative,  as  they  will  be  implicitly  sup-
pressed by the scale of new physics; see [14, 15] for more
detail.

Using  the  BSM  Lagrangian,  we  can  calculate  the  1-
loop corrections  to  the  Higgs  mass  and  use  them  to  ex-
tract the  BSM  Veltman  condition  in  terms  of  the  devi-
ations in the Higgs couplings. As we show in this paper,

∼ 19

O(0.1%−1%)

given the current accuracy of the Higgs couplings meas-
urements, it is possible to cancel out the UV divergences
in the Higgs mass with a scale of new physics as high as

 TeV, thus providing a potential solution to the little
hierarchy problem. We show that this can be achieved at
the  price  of  fine-tuning,  unless  the  UV
completion has a symmetry that forces the satisfaction of
the BSM Veltman condition,  in  which case the fine-tun-
ing is averted. We also show that there should be no devi-
ations from the SM predictions in the massive gauge bo-
son sector.

The  remainder  of  this  paper  is  organized  as  follows:
In  Sec.  II,  we  review  the  model-independent  approach
presented in [14, 15], and we derive the model-independ-
ent  BSM  Veltman  condition.  In  Sec.  III,  we  discuss  the
maximum  energy  scale  of  new  physics  that  can  be
achieved  while  satisfying  the  BSM  Veltman  condition
based on tree-level unitarity. In Sec. IV, we estimate the
fine-tuning  associated  with  the  BSM  Veltman  condition
and discuss the aspects of naturalness. Finally, we present
our conclusions in Sec. V. 

II.  MODEL-INDEPENDENT VELTMAN
CONDITION

 

A.    Review of the model-independent approach
We begin by reviewing the approach presented in [14,

15]. The Lagrangian in Eq. (3) represents the most gener-
al  BSM interactions with the Higgs boson in  the unitary
gauge.1) In  our  calculation,  we  would  like  to  be  able  to
use the equivalence theorem; thus,  it  is  more convenient
to work in a gauge where the Goldstone bosons are mani-
fest. Thus, we write the Higgs doublet as 

H =
1
√

2

(
G1+ iG2

v+h+ iG0

)
, (5)

and then, we define the field 

X ≡
√

2H†H− v = h+
G⃗2

2(v+h)
− G⃗4

8(v+h)3 + · · · , (6)

G⃗2 =G2
0+G2

1+G2
2 X = h

h→ X X
H = 0

⟨H⟩ , 0

1

where .  As  in  the  unitary  gauge,
Eq. (3) can be generalized to a general gauge by making
the  replacement .  Note  that  is  non-analytic  at

;  however,  we  are  only  interested  in  the  region
where . With this replacement, the relevant part of
the Higgs potential  that  contributes to the Higgs mass at

-loop takes the form 

Model-independent Veltman condition, naturalness and the little hierarchy problem Chin. Phys. C 46, 013101 (2022)

1) In principle, it is possible to extend Eq. (3) by including operators with more derivatives, however, this would only enhance the energy growth of the amplitudes
and thus lower the scale of new physics. Here we choose to be conservative and neglect operators with more derivatives.
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δLh ⊃ −
3m2

hδ3

3!v
h3−

3m2
hδ4

4!v2 h4−
3m2

hδ3

4v2 h2[2G+G−+G2
0
]
, (7)

δ3,4

G0 G± =
1
√

2
(G1∓ iG2)

Z W±

where  represent the deviations in the Higgs cubic and
quartic  couplings  compared  with  the  SM  predictions  as

defined  in  Eq.  (4),  and ,  are  the
Goldstone  bosons  corresponding  to  the  longitudinal
modes of the  and , respectively.

To restore the Goldstone bosons in the massive gauge
boson sector, we define the following gauge-invariant op-
erator 

Ĥ ≡ H
√

H†H
=

(
0
1

)
+O(G⃗), (8)

and we make the following replacements in Eq. (3): 

Zµ→ Ĥ†iDµĤ = −
mZ

v
Zµ−

1
v
∂µG0+ · · · (9)

 

W+µ → ˜̂H†iDµĤ =

√
2mW

v
W+µ +

i
√

2
v
∂µG++ · · · (10)

 

W−µ → Ĥ†iDµ ˜̂H =

√
2mW

v
W−µ −

i
√

2
v
∂µG−+ · · · (11)

˜̂H = ϵĤ∗ ϵ 2×2where  and  is  the  anti-symmetric  tensor.
With  these  replacements,  the  relevant  part  of  the  BSM
massive gauge boson sector is expressed as 

δLW/Z ⊃
δZ1

v
h(∂G0)2+

(δZ2−4δZ1)
2v2 h2(∂G0)2

− 2δZ1

v2 G0h∂µG0∂
µh+

2δW1

v
h∂µG+∂µG−

+
(δW2−4δW1)

v2 h2∂µG+∂µG−+
m2

ZδZ1

v
hZµZµ

+
m2

WδW2

v2 h2W+µW−µ+
2mZδZ1

v
hZµ∂µG0

+
m2

ZδZ2

2v2 h2ZµZµ−
2δW1

v2 h∂µh
[
G−∂µG+

+G+∂µG−
]
+

2mWδW1

v
h
[
mWW+µW−µ

+ i
(
W−µ ∂

µG+−W+µ ∂
µG−

)]
. (12)

δW1(2) δZ1(2)
ρ

Note  that  we  are  not  assuming  custodial  symmetry;
hence,  could, in principle, be different from .
However,  as  the  experimental  limits  on  the  parameter

are extremely tight [16] 

|ρ| = 1.00039±0.00019, (13)

ρ =

±1 δZ1(2) = ±δW1(2)
ρ = 1 ρ = −1

it  is  only  meaningful  to  consider  the  cases  where 
 [17]1),  in  which  case .  We  refer  to

 as the custodial limit and to  as the anti-cus-
todial limit.

To  restore  the  Goldstone  dependence  in  the  fermion
sector, we write the Higgs interaction with fermions as 

δL f = −m f (Q̄L
˜̂HqR+h.c.)

(
δ f 1

X
v
+ c f 2

X2

2!v2 + · · ·
)
. (14)

In the remainder of this paper, we only retain the top
quark, as it has the largest contribution to the Higgs mass.
However,  including  the  remaining  SM  fermions  is
straightforward. The relevant part of the top sector thus is
expressed as 

δLtop ⊃ −
mtδt1

v
ht̄t− mtct2

2v2 h2 t̄t. (15)

Finally, in  principle,  one  could  include  the  correc-
tions  to  the  Higgs  mass  arising  from  its  couplings  to
massless  gauge  bosons;  however,  as  the  Higgs  only
couples to photons and gluons through loops, corrections
to the Higgs mass only begin at 2 and 3 loops, and thus,
can be neglected. Throughout this paper, we limit our cal-
culation to 1-loop. 

B.    BSM loop corrections and the model-independent
Veltman condition

ct2

Λ2

We  can  now  calculate  the  BSM  loop  corrections  to
the Higgs mass. Note that the BSM contributions given in
Eqs. (7), (12), and (15) are to be added to the SM contri-
butions.  The corrections to the Higgs mass are shown in
Fig.  1.  There  is  another  contribution  from  the  effective
coupling  (the second term in Eq. (15)) shown in Fig.
2.  Note  also  that,  if  there  are  heavy  degrees  of  freedom
that couple to the Higgs, then they too will  contribute to
the Higgs mass at 1-loop; however, in the low energy the-
ory, the part of these contributions that is not encoded in
the deviations  or  Wilson  coefficients  should  be  sup-
pressed by , and thus can be neglected.

ξ = 0In our calculation, we work in the Landau gauge 
and use a UV-cutoff regularization scheme, as it is more
suitable for predicting the scale of new physics. We avoid
using dimensional  regularization because,  when using it,
the  scale  of  any  potential  new  physics  is  obscured.  We

Fayez Abu-Ajamieh Chin. Phys. C 46, 013101 (2022)

ρ = +1 ρ
ρ

1) Notice here that while the SM prediction is , collider searches are only sensitive to the magnitude of  and not its sign. Thus, it is possible in principle to
have negative values of . We refer the interested reader to the indicated reference for a detailed study of this issue.
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discuss this point in more detail in the following section.
In  the  Landau  gauge,  all  ghost  contributions  (diagrams
(g) and (k) in Fig. 1) vanish.

Before  we  proceed  with  finding  the  BSM  Veltman
condition, let us first focus on the contributions from the
longitudinal  modes,  i.e.,  the  Feynman  diagrams  in  (a),
(b),  (f),  and  (h)  in Fig.  1.  The  diagram in  (f)  provides  a
vanishing contribution in the Landau gauge, whereas the
other ones  provide  contributions  that  are  quartically  di-
vergent: 

M(a)
G0
= − 1

32π2v2 (δZ2−4δZ1)Λ4+O(Λ2), (16)

 

M(a)
G±
= − 1

16π2v2 (δW2−4δW1)Λ4+O(Λ2), (17)

 

M(b)
G0
= −

δ2Z1

16π2v2Λ
4+O(Λ2), (18)

 

M(b)
G±
= −
δ2W1

8π2v2Λ
4+O(Λ2), (19)

 

M(h)
G0
=

3(1+δ3)δZ1

32π2v2 Λ4+O(Λ2), (20)
 

M(h)
G±
=

3(1+δ3)δW1

16π2v2 Λ4+O(Λ2). (21)

These quartic divergences arise from the contributions of
the longitudinal modes of the massive gauge bosons as a
direct result  of  the equivalence theorem. As each longit-
udinal mode is replaced with a derivative, each insertion
of a  longitudinal  mode  will  increase  the  energy  depend-
ence  of  the  mass  correction  by  one  power.  In  the  SM,
these quartic divergences are guaranteed to cancel out by
gauge  invariance,  which  relates  the  3-gauge  boson  and
the 4-gauge boson couplings;  however,  in  the  EFT,  they
do not cancel out, as gauge invariance is no longer mani-
fest. More specifically, if we upset the SM predictions by

allowing deviations in the couplings of the gauge bosons,
then gauge invariance is no longer manifest in the low en-
ergy theory (although it should be restored in the full the-
ory), and quartic divergences no longer cancel out. Thus,
it is necessary to ensure the vanishing of these quartic di-
vergences first,  as they are the leading corrections to the
Higgs mass at 1-loop.1)

Confining ourselves to the custodial and anti-custodi-
al limits,  the  conditions  for  canceling  out  the  quartic  di-
vergence are expressed as
 

δV1(3δ3−2δV1+7)−δV2 = 0, (C), (22)
 

δV1(3δ3+6δV1+7)−δV2 = 0, (A), (23)

δV1(2) ≡ δZ1(2) = ±δW1(2)where  we  have  defined  and  the
first (second) equation provides the condition for the cus-
todial (anti-custodial)  limit.  Prima  facie,  this  might  ap-
pear like  an  added  complication,  as  the  Higgs  mass  ap-
pears to  be  quartically  sensitive  to  the  UV  scale  as  op-
posed  to  the  expected  quadratic  dependence  at  1-loop;
nevertheless,  we  show  below  that  this  would  make  the
situation simpler.

hGG

G0,±
Λ

G0,±
∼ 1/p2

N
N

The  equivalence  theorem provides  us  an  insight  into
how to deal with this situation. Note that each  ver-
tex  is  associated  with  two derivatives.  Thus,  each  Higgs
insertion in a  loop will increase the leading power of
the  cutoff  scale  by  two.  On the  other  hand,  each new
Higgs insertion will  create an additional  propagator

,  which lowers the leading power by two, thereby
canceling  out  the  two  additional  powers  that  originate
from the vertex. Therefore, not only will the 2-point func-
tion  be  quartically  divergent,  but  also  will  all -point
functions. Thus, each -point function will be associated
with a  separate  condition  to  cancel  out  its  quartic  diver-
gence.

The top row of Fig. 3 shows the 1-loop contributions
to the Higgs 3-point function. A simple calculation yields
the following conditions for canceling out the quartic di-
vergences in the custodial and anti-custodial limits:
 

δV1(9δV2−36δV1+8δ2V1) = 0, (C), (24)
 

δV1(δV2−4δV1) = 0, (A). (25)

Similarly, the bottom row of Fig. 3 shows the 1-loop
contributions  to  the  Higgs  4-point  function and provides
the following cancelation condition:
 

h h

t

 

Fig.  2.    Additional  top  loop  contribution  to  the  mass  of  the
Higgs. This originates from the second term in Eq. (15).

Model-independent Veltman condition, naturalness and the little hierarchy problem Chin. Phys. C 46, 013101 (2022)

1) Notice that in an EFT approach, divergences of any power could arise, however, divergences of higher powers only arise beyond the 1-loop order, and at 1-loop,
the only quartic divergences arise from Eqs. (16) - (21).
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16δ4V1−64δ3V1+16δ2V1δV2+48δ2V1

−24δV1δV2+3δ2V2 = 0, (C), (26)
 

16δ4V1+48δ2V1−24δV1δV2+3δ2V2 = 0, (A). (27)

δV1 = δV2 = 0

In order for the 2-, 3-, and 4-point functions to be free
of  quartic  divergences,  one  has  to  solve  Eqs.  (22),  (24),
and  (26)  simultaneously  for  the  custodial  limit,  or  Eqs.
(23),  (25),  and (27) for the anti-custodial  limit.  It  can be
observed that, in both limits, the only possible solution is
to set .

ρ N
G0, G±

n m
2m+n = N ∈ Z > 2 n,m ∈

Z ⩾ 0

We  can  sketch  a  general  proof  without  making  any
assumptions  about  as  follows:  Consider  a  1-loop -
point  Higgs  function  with  running  in  the  loop,
and  with  trilinear  insertions  and  quartic  ones,  as
shown  in Fig.  4,  such  that , 

. Then, schematically, the amplitudes are given by 

M(m,n)
G0
=

∞∑
m,n

2m+n=N
N=3

C0
m,n

16π2vN δ
n
Z1

[
δZ2−4δZ1

]m
Λ4, (28)

 

M(m,n)
G±
=

∞∑
m,n

2m+n=N
N=3

C±m,n
16π2vN δ

n
W1

[
δW2−4δW1

]m
Λ4, (29)

C0
m,n C±m,n

N

where  and  are  distinct  rational  numbers  that
could  include  possible  symmetry  factors.  To  avoid  any
quartic divergences in all -point functions, one needs to
impose the following infinite tower of linearly-independ-
ent conditions for the sum of amplitudes: 

M(2)
G0
+M(2)

G±
+M(m,n)

G0
+M(m,n)

G±
= 0, (30)

∀2m+n = N > 2 M(2)
G0,±

,  where  represents the  contribu-

tions  to  the  2-point  function  given  in  Eqs.  (16)  -  (21).
This  infinite  tower  of  conditions  can  only  be  satisfied  if
all  the  deviations  vanish  identically.  Thus,  we  arrive  at
our first important result:
 

Λ

N

Assuming  that  there  are  no  degrees  of  freedom  that
couple  to  the  Higgs  below  some  UV  scale ,  then  to
avoid  quartic  divergences  in  the  Higgs  mass  and  all
Higgs -point functions with a longitudinal gauge boson
loop,  all  the  deviations  in  the  couplings  of  the  massive
gauge bosons to the Higgs from the SM predictions must
vanish 1 ).
 

δV1,2

N

W Z

However, we should note that, if  are small and if
the scale of new physics is not too large, then the correc-
tions  to  the  Higgs  mass  and -point  functions  could  be
maintained within acceptable limits; however, this would
imply that  the  scale  of  new physics  would be too low if
the couplings of the Higgs to the  and  were to have
any meaningful  deviations from the SM predictions.  For
example, from Eqs. (16) - (21), we can estimate the con-
tributions of the Goldstone bosons to the Higgs mass as 

δm2 ∼ 9δV
16π2v2Λ

4, (31)

δV1 ∼ δV2 = δVwhere  we  have  assumed  that  and  set

Fig. 3.    (top): Feynman diagrams of the Higgs 3-point function with a longitudinal mode loop. (bottom), Feynman diagrams for the
Higgs 4-point function.

 

 

G0,G± N

n m

Fig. 4.     loop contribution to the Higgs -point func-
tion with  trilinear insertions and  quartic insertions

Fayez Abu-Ajamieh Chin. Phys. C 46, 013101 (2022)

N1) A possible loophole in this result is if one assumes that corrections to -point functions at one loop cancel against those from higher loops, however, such a scen-
ario would require unnatural cancelations and fine-tuning, thus we ignore it here.
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δ3 = 0 1%
∼ 1

O(100%)
O(10−4)

∼ 3.5

13

O(100%) O(10−7)
δV1,2

1). Then, for a deviation of approximately  from
the SM, the scale of new physics should be as low as 
TeV to  yield  corrections  to  the  Higgs  mass  at ,
whereas a deviation of  can only push the scale of
new  physics  up  to  TeV.  Such  a  low  scale  of  new
physics is in opposition to the null results from the LHC.
If  the  scale  of  new physics  is  assumed to  be  larger  than
the energy scale of the LHC at  TeV, then we can es-
timate  the  level  of  deviations  that  provide  corrections  to
the Higgs mass at the  to be of . This res-
ult  appears  to  suggest  strongly  that  should  vanish
for  all  practical  purposes.  This  result  is  intuitive,  as  any
(apparent) gauge violation in the EFT should be small if
the scale of new physics is not too low.

δV1,2 = 0Setting , we can immediately calculate the re-
maining 1-loop corrections to the Higgs mass. We present
the  full  results  in  Appendix  A.  Using  these  results,  we
readily  extract  the  model-independent  BSM  Veltman
condition [

3δ23+6δ3−δ4+4
]
m2

h+2
[
3δ3+2

]
(2m2

W +m2
Z)

+8m2
t
[
δ2t1+ ct2−δt1−3δ3δt1−3δ3−2

]
= 0. (32)

δ3, δ4, δt1,ct2→ 0

Λ

Note that, when , we retrieve the ori-
ginal  Veltman  condition  in  Eq.  (1),  as  we  should.
Moreover,  this  condition  is  completely  model-independ-
ent, as  it  does  not  depend  on  any  assumed  UV  comple-
tion and only depends on the deviations from the SM pre-
dictions.  Any  new  physics  at  a  UV  scale  should  be
matched to the EFT parameters in Eq. (32) at leading or-
der once the heavy degrees  of  freedom have been integ-
rated out.

Satisfying the BSM Veltman condition would guaran-
tee the cancelation of the quadratic divergences at 1-loop;
however, there  is  no  guarantee  that  higher-loop  correc-
tions would be canceled out, and they probably may not.
Nevertheless, we show in Sec. IV that higher-order loops
are not a concern, as they only provide corrections of the
order to the Higgs mass, and thus, do not require fine-tun-
ing. 

C.    A note on dimensional regularization
It  has  been argued in  the literature  that  the quadratic

divergences  in  the  Higgs  mass  are  merely  an  artifact  of
using a cutoff regularization scheme, which breaks gauge
invariance,  and  that  using  dimensional  regularization,
which is gauge invariant, would remove any quadratic di-
vergences,  thus  curing  the  hierarchy  problem  once  the
right counterterms have been subtracted; see for instance
[10]. However, as shown in the introduction, if there are
heavy  degrees  of  freedom  that  do  couple  to  the  Higgs,
then  after  integrating  these  degrees  of  freedom  out,  the

Higgs  mass  is  quadratically  sensitive  to  the  UV  mass
scale of these degrees of freedom. Thus, fine-tuning can-
not  be  explained  away  using  dimensional  regularization
unless  these  heavy  degrees  of  freedom are  absent.  More
concretely, dimensional regularization will be the correct
scheme to use only if there are no heavy degrees of free-
dom that  couple to the Higgs,  which is  a  dubious claim,
to say the least.

1/ϵ

The  use  of  dimensional  regularization  to  probe  the
scale of new physics is inadequate for two reasons. First,
dimensional regularization  mixes  all  types  of  diver-
gences; it mixes UV divergences with IR ones, and mixes
quadratic divergence with logarithmic ones, collecting all
divergences in factors of ,  which are canceled out by
counterterms; and second, scaleless integrals of the form ∫ ∞

0

d4k
(2π)4

1
k2n , (33)

Λ

which arise  from  diagrams  with  Goldstone  bosons  run-
ning  in  the  loop,  vanish  in  dimensional  regularization.
However,  if  there  is  a  UV  scale  where  new  physics
comes into play, then one has to integrate up to that scale,
and these integrals no longer vanish.

In  other  words,  while  dimensional  regularization can
yield finite results  for the EFT, and thus enable accurate
quantitative calculations  of  known  physics,  it  nonethe-
less cannot capture the scale of new physics, should such
a scale exist.

An example of where dimensional regularization fails
to predict new physics while a cutoff scheme succeeds is
the GIM mechanism [18]. In the GIM mechanism, quad-
ratic divergences are canceled out by virtue of the unitar-
ity of the CKM matrix; however, if one were to consider
an  effective  theory  where  some  of  the  heavy  quarks  are
missing  (or  have  been  integrated  out),  then  the  GIM
mechanism no  longer  cancels  out  the  quadratic  diver-
gences,  as  the  unitarity  of  the  CKM  matrix  is  lost,  and
any attempt  at  using  dimensional  regularization  com-
pletely obscures new physics.

u d s sd̄→ ds̄
K0

L −K0
S

K0
L −K0

S

To illustrate this point further, let us imagine an EFT
of only the ,  , and  quarks and use it to study 
processes, such as the mixing of . Using a cutoff
to  calculate  the  1-loop  amplitude,  one  can  find  the

 mass splitting [11]
 

∆mK0

mK0

∼
sin2 θcΛ

2
QCD

4π2v4 Λ2, (34)

θc
∆mK0

Λ ≲ 1

where  is the  Cabibbo angle.  Given the  measured val-
ues of  and the kaon mass, one finds a scale of new
physics  of  GeV, which accurately predicts  the ex-

Model-independent Veltman condition, naturalness and the little hierarchy problem Chin. Phys. C 46, 013101 (2022)

δ31) Non-vanishing values of  don't affect the scale by much.
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1/ϵ

istence and mass of the charm quark. On the other hand,
using  dimensional  regularization,  one  would  completely
miss  this  prediction,  as  one  would  naively  subtract  the

 divergence,  obtaining  a  finite  result  that  does  not
point to the charm quark. The prediction and discovery of
the  charm  completely  exonerate  the  use  of  a  cutoff
scheme.

As  apriori,  we  do  not  know  whether  there  is  any
physics BSM  that  couples  to  the  Higgs,  and  we  are  at-
tempting  to  explore  this  potential  new  physics  and  the
UV scale thereof,  using a cutoff  scheme is  the appropri-
ate prescription. 

D.    Experimental constraints and the parameter space
The BSM Veltman condition has the following para-

meters: 

δ3, δ4, δt1, ct2. (35)

κ δi = κ−1 ct2

95% δ3 δt1

Within the  framework, , whereas  has no
SM counterpart.  The latest  measurements  from the LHC
place the  level bounds on  and  at [19, 20] 

−6 ⩽ δ3 ⩽ 11.1, (36)
 

−0.18 ⩽ δt1 ⩽ 0.24. (37)

δ4
δ4

δ3
ct2
δ3

95%

On  the  other  hand,  remains  unmeasured  and  thus
unconstrained.  In  this  study,  we  set  the  bounds  on  to
be  the  same  as  those  on  as  a  conservative  estimate.
Bounds on  are more complicated, as they depend non-
trivially  on  through  the  di-Higgs  production  [21].
Curve-fitting  gives  the  following  approximate  bound  at
the  confidence level 

0.04δ23+ c2
t2+0.32δ3ct2−0.3δ3−1.52ct2 ⩽ 1.9. (38)

Given the above constraints, a quick evaluation of the
BSM Veltman condition reveals the following remarks:
 

● With the current bounds, satisfying the BSM Velt-
man condition,  and  thus  canceling  out  the  quadratic  di-
vergences, remains viable;
 

δ3
ct2 δ4 δt1

● It  is  not  possible  to  satisfy  the  condition  if  and
 are both set to zero, i.e.,  and  alone are insuffi-

cient to cancel out the quadratic divergences,
 

δ3
ct2

ct2

●  It  is  possible  for  alone  to  satisfy  the  condition
while  all  other  deviations  vanish.  Similarly,  can  also
satisfy  the  condition  with  all  other  deviations  vanishing,
in which case  is constrained to be positive.
 

δ3 δ4 ct2
δt1

In Fig. 5, we show the contour plots for , , and 
for several benchmark values of . We superimpose the

δ3 δ4 ct2 δt1Fig. 5.    (color online) Contour plots for , , and  for some benchmark values of . The plots also show the LHC limits (solid
black line), along with the projections from the HL-LHC (dotted line) and the 100-TeV collider (solid red line). Only the green band
that lies within the solid black contour is viable.
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LHC constraints in addition to the projections of the High
Luminosity  LHC  (HL-LHC)  and  the  100  TeV  collider
[21].  The  viable  region  of  the  parameter  space  that  can
satisfy  the  BSM Veltman condition  is  the  portion  of  the
green band  within  the  solid  black  contour.  We  can  ob-
serve from the plots that the HL-LHC and 100 TeV col-
liders  could  probe  much  of  the  viable  parameter  space.
Although the projection of  the 100 TeV collider  appears
to suggest that the BSM Veltman condition could remain
viable  up  to  very  high  energies,  and  thus  maintain  the
possibility  of  canceling out  the quadratic  divergences up
to  very  large  scales,  we  will  show  in  Sec.  III  that  the
maximum energy scale at  which the BSM Veltman con-
dition remains viable is much lower. 

III.  UNITARITY VIOLATION AND THE
MAXIMUM ENERGY SCALE

∼ 100

The results  of  the  previous section appear  to  suggest
that  the  BSM  Veltman  condition  could  remain  viable
above  TeV. While naively this might be the case if
one were to inspect Eq. (32), we should note that the de-
viations  in  the  Higgs  coupling  will  give  rise  to  unitarity
violating  processes  at  the  tree-level  at  a  lower  energy
scale.

∼ 1

As pointed out in [14, 15], the SM is the unique UV-
complete  theory  with  the  observed  particle  content  that
can be extrapolated to arbitrarily high energy scales. This
indicates  that  any  deviation  from  the  SM  predictions
would lead to UV incompleteness that manifests itself as
energy-growing tree-level  amplitudes  that  eventually  vi-
olate  unitarity  at  some  high  energy  scale,  signaling  the
onset  of  new  physics  BSM.  This  argument  is  along  the
same  lines  as  the  one  presented  by  Lee,  Quigg,  and
Thacker [22, 23], which demonstrated the necessity of the
existence of the Higgs boson itself with a mass below 
TeV. Following the argument in [14, 15], one can set the
unitarity condition as 

|M̂| ⩽ 1, (39)

M̂where  is  the matrix element averaged over the initial
and final phase spaces 

M̂ f i(P) =C∗f Ci

∫
dΦ f (P)dΦi(P)M f i, (40)

Ci, f M̂ ∼ δiand  represent  normalization  constants.  As ,
larger deviations indicate  unitarity  violation at  lower en-
ergy scales,  and  as  satisfying  the  BSM  Veltman  condi-
tion  requires  non-vanishing  deviations,  these  deviations

will  lead  to  unitarity  violation  that  points  to  a  scale  of
new physics  that  becomes  higher  as  the  deviations  be-
come smaller.  At  a  certain  level,  the  size  of  the  devi-
ations  will  no  longer  be  sufficient  to  satisfy  the  BSM
Veltman condition. This indicates that there exists a max-
imum UV scale of new physics beyond which the quad-
ratic divergences cannot be canceled out without signific-
ant fine-tuning. We seek to determine this energy scale.

Emax
Λ

Given  the  results  in  [14, 15],  the  dominant  unitarity
violating processes in the Higgs sector are given in Table
1. We set the unitarity violating scale  to be our UV
cutoff ,  and  we  use  these  processes  to  determine  the
maximum energy scale at  which the BSM Veltman con-
dition in Eq. (32) can still be satisfied, subject to the ex-
perimental constraints given in Eqs. (36),  (37),  and (38).
We find1)
 

Emax = Λ ≲ 19 TeV, (41)

δ3 ≃ −0.5 δ4 ≃ −3 δt1 ≃ 0.03 ct2 ≃ 0.09
G3→G3

tRb̄R→G+G−G+ tRb̄RG−→G+G−G+G−

at which , , , and , and
unitarity  violation  originates  from ,

 ,  and . This indic-
ates that,  to avoid significant fine-tuning, any new phys-

Table 1.    Dominant unitarity violating processes in the Higgs
sector

Process Emax/TeV

G3→G3
13.4
√
|δ3 |

h2G0→ hG0

66.7

|δ3 −
1
3
δ4 |

hG2
0→ hG2

0

9.1√
|δ3 −

1
5
δ4 |

hG3
0→G3

0

6.8

|δ3 −
1
6
δ4 |1/3

G4
0→G4

0

6.1

|δ3 −
1
6
δ4 |1/4

tRb̄R→G+G−G+
3.33
√
|δt1 |

t̄RtR→ h2 7.18
|ct2 |

t̄RtR→G+G−h
4.7

√
ct2 −2δt1

tRb̄R→G+h2 4.7
√

ct2 −2δt1

tRb̄RG−→ hG+G−
3.9

|ct2 −3δt1 |1/3

tRb̄RW−L →G+G−G+G−
4.2

|ct2 −3δt1 |1/4

Model-independent Veltman condition, naturalness and the little hierarchy problem Chin. Phys. C 46, 013101 (2022)

13.5 ≲ Λ ≲ 27 TeV
1) Notice that if we estimate the theoretical uncertainties in the unitarity violating amplitudes to be within a factor of 2, as suggested in the same original papers, then

we can bound the scale of new physics to be within .
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∼ 19
ics that  leads  to  the  cancelation  of  the  quadratic  diver-
gences in the Higgs mass should lie below  TeV; oth-
erwise, any UV contribution originating from integrating
out the heavy degrees of freedom will not be sufficient to
satisfy  the  BSM  Veltman  condition,  and  thus  obtain  a
natural Higgs mass. To make this more concrete, we con-
jecture that
 

δ3 δ4 δt1
ct2

∼ 19

if  the  deviations in  the Higgs couplings , ,  ,  and
 are too small to satisfy the BSM Veltman condition, or

equivalently, if  no new physics that couples to the Higgs
boson is observed up to a scale of  TeV, then either
the  Higgs  sector  is  fine-tuned,  or  there  is  no  UV  sector
that  couples  to  the  Higgs,  possibly  up  to  the  Planck
scale 1 ).
 

This  scale  represents  the  Higgs  little  hierarchy.  We
discuss this point in more detail in the following section. 

IV.  MASS CORRECTIONS, FINE-TUNING, AND
NATURALNESS

Λ ∼ 19

In this section, we will discuss the fine-tuning associ-
ated  with  the  BSM  Veltman  condition  and  estimate  the
mass  corrections  to  the  Higgs  mass.  The  fine-tuning  of
the BSM Veltman condition depends on the scale of new
physics , which should be less than  TeV. The scale
of new  physics  depends  in  turn  on  the  size  of  the  devi-
ations. To estimate the fine-tuning, we calculate the Bar-
bieri-Guidice  (BG)  parameter  [24]  associated  with  the
BSM Veltman condition 

∆ =Max
{∣∣∣∣∣∣ δim2

h

∂m2
h(δ3, δ4, δt1,ct2)
∂δi

∣∣∣∣∣∣
}
. (42)

∼ 60
∼ 5

∼ 1000 ∼ 19
O(1%) O(0.1%)

We  scan  the  viable  parameter  space  that  can  satisfy
the  BSM  Veltman  condition  in  Eq.  (32)  subject  to  the
constraints in Eqs. (36) - (38), and calculate the value of
the BG parameter and the corresponding unitarity violat-
ing scale from the processes given in Table 1. We plot the
BG parameter against the unitarity violating scale in Fig.
6. The  plot  shows  that  higher  energy  scales  are  associ-
ated  with  larger  tuning,  as  expected.  The  values  of  the
BG parameter range from as low as ,  corresponding
to  a  scale  of  new  physics  of  TeV;  to  as  high  as

,  corresponding to  a  scale  of  TeV. This  cor-
responds  to  a  fine-tuning  level  of  - , re-
spectively, which  is  indeed  significant.  This  is  to  be  ex-
pected  as  the  BSM  Veltman  condition  doesn't  appear  to
possess any  manifest  symmetry  that  forces  its  satisfac-
tion;  however,  if  such  a  symmetry  does  exist  in  the  UV

sector, then this fine-tuning is eliminated.
More  specifically,  there  are  two  possibilities  for  any

UV  sector  that  satisfies  the  BSM  Veltman  condition:  1)
either  the  UV sector  lacks  any  symmetry  that  forces  the
satisfaction of the BSM Veltman condition, in which case
the quadratic divergences are canceled out accidentally at
the price of  sub-percent  fine-tuning,  or  2)  the UV sector
is  endowed  with  a  symmetry  that  forces  the  satisfaction
of the BSM Veltman condition and consequently the can-
celation  of  the  quadratic  divergences  naturally  and
without fine-tuning.

W Z

Although the two scenarios  of  accidental  cancelation
and symmetry-based cancelation are equally viable solu-
tions to the little hierarchy problem, the latter is more nat-
ural, and one tends to be more biased toward it. The BSM
Veltman  condition  could  provide  us  some  insight  as  to
what the  UV  completion  should  look  like.  We  can  ob-
serve by inspecting the condition that any proposed sym-
metry  should  relate  the  masses  of  the , ,  top  quark,
and Higgs boson to the deviations in the Higgs couplings.
Thus,  any  UV  completion  should  provide  corrections  to
the Higgs couplings that are related to these masses. One
possibility would be to investigate if there is a viable su-
persymmetric realization of the BSM Veltman condition.
We  delay  the  issue  of  finding  a  symmetry-based  UV
completion to future work.

Assuming that such a symmetry-based UV theory ex-
ists, then the only fine-tuning that remains arises from the
logarithmic  and  higher-order  corrections  to  the  Higgs
mass. We can estimate the logarithmic corrections as 

δm2
h ∼

m4
h

16π2v2 log
Λ2

m2
h

, (43)

 

Fig. 6.    (color online) The BG parameter for the region of the
parameter  space  that  satisfies  the  BSM  Veltman  condition
subject  to  the  experimental  constraints,  plotted  against  the
scale of new physics extracted from unitarity.

Fayez Abu-Ajamieh Chin. Phys. C 46, 013101 (2022)

1) A possible loophole in this argument might be if one assumes that the Higgs couples to a UV sector whose various contributions cancel among themselves due to
some UV symmetry, while the low energy contributions are only canceled by counterterms. However, such a scenario is somewhat unnatural.
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Λ = 19 δmh ≃ 16which for  TeV yields  GeV. On the oth-
er  hand,  we  can  use  the  Naive  Dimensional  Analysis
(NDA) to estimate the NLO corrections 

δm2
h ∼

m2
h

(16π2)2v2Λ
2, (44)

δmh ≃ 61 Λ = 19
O(100%)

1/16π2

which yields  GeV for  TeV. Both correc-
tions correspond to a fine-tuning level of , which
is  insignificant.  Higher-order  corrections  will  be  further
suppressed by additional loop factors of , and thus,
will be subleading and will not increase fine-tuning signi-
ficantly. Thus, it will be sufficient to cancel out the quad-
ratic  divergences  at  1-loop  to  eliminate  fine-tuning  and
keep the Higgs mass natural. 

V.  Conclusions

W Z

In this study, we utilized a bottom-up EFT to derive a
model-independent  Veltman  condition  to  cancel  out  the
quadratic divergences in the Higgs mass. We first showed
that  using  the  equivalence  theorem,  all  the  deviations  in
the Higgs couplings to the  and  from the SM predic-
tions should vanish. We investigated the viable region of
the  parameter  space  where  the  BSM  Veltman  condition
can  be  satisfied  given  the  current  constraints  from  the
LHC, and we compared it with the projections of the HL-
LHC and the 100 TeV collider.

∼ 19

∼ 19

We showed  that,  based  on  tree-level  unitarity  argu-
ments, the highest energy scale at which the quadratic di-
vergences can be canceled out should be  TeV given
the  current  level  of  uncertainty  in  the  measurements  of
the  Higgs  couplings.  Moreover,  we  argued  that,  to
provide a natural solution to the little hierarchy problem,
new  physics  should  emerge  at  or  below  that  scale.  We
conjectured  that,  if  no  new  physics  that  couples  to  the
Higgs is observed up to  TeV, or equivalently, if the
couplings of  the  Higgs  to  other  SM  particles  are  ob-
served to be consistent with the SM predictions, then the
Higgs  either  does  not  couple  to  any  heavy  degrees  of
freedom or is fine-tuned.

∼ 19

We discussed the aspects of naturalness and fine-tun-
ing  associated  with  the  BSM Veltman  condition  and  we
observed that canceling out the quadratic divergences up
to  TeV  is  associated  with  sub-percent  fine-tuning
unless the UV completion has a symmetry that forces the
satisfaction of the BSM Veltman condition, in which case
any  fine-tuning  is  eliminated.  We  showed  in  the  latter
case  that  logarithmic  and  higher  loop  corrections  to  the
Higgs mass would not constitute any significant fine-tun-
ing if  the  1-loop  contributions  were  to  cancel  out  natur-
ally. We  postpone  finding  symmetry-based  UV  comple-
tions to future work. 
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APPENDIX A: BSM HIGGS MASS CORRECTIONS

ξ = 0

δZ1 = δZ2 = δW1 = δW2 = 0

Here, we present the 1-loop contributions to the Higgs
mass shown in Figs. 1 and 2. In the Landau gauge ,
all ghost  contributions  vanish.  The  remaining  contribu-
tions are (with )
 

M(a)
h =

3(1+δ4)m2
h

32π2v2 Λ2+O
(
log
Λ2

m2
h

)
, (A1)

 

M(a)
G0
=
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