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The lack of evidence for superparticles at the CERN LHC, along with the rather high value of the Higgs

boson mass, has sharpened the perception that what remains of supersymmetric model parameter space

suffers a high degree of electroweak fine-tuning (EWFT). We compare three different measures of fine-

tuning in supersymmetric models. First, �HS measures a subset of terms containing large log contributions

to mZ (and mh) that are inevitable in models defined at scales much higher than the electroweak scale.

Second, the traditional �BG measures fractional variation in mZ against fractional variation of model

parameters and allows for correlations among high scale parameters which are not included in �HS.

Third, the model-independent �EW measures how naturally a model can generate the measured value of

mZ ¼ 91:2 GeV (or mh) in terms of weak scale parameters alone. We hypothesize an overarching ultimate

theory (UTH) wherein the high scale soft terms are all correlated. The UTH might be contained within the

more general effective supersymmetry theories which are popular in the literature. In the case of�HS, EWFT

can be grossly overestimated by neglecting additional nonindependent terms which lead to large cancella-

tions. In the case of �BG, EWFT can be overestimated by applying the measure to the effective theories

instead of to the UTH. The measure�EW allows for the possibility of parameter correlations which should be

present in the UTH and, since it is model independent, provides the same value of EWFT for the effective

theories as should occur for the UTH. We find that the well-known minimal supergravity model/constrained

minimal supersymmetricmodel is fine-tuned under all threemeasures so that it is unlikely to contain theUTH.

The nonuniversal Higgs model NUHM2 appears fine-tuned with �HS;BG * 103. But since �EW can be as

small as 7 (corresponding to 14% fine-tuning), it may contain the UTH for parameter ranges which allow for

low true EWFT.
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I. INTRODUCTION

The recent discovery of a Standard Model (SM)-like
Higgs boson with mass mh ¼ 125:5� 0:5 GeV [1,2] at
the LHC seemingly provides credence to the simplest
SUSY models of particle physics [3,4], which had pre-
dicted mh & 135 GeV [5]. On the other hand, no sign of
supersymmetric matter has yet emerged at the LHC,
leading to mass limits m~g * 1:5 TeV (for m~g ’ m~q)

and m~g * 1 TeV (for m~g � m~q) [6,7]. These limits,

obtained within the context of popular models such as
minimal supergravity model/constrained minimal super-
symmetric model (mSUGRA/CMSSM) [8] or simplified
models, are qualitatively also valid in many other frame-
works as long as we understand that the squark mass
limit refers to first-generation squarks. The squark and
gluino mass limits have caused considerable concern
since for many years the storyline has been promoted
that, in order to maintain naturalness in SUSY models,
sparticles ought to be well below the TeV scale [9–28].
Indeed, the absence of any hint of deviations from the
SM in the LHC8 data has led some to question whether

supersymmetry (SUSY) could be the solution to the
naturalness problem of the SM.
The fine-tuning situation in the minimal supersymetric

Standard Model (MSSM) is further exacerbated by the
uncomfortably large value of the newly discovered Higgs
particle: its value mh ’ 125 GeV lies well beyond its
tree-level upper bound mh � mZ. Radiative corrections
can accommodate mh ’ 125 GeV but only at the expense
of either, having top squark masses beyond the TeV scale
along with large mixing [29], or else, enlarging the MSSM
to contain additional contributions to mh [30–32]. The first
of these possibilities again seems in violation of natural-
ness limits, which according to many studies require m~t1;2 ,

m~b1
& 500 GeV [33–36].

Thus, the question arises: are SUSY models now
unnatural, and, if so, how unnatural are they? Or, do there
exist portions of parameter space where SUSY remains
natural? If so, a credible goal of collider [37,38] and dark
matter [39] search experiments is to conduct a thorough
search for natural SUSY.
In this paper, we compare and contrast three different

measures of SUSY naturalness: 1) �HS measures a subset
of terms containing large log contributions to mZ (and mh)
that are inevitable in models defined at scales much higher
than the electroweak scale. 2) The traditional �BG mea-
sures fractional variation in mZ against fractional variation
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of model parameters and allows for correlations among
high scale parameters which are not included in �HS. 3)
The model-independent �EW measures how naturally a
model can generate the measured value of mZ ¼ 91:2 GeV
(or mh) in terms of weak scale parameters alone. Low
values of �i (i ¼ HS, BG or EW) mean low fine-tuning;
e.g., �i ¼ 100 corresponds to��1

i ¼ 1% electroweak fine-
tuning (EWFT).

For illustrative purposes, we apply these measures to
two popular high scale SUSY models: the paradigm
mSUGRA/CMSSM model [8] based on the parameter set

m0; m1=2; A0; tan�; signð�Þ (1)

and the more general two-extra-parameter nonuniversal
Higgs model NUHM2 [40] defined by the parameter set

m0; m1=2; A0; tan�; �; mA (2)

[where we have traded the grand unified theory (GUT)
scale soft SUSY breaking Higgs mass parameters m2

Hu

and m2
Hd

for the weak scale parameters � and mA for

convenience]. We find the measures ordered according to

�EW <�BG & �HS: (3)

We argue that the semi-model-independent �HS omits non-
independent terms from its measure, which leads to large
cancellations giving rise to an overestimate of EWFT. The
measure �BG properly combines these correlated terms so
as to avoid the pitfall contained within �HS. To interpret
�BG properly, we hypothesize an overarching ultimate
theory for which the low energy limit for Q<� ¼ mGUT

is the MSSM wherein the high scale soft terms are all
correlated (hereafter referred to as the UTH). The UTH
might be contained within the more general effective SUSY
theories, which are popular in the literature. Examples
include the mSUGRA/CMSSM model and the NUHM2
model. In the case of �BG, EWFT can be overestimated
by applying the measure to the effective theories instead of
to the UTH. The measure �EW allows for the possibility of
parameter correlations which should be present in the UTH
and, since it is model-independent, provides the same value
of �EW for the effective theories as should occur for the
UTH. We find that the well-known mSUGRA/CMSSM
model is fine-tuned under all three measures so that it
cannot contain the UTH. The nonuniversal Higgs model
NUHM2 appears fine-tuned with �HS;BG * 103. But since
�EW can be as small as 7 (corresponding to 14% fine-
tuning), it may contain the UTH for the range of parameter
choices which allow for low true EWFT.

The low �EW models are characterized by a superpo-
tential � term with j�j �mZ � 100–300 GeV. This leads
to a prediction of light Higgsino states ~W�

1 ,
~Z2, and ~Z1 with

mass �100–300 GeV, which, due to their compressed
spectra, may easily elude LHC searches but which should
be accessible to an eþe� collider with

ffiffiffi
s

p
* 2j�j �

500–600 GeV.

In Sec. II, we define and review the measures �HS, �BG,
and �EW , which were mentioned above. In Sec. III, we
evaluate the three measures as a function of parameters in
the mSUGRA/CMMSM model. We repeat our evaluation
for the NUHM2 model in Sec. IV. In Sec. V, we interpret
our results in terms of an overarching UTH. In Sec. VI,
we present our general conclusion which is that the con-
ventional measures of naturalness �HS and �BG lead to
large overestimates of EWFT in supersymmetric theory.
Parameter choices exist within the NUHM2 model (and of
course other more general models), which lead to low �EW

and about one part in ten EWFT. Such parameter choices
should be a guide to model builders seeking to find the
correct UTH which predicts their values in terms of
few or even no adjustable parameters.1

II. THREE FINE-TUNING MEASURES

A. �HS

1. Standard Model

In the SM, with a Higgs potential given by V ¼
��2�y�þ �ð�y�Þ2 where � is the Higgs doublet, one
may calculate the physical mass of the Higgs boson mh as

m2
h ¼ m2

hjtree þ �m2
hjrad; (4)

where m2
hjtree ¼

ffiffiffi
2

p
�2 and �m2

hjrad ¼ c
16�2 �

2, and where

� represents the cutoff of quadratically divergent loop
diagrams which provides an upper limit to which the SM
is considered a valid effective field theory. The coefficient
c depends on the various SM couplings, and here will be
taken c� 1 (e.g., the top quark loop gives c ¼ �6f2t ,
where ft is the top quark Yukawa coupling). Since
m2

hjtree and �m2
hjrad are independent, we would expect

naturally that m2
h �m2

hjtree > �m2
hjrad since otherwise if

�m2
hjrad � m2

h, then m2
hjtree will have to be fine-tuned to

a high degree to obtain mh of just �125 GeV. We may
define a fine-tuning measure

�SM � �m2
hjrad=ðm2

h=2Þ; (5)

which compares the radiative correction to the physical
Higgs boson mass. Requiring �SM & 1 then requires
�� 1 TeV; i.e., the SM should only be valid up to at
most the TeV scale.

2. MSSM

Analogous reasoning has been applied to supersymmet-
ric models [33]. In the MSSM, then

m2
h ’ �2 þm2

Hu
þ �m2

Hu
jrad; (6)

where now � is the superpotential Higgs/Higgsino
mass term and m2

Hu
is the up-type soft SUSY breaking

Higgs mass evaluated at mSUSY � 1 TeV. In gravity me-
diation, then mHu

is expected�m3=2 � 1 TeV. The largest

1An example along these lines is provided in Ref. [41].
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contributions to �m2
Hu
jrad contain divergent logarithms;

these can be found by integrating the renormalization
group equation [42] for m2

Hu
:

dm2
Hu

dt
¼ 1

8�2

�
� 3

5
g21M

2
1 � 3g22M

2
2 þ

3

10
g21Sþ 3f2t Xt

�
;

(7)

where t ¼ ln ðQ2=Q2
0Þ,S ¼ m2

Hu
�m2

Hd
þ Tr½m2

Q �m2
L �

2m2
U þm2

D þm2
E�, and where Xt ¼ m2

Q3
þm2

U3
þm2

Hu
þ

A2
t . By neglecting gauge terms and S (S ¼ 0 in models

with scalar soft term universality) and also neglecting
the m2

Hu
contribution to Xt and the fact that ft and the soft

terms evolve underQ2 variation, then this expressionmay be
readily integrated frommSUSY to the cutoff � to obtain

�m2
Hu
jrad �� 3f2t

8�2
ðm2

Q3
þm2

U3
þ A2

t Þ ln ð�2=m2
SUSYÞ: (8)

Inspired by gauge coupling unification, � may be taken
as high as mGUT ’ 2	 1016 GeV or even the reduced
Planck mass mP ’ 2:4	 1018 GeV. Also, we take
m2

SUSY ’ m~t1m~t2 . One may again create a fine-tuning

measure � � �m2
Hu
=ðm2

h=2Þ.
Two related dangers are contained within this approach,

which are different from the case of the SM:
(i) The first is that m2

Hu
and �m2

Hu
jrad are not indepen-

dent; the value of m2
Hu

feeds directly into evaluation

of �m2
Hu
jrad via the Xt term. It also feeds indirectly

into �m2
Hu
jrad by contributing to the evolution of the

m2
Q3

and m2
U3

terms. In fact, the larger the value of

m2
Hu
ð�Þ, then the larger is the cancelling correction

�m2
Hu
jrad. We return to this issue later.

(ii) The second is that, whereas SUð2ÞL 	Uð1ÞY gauge
symmetry can be broken at tree level in the SM,
in the SUSY case, m2

Hu
�m3=2 > 0, and electro-

weak (EW) symmetry is not even broken until one
includes radiative corrections. For high scale SUSY
models, EW symmetry is broken radiatively bym2

Hu

being driven to large negative values. This suggests
a regrouping of terms [43,44]:

m2
hjphys ¼ �2 þ ðm2

Hu
ð�Þ þ �m2

Hu
Þ; (9)

where instead both�2 and (m2
Hu

þ �m2
Hu
) should be

comparable to m2
hjphys.

Nonetheless, using the measure �, Eq. (8) may be
rearranged to provide a bound on third-generation squarks
[33,34,36]:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

~t1
þm2

~t2

q
& 600 GeV

sin�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ R2

t

p
�
log �

TeV

3

��1=2
�
�

5

�
1=2

;

(10)

where Rt ¼ At=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

~t1
þm2

~t2

q
. Taking � ¼ 10 (i.e., ��1 ¼

10% EWFT) and � as low as 20 TeV corresponds to
(i) m~ti , m~b1

& 600 GeV,

(ii) m~g & 1:5–2 TeV.

The last of these conditions arises because the squark radia-
tive corrections �m2

~ti
� ð2g2s=3�2Þm2

~g 	 log�. Setting the

log to unity and requiring �m2
~ti
< m2

~ti
then implies

m~g & 3m~ti , or m~g & 1:5–2 GeV for � & 10. Taking � as

high as mGUT leads to even tighter constraints: m~t1;2 , m~b1
&

200 GeV and m~g & 600 GeV, almost certainly in violation

of LHC sparticle search constraints. Since (degenerate)
first-/second-generation squarks and sleptons enter the
Higgs potential only at the two loop level, these can be
much heavier: beyond LHC reach and also possibly heavy
enough to provide a (partial) decoupling solution to the
SUSY flavor and CP problems [45].
To bring the fine-tuning measure � into closer accord

with the measures described below, we write it in terms
of m2

Z=2 instead of in terms of m2
h=2. The minimization

condition for the Higgs potential Vtree þ �V in the MSSM
reads

m2
Z

2
¼ m2

Hd
þ�d

d � ðm2
Hu

þ�u
uÞtan 2�

tan 2�� 1
��2; (11)

where �u
u and �d

d are radiative corrections that arise from

the derivatives of �V evaluated at the minimum. The
radiative corrections �u

u and �d
d include contributions

from various particles and sparticles with sizeable
Yukawa and/or gauge couplings to the Higgs sector.
Expressions for the �u

u and �d
d are given in the Appendix

of Ref. [43]. We may include explicit dependence on the
high scale � at which the SUSY theory may be defined, by
writing the weak scale parameters m2

Hu;d
as

m2
Hu;d

¼ m2
Hu;d

ð�Þ þ �m2
Hu;d

; �2 ¼ �2ð�Þ þ ��2;

(12)

where m2
Hu;d

ð�Þ and �2ð�Þ are the corresponding

parameters renormalized at the high scale �. The �m2
Hu;d

terms contain the log� dependence emphasized in con-
structs of natural SUSY models [33,34,36]. Thus, one
obtains

m2
Z

2
¼ ðm2

Hd
ð�Þ þ �m2

Hd
þ �d

dÞ � ðm2
Hu
ð�Þ þ �m2

Hu
þ�u

uÞtan 2�

tan 2�� 1
� ð�2ð�Þ þ ��2Þ: (13)

We can now define a fine-tuning measure that encodes the information about the high scale origin of the parameters by
requiring that each of the terms on the right-hand side of Eq. (13) (normalized to m2

Z=2) be smaller than a value �HS. The
high scale fine-tuning measure �HS is thus defined to be
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�HS � max ijBij=ðm2
Z=2Þ; (14)

with BHd
� m2

Hd
ð�Þ=ðtan 2�� 1Þ, etc. In models such as

mSUGRA, for which the domain of validity extends to
very high scales, because of the large logarithms, one
would expect that the B�Hu

contributions to �HS would
be the dominant term.

An advantage of �HS over � is that the dominant term
B�Hu

is extracted now from the renormalization group equa-

tion (RGE) solution and thus includes large logs arising from
gauge terms as well as the effect of running parameters which
are not contained in Eq. (8). However, it still maintains the
split among the dependent terms m2

Hu
ð�Þ and �m2

Hu
.2

B. �BG

The fine-tuning measure �BG can be regarded as the
traditional measure, in use now for over 25 years [9,10,13].
We start again with the scalar potential minimization con-
dition (this time at tree level)

m2
Z

2
¼ m2

Hd
�m2

Hu
tan 2�

tan 2�� 1
��2 ’ �m2

Hu
��2; (15)

where the latter partial equality obtains for moderate-to-large
tan� values. The traditional measure is then defined as

�BG � max i½ci�

where ci ¼
��������
@ lnm2

Z

@ ln ai

��������¼
��������
ai
m2

Z

@m2
Z

@ai

��������;

(16)

where the ai constitute the fundamental parameters of the
model. Thus, �BG measures the fractional change in m2

Z

due to fractional variation in high scale parameters ai.
The ci are known as sensitivity coefficients [46].
An advantage of �BG over �HS or � is that it maintains

the correlation between m2
Hu
ð�Þ and �m2

Hu
by replacing

m2
Hu
ðmSUSYÞ ¼ m2

Hu
ð�Þ þ �m2

Hu
by its expression in terms

of high scale parameters. To evaluate �BG, one needs to
know the explicit dependence of m2

Hu
and �2 on the

fundamental parameters. Expressions can be gained by
semianalytic solutions to the one-loop RGEs, as found
for instance in Ref. [47]. In the case where tan� ¼ 10, it
is found in Refs. [46,48,49] that

�2�2ðmSUSYÞ ¼ �2:18�2 (17)

�2m2
Hu
ðmSUSYÞ ¼ 3:84M2

3 þ 0:32M3M2 þ 0:047M1M3 � 0:42M2
2

þ 0:011M2M1 � 0:012M2
1 � 0:65M3At � 0:15M2At

� 0:025M1At þ 0:22A2
t þ 0:004M3Ab

� 1:27m2
Hu

� 0:053m2
Hd

þ 0:73m2
Q3

þ 0:57m2
U3

þ 0:049m2
D3

� 0:052m2
L3

þ 0:053m2
E3

þ 0:051m2
Q2

� 0:11m2
U2

þ 0:051m2
D2

� 0:052m2
L2

þ 0:053m2
E2

þ 0:051m2
Q1

� 0:11m2
U1

þ 0:051m2
D1

� 0:052m2
L1

þ 0:053m2
E1
; (18)

where the parameters on the right-hand side are evaluated
at the GUT scale. For different values of tan�, then some-
what different relations are obtained. At this point, the
derivatives in Eq. (16) can be explicitly evaluated so that
�BG can be easily computed.

1. Importance of high scale correlations

An important difference between �HS and �BG is that
the latter combines the dependent terms m2

Hu
ð�Þ and �m2

Hu

which were separated in �HS. Including these allows for
cancellations between various terms which occur if certain

correlations between HS parameters arise in the model
under consideration. For instance, in lines 6 and 7 of
Eq. (18), if we impose

mQ1;2
¼ mU1;2

¼ mD1;2
¼ mL1;2

¼ mE1;2
� m16ð1; 2Þ (19)

as might be expected in an SOð10Þ GUT theory, then each
line collapses to �0:007m2

16ð1; 2Þ; the various terms now

conspire via cancellations to yield much less fine-tuning
than otherwise might be expected.
More importantly, if

m2
Hu

¼ m2
Hd

¼ m2
16ð3Þ � m2

0 (20)

as is imposed in models with scalar mass universality,
then lines 4 and 5 of Eq. (18) conspire to yield a
term��0:017m2

0, which again yields far less fine-tuning

in the third-generation sector than one might otherwise
expect due to cancellations of terms, many of which con-
tain the large logs which are measured by �HS. This latter

2The possibility of models with low �HS is explored within the
context of GUT models with nonuniversal gaugino masses [19]
and the 19-parameter SUGRA model [20]. Low �HS requires
small mHu

(� ¼ mGUT) and then minimal evolution of m2
Hu

between mGUT and mSUSY. The low �HS models tend to have
sub-TeV top squarks, which lead typically to large deviations in
BFðb ! s�Þ.
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case is usually referred to as ‘‘focus point SUSY’’ [14,50]; it
provides a concrete example that in the case of very heavy
top squarks, the fine-tuning which follows from�HS may be
a large overestimate.3 Further cancellations among terms in
Eq. (18) can occur when the At parameters obey certain
relations to m1=2. Thus, the allowance for cancellations in

the log terms of �BG gives rise to the expectation that

�BG & �HS: (21)

2. Model dependence of �BG

At this point it is important to note that, while Eq. (18)
provides a good example of how large log and other
cancellations can occur due to HS parameter correlations,
it is not at all clear that usage of Eq. (18) is the correct way
to proceed. There is often dispute in the literature as to
which parameters should be included in the set ai which
enters into the evaluation of�BG. Surely the high scale soft
SUSY breaking parameters would be included, but should
also, e.g., the top quarkYukawa coupling ft or other Yukawa
or even gauge couplings be included?4 Furthermore, shall
one use the Lagrangian trilinear soft SUSYbreaking parame-

ter at as occurs inL 3 at�ab ~Q
a
3H

b
u ~u

y
R3 or themore common

At where at ¼ ftAt? Different prescriptions as to what one
includes in the ‘‘fundamental parameters’’ ai will lead to
different expressions form2

Z in terms of the ai.
A further concern with�BG is that different models with

exactly the same weak scale spectra can give rise to wildly
different values of �BG. We will see that in the HB/FP
region [50] of the mSUGRA model, �BG can be greatly
reduced due to mHu

¼ mHd
� m0 at the GUT scale. Yet,

using the exact same input parameters within the NUHM2
model (or any other model with greater parameter freedom
which contains mSUGRA as a subset), then the value of
�BG will be quite a bit larger. An example is given in
Table I, which lists the various sensitivity coefficients of
the�BG measure for mSUGRA and for NUHM2 but where
the mSUGRA output values of� andmA are used as inputs
to NUHM2. In this case, the two models have exactly the
sameweak scale spectra. But due to the greater correlations
amongst HS parameters present in mSUGRA, the value of
�BG has dropped by an order of magnitude compared to
NUHM2.

Here, it must be remembered that models like
mSUGRA, NUHM2, etc., are to be regarded as effective
theories valid up to � ¼ MGUT and where the parameters
parametrize our ignorance of high scale physics such as the

mechanism for SUSY breaking. It is usually regarded
that such SUSY GUT models are the low energy effective
field theories of some more encompassing theory (ultimate
theory, or perhaps string theory) where further parameter
correlations are to be expected, or perhaps there are no free
parameters. In such a case, the effective theory may look
fine-tuned while the high scale correlations present in the
UTH lead to little or no fine-tuning.
The fundamental lesson here is that examples exist

where correlations among model parameters which are
present in more restrictive theories, but not in the effective
theory within which they are contained, lead to cancella-
tions in contributions to EWFT. In such cases, one may
gain a false impression as to the amount of EWFT needed
in a theory. Is one then to give up on EWFT as a guide to a
supersymmetric theory?

C. �EW

A less ambitious, more conservative and model-
independent, fine-tuning measure has been advocated in
Refs. [43,44,51].5 Starting again with the scalar potential
minimization condition, this time including radiative
corrections, we have

m2
Z

2
¼ m2

Hd
þ�d

d � ðm2
Hu

þ�u
uÞtan 2�

tan 2�� 1
��2: (22)

Noting that all entries in Eq. (22) are defined at the weak
scale, the electroweak fine-tuning measure

�EW � max ijCij=ðm2
Z=2Þ (23)

may be constructed, where CHd
¼ m2

Hd
=ðtan 2�� 1Þ,

CHu
¼ �m2

Hu
tan 2�=ðtan 2�� 1Þ, and C� ¼ ��2. Also,

C�u
uðkÞ ¼ ��u

uðkÞtan 2�=ðtan 2�� 1Þ and C�d
d
ðkÞ ¼ �d

dðkÞ=
ðtan 2�� 1Þ, where k labels the various loop contributions
included in Eq. (22).

TABLE I. Sensitivity coefficients and�BG for themSUGRAand
NUHM2 models with m0 ¼ 9993:4 GeV, m1=2 ¼ 691:7 GeV,

A0 ¼ �4788:6 GeV, and tan� ¼ 10. The mSUGRA output val-
ues of � ¼ 309:7 GeV and mA ¼ 9859:9 GeV serve as NUHM2
inputs so that the two models have exactly the same weak scale
spectra.

Model cm0
cm1=2

cA0
c� cHu

cHd
�BG

mSUGRA 156 762 1540 �25:1 
 
 
 
 
 
 1540

NUHM2 16041 762 1540 �25:1 �15208 �643:6 16041

3Note that ifm2
Hu
ð�Þ is subtracted out of Eq. (18) [as is done in

Eq. (8)], then the nearly complete cancellation of Higgs and
third-generation soft terms will no longer occur.

4Also, different papers will use varying powers of parameters
as fundamental inputs. For instance, in mSUGRA, does one use
m0 or m2

0? These differences lead to just factors of 2 in the
evaluation of �BG.

5The importance of low j�j �mZ was emphasized in
Ref. [14]. Reference [50] also remarks that there be no large
cancellation between m2

Hu
and �2. References [21,52–54] essen-

tially adopt weak scale fine-tuning. Reference [44] creates �EW

including radiative corrections and notes that large At suppresses
radiative corrections while lifting the value of mh.
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Constructed in this way, it is clear that

lim
�!mSUSY

�HS ¼ �EW: (24)

It can also be checked that

lim
�!mSUSY

�BG ��EW; (25)

since the most important terms in Eq. (22) appear linearly
in m2

Hu
and �2. Thus, we expect that

�EW < �BG & �HS (26)

for any particular point in a given model parameter space.
The measure �EW is created from weak scale SUSY

parameters and so contains no information about any pos-
sible high scale origin, hence its model-independence.
Since it evaluates the fine-tuning which remains upon
taking the limit � ! mSUSY, it makes an allowance for
cancellations of large logs which may enter into
m2

Hu
ðmSUSYÞ. In this sense, �EW captures the minimal

amount of EWFT required of any SUSY model, including
those defined at some high scale � � mSUSY. �EW can be
thought of as providing a lower bound on electroweak fine-
tuning [55]. Anymodel with a large value of�EW is always
fine-tuned. However, if �EW is low, it need not mean the
model is not fine-tuned; rather, it allows for the possibility
that some model might exist with low fine-tuning, which
might be hidden by the naive application of either �HS or
�BG. As such, low�EW is a necessary, albeit not sufficient,
measure of electroweak fine-tuning.

The quantity �EW measures the largest weak scale
contribution to the Zmass. Model parameter choices which
lead to low values of �EW are those which would naturally
generate a value of mZ � 91:2 GeV. In order to achieve
low �EW , it is necessary that �m2

Hu
, �2 and ��u

u all be

nearby to m2
Z=2 to within a factor of a few [43,44]; the low

�EW models are typified by the presence of light Higgsinos
~W�
1 ,

~Z1;2 with mass �j�j � 100–300 GeV.

1. Utility of �EW

We have emphasized that �EW is a measure of the
minimal fine-tuning that is present in a given weak scale
SUSY spectrum. While a model with a small value of �EW

is not necessarily free of fine-tuning, any model with a
large value of �EW is always fine-tuned.

The utility of �EW arises from the fact that it is
determined by just the weak scale spectrum [43]; i.e.,
different high scale theories that lead to the same sparticle
spectrum will yield the same value of �EW , even though
these may have vastly different values of �HS or �BG. A
small value of �EW in some region of parameter space of
a SUSY effective theory offers the possibility that there
may exist an overarching UTH with essentially the same
spectrum but for which the parameter correlations lead
to small values of �BG. This UTH would then be the
underlying theory with low true EWFT. Since the broad

features of the phenomenology are determined by the
spectrum, we expect that the phenomenological conse-
quences of the (unknown) UTH will be the same as for
the more general effective theory, which includes the
UTH as a special case.

III. �i IN THE MSUGRA/CMSSM MODEL

To calculate superparticle mass spectra in SUSY models,
we employ the Isajet 7.83 [56] SUSY spectrum generator
Isasugra [57]. We begin with a scan over mSUGRA/
CMSSM parameter space for a fixed value of tan� ¼ 10.
Results for other tan� values are qualitatively similar.
Then we scan over

m0: 0–15 TeV; m1=2: 0–2 TeV;

� 2:5< A0=m0 < 2:5: (27)

We will show results for both �> 0 and �< 0. For each
solution generated, we require:
(1) electroweak symmetry to be radiatively broken

(REWSB);
(2) that the neutralino ~Z1 is the lightest MSSM particle;
(3) that the light chargino mass obeys the LEP2 limit

that m ~W1
> 103:5 GeV [58];

(4) mh ¼ 125� 2 GeV (assuming �2 GeV theory
error in the mh calculation) in accord with the
recent Higgs-like resonance discovery at LHC [1,2];

(5) that LHC search constraints on m~q and m~g are

obeyed, where m~g * 1 TeV for m~g � m~q and

m~g * 1:5 TeV for m~g �m~q.
6

For mSUGRA, all GUT scale soft SUSY breaking scalar
masses are equal to m0 while all gaugino masses equal
m1=2. In this case, from Eq. (18) we can calculate the �BG

sensitivity coefficients:

cm1=2
¼ ð7:57m1=2 � 0:821A0Þðm1=2=m

2
ZÞ;

cm0
¼ 0:013ðm2

0=m
2
ZÞ;

cA0
¼ ð0:44A0 � 0:821m1=2ÞðA0=m

2
ZÞ;

c� ¼ �2:18ð�2=m2
ZÞ:

(28)

Notice that in this model, since mHu
¼ m0ð3Þ � m0, there

are large cancellations in Eq. (18), which suppress the
contribution to cm0

.

In Fig. 1, we show �HS, �BG, and �EW vs m0 from our
mSUGRA parameter space scan. In frame a), we see that
�HS is highly correlated with m0. This is to be expected
since the larger m0 becomes, the larger the top squark
contributions are to �m2

Hu
. Thus, �HS prefers the lowest

m0 values possible. We also see that the minimal value of
�HS � 103, corresponding to ��1 � 0:1% fine-tuning at
best. In frame b), we see that �BG has a similar minimal
value of �BG � 103, but the shape vs m0 is very different.

6Explicit contours are shown in Ref. [51].
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One minimum occurs around m0 � 2 TeV, while another
minimum occurs at m0 � 9 TeV. For A0 � 0, the contours
of � increase with m0, and c� dominates �BG. At very

high m0, one begins approaching what is known as the
hyperbolic branch/focus point region [14,50], where �
decreases with increasing m0; this causes the dip around
m0 � 9 TeV and corresponds to reduced fine-tuning even
when scalar masses are very heavy [50]. Note that even
though the minimum of �BG occurs around m0 � 9 TeV,
the minimal value is still �BG � 103, or at best �0:1%
EWFT. In frame c), we plot �EW vs m0. For mSUGRA,
�2 ��m2

Hu
at the weak scale, and since �2 drops as one

increases m0 (for not too large A0), then the HB/FP region
has the lowest �EW . Once m0 exceeds �10 TeV, then the
�u

u terms dominate, and �EW again increases with in-
creasing top squark masses. The minimum of �EW is
�250, or �0:4% fine-tuning in constructing mZ. Thus,
mSUGRA seems rather highly electroweak fine-tuned
under all three measures.

In Fig. 2, we show the three � measures vs m1=2. The

minimum of �HS is soft but occurs around �1 TeV, as
does the minimum of �BG. However, the distributions are
really quite diffuse, and for anym1=2 value, a wide range of

�i values can occur. For �EW , there seems no preference
for any m1=2 values, which is just a reflection that �

increases with m0 and not m1=2.

In Fig. 3, we show the � measures vs A0=m0. The first
aspect of note is that no solutions occur for A0 � 0, which

is because no solutions with mh � 123–127 GeV can be
found in the minimal stop mixing region. The lowest �HS

values occur at largest jA0j values. This is because low
�HS prefers low m0, and low m0 can only give mh �
123–127 GeV for highly mixed stops. For �BG, one also
gets a min at A0 � 0:5m0. This is again the HB/FP region,
where low �BG is found at high m0, but at high m0, not so
much stop mixing is needed to obtainmh � 123–127 GeV.
As in Fig. 1c, the min of �EW is found for jA0j � 0:5m0,
again in the HB/FP region.
In the mSUGRA model, the value of m2

Hu
ðmSUSYÞ is

generated from its initial value m0 at mGUT followed by
renormalization group (RG) evolution. The value of � is
then chosen by using Eq. (15) to determine what�2ðmSUSYÞ
should have been in order to obtain the measured value of
mZ. In Fig. 4, we plot the �i vs j�ðmSUSYÞj. The lowest
value of�HS occurs around�� 2 TeV, which corresponds
to values of� wherem0 is minimal. The lowest values of�
in the 100–200 GeV range come from the HB/FP region, but
in this region �HS is very large, owing to the heavy top
squarks. In frame b), we see �BG is also split at low �,
but this time the Higgsino region (HB/FP) with ��
100–200 GeV is only slightly more fine-tuned than the
lowest �BG values. In frame c), the minimal �EW occurs
around�� 1 TeV, and again the deep Higgsino region (the
region where the Higgsino components of ~Z1 are dominant)
has slightly larger values of �EW owing to the large top
squark masses in the HB/FP region; these lead to large �u

u.

(a) (b) (c)

FIG. 1 (color online). Plot of (a) �HS, (b) �BG, and (c) �EW vs m0 from a scan over mSUGRA/CMSSM model parameter space for
tan� ¼ 10. The location of the HB/FP regions is denoted FP in frame b).

HOW CONVENTIONAL MEASURES OVERESTIMATE . . . PHYSICAL REVIEW D 88, 095013 (2013)

095013-7



FIG. 3 (color online). Plot of �HS, �BG, and �EW vs A0=m0 from a scan over mSUGRA/CMSSM model parameter space for
tan� ¼ 10. The location of the HB/FP regions is denoted FP in frame b).

FIG. 2 (color online). Plot of �HS, �BG, and �EW vs m1=2 from a scan over mSUGRA/CMSSM model parameter space for
tan� ¼ 10.
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FIG. 4 (color online). Plot of �HS, �BG, and �EW vs � from a scan over mSUGRA/CMSSM model parameter space for tan� ¼ 10.
The location of the HB/FP regions is denoted FP in frame b).

FIG. 5 (color online). Plot of �HS, �BG, and �EW vs m~t1 from a scan over mSUGRA/CMSSM model parameter space for
tan� ¼ 10.
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Thus, for the mSUGRA model, while all measures seem
to favor low values of �, the lowest EWFT is not found in
the deep Higgsino (HB/FP) region, where a Higgsino-like
lightest SUSY particle is expected.

In Fig. 5, we show the � measures vs m~t1 . Here, we

see that low �HS does indeed occur for relatively light
top squarks, but with masses significantly above the
values advocated in Refs. [35,36]. Here, m~t1 as low as

about 1 TeV can be found; for lower m~t1 values, very

large jAtj is required to satisfy the mh constraint by
having very heavy ~t2; this, however, increases �HS.
There are minima of �BG for m~t1 � 1 TeV and also in

the HB/FP region where m~t1 � 6 TeV. The measure �EW

also shows two minima, with the lowest values being
obtained in the HB/FP region where stops are around
6 TeV.

In Fig. 6, for each parameter set generated, we plot�HS vs
�BG to show the correlation between the two measures. The
dashed line shows where �BG ¼ �HS. We see that the

measures satisfy the inequality in Eq. (21)7 and further that
the twomeasures are highly correlated: in general, larger�HS

values also imply larger �BG. The exception occurs in the
HB/FP region where, because of correlations among the HS
parameters, �BG dips to very low values even at large �HS.
In Fig. 7, we plot�EW vs �BG. We see that�EW < �BG,

in accord with the expectation in Eq. (26). Generally
speaking, the two measures are again well correlated; as
before, the exception is the HB/FP region where �EW

decreases much more than �BG.

IV. �i IN THE NUHM2 MODEL

Next we turn to a scan over the two-extra-parameter
nonuniversal Higgs model NUHM2 defined by the parame-
ter set,

m0; m1=2; A0; tan�; �; mA; (29)

and where again we fix tan� ¼ 10. Then we scan over

m0: 0–15 TeV; m1=2: 0–2 TeV;

�3:0<A0=m0 < 3:0; �: 0:1–1:5 TeV;

mA: 0:15–1:5 TeV:

(30)

The points from this scan are shown by red pluses in the
figures that follow. We also performed a narrow scan with
�: 0:1–0:35 TeV denoted by blue crosses. The constraints
on the sparticle masses are the same as in the mSUGRA scan.
For �BG in the NUHM2 model, the strong cancellation

between m2
Hu

and the matter scalar mass terms in Eq. (18)

that was operative for mSUGRA no longer occurs. Instead,
the sensitivity coefficients are given by

cm1=2
¼ same as mSUGRA; cm0

¼ 1:336ðm2
0=m

2
ZÞ;

cmHu
¼�1:27ðm2

Hu
=m2

ZÞ; cmHd
¼�0:053ðm2

Hd
=m2

ZÞ;
cA0

¼ same as mSUGRA; c� ¼ same as mSUGRA:

(31)

The noncancelling terms in NUHM2 now mean that �BG

will largely be driven by cm0
and cmHu

; an example is

shown in Table I. The sensitivity coefficient from Hd is
quite suppressed compared to the Hu term as expected for
moderate-to-large tan�.
In Fig. 8, we plot the various �s vs m0 for our scan of

NUHM2 models. From the plot, we see very different
behaviors compared to Fig. 1. Both �HS and �BG are
highly correlated with m0, as may be expected in the BG
case if the sensitivity coefficients are dominated by cm0

.

Minimal EWFT occurs at the lowest m0 points available.
The minimal values of these two measures lie near 103,

FIG. 7 (color online). Plot of �BG vs �EW from a scan over
mSUGRA/CMSSM model parameter space for tan� ¼ 10. The
dashed line denotes equal measures.

FIG. 6 (color online). Plot of �BG vs �HS from a scan over
mSUGRA/CMSSM model parameter space for tan� ¼ 10. The
dashed line denotes equal measures.

7The small number of points where this inequality is violated
is where cm1=2

determines �BG; in this case, the factor 2 arising
from the fact we take the derivative with respect to m1=2 rather
than m2

1=2 plays an important role. Indeed, it is easy to see that
�HS � 2�BG is always satisfied.
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similar to the mSUGRA case. The behavior of �EW is very
different. First, the minimal value for �EW from the
NUHM2 scan is around 7 (�14% fine-tuning), which is
about 2 orders of magnitude lower than the minimum from
�HS and �BG. These very low �EW values occur in the
radiatively driven natural SUSY (RNS) scenario of
Refs. [43,44].8 At tree level, low �EW is obtained
for 1) low values of ��mZ and 2) low values of
m2

Hu
�m2

Z; both these features can be realized, along with

not-too-heavy stops, due to the extra parameter freedom
enjoyed by NUHM2 models. Furthermore, the distribution
of �EW , while increasing withm0, is only softly dependent
on m0, with minimal values of �EW occurring in the
m0 � 2–5 TeV range. This is because m0 influences the
top squark masses, which enter�EW only at one-loop level.

In Fig. 9, we show the �i vs m1=2. Here, as in the

mSUGRA case discussed before, all three �i exhibit
only a weak dependence on m1=2, with the minimum of

�i occurring around m1=2 � 1 TeV. The results are inde-

pendent of the range of � that is scanned.
In Fig. 10, the values of �i are shown vs A0=m0. Here,

in contrast to the mSUGRA case, we see no gap at small

values of A0=m0 as also noted in Ref. [29]. The added
freedom to choose the Higgs mass parameters allows solu-
tions with the observed value of mh. Both �HS and �BG

distributions exhibit minima occurring at large jA0j values.
The lowest value for�HS;BG occurs at A0 ��ð2–3Þm0. For

this sign of A0, it is much easier to generatemh � 125 GeV
at low m0 values where the �HS;BG are lowest. The distri-

bution in �EW also has minima at large A0, although the
minima tend to occur around A0 ��1:6m0.
In Fig. 11, we show the three �i measures vs �. In this

case, we see that neither �HS nor �BG has any preferred �
value. This is because� does not enter the evolution ofm2

Hu

(or any other soft SUSY breaking parameter) in the case of
�HS, and c� is never the maximal sensitivity coefficient in

�BG. The situation is quite different for �EW . In this case,
we see a tight correlation with the low �EW values prefer-
ring the lowest values of � that are phenomenologically
allowed, i.e., those closest to mZ. In this case, low �EW has
a strong preference for a set of light Higgsinos ~W�

1 ,
~Z1;2 of

which the ~Z1 would be a higgsino-like weakly interacting
massive particle candidate. Note, however, that the gaugino
components of ~Z1 cannot get too small since then large
gaugino masses would increase m~t1;2 , thus increasing the

radiative corrections �u
u. We thus conclude that ~Z1 has

substantial Higgsino and gaugino components, giving it
an observable spin-independent direct detection cross sec-
tion 	SIð ~Z1pÞ at ton-sized detectors [39]. Also, the various
Higgsinos would likely be visible at a linear eþe� collider

(a) (b) (c)

FIG. 8 (color online). Plot of (a) �HS, (b) �BG, and (c) �EW vs m0 for the two scans over NUHM2 model parameter space described
in the text with tan� ¼ 10. The broad scan is denoted by red (lighter shading) whilst the narrow scan with low � is denoted by blue
(darker shading).

8In the RNS model of Refs. [43,44], j�j is required
�100–200 GeV, m2

Hu
is driven radiatively to values m2

Hu
�

�m2
Z, and large mixing in the stop sector diminishes the radia-

tive corrections �u
uð~t1;2Þ while lifting the value of mh to

�125 GeV.
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FIG. 9 (color online). Plot of �HS, �BG, and �EW vs m1=2 from the two scans over NUHM2 model parameter space described in the
text with tan� ¼ 10.

FIG. 10 (color online). Plot of �HS, �BG, and �EW vs A0=m0 from the two scans over NUHM2 model parameter space described in
the text for tan� ¼ 10.
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FIG. 11 (color online). Plot of �HS, �BG, and �EW vs � from the two scans over NUHM2 model parameter space described in the
text for tan� ¼ 10.

FIG. 12 (color online). Plot of �HS, �BG, and �EW vs m~t1 for the two scans over NUHM2 model parameter space described in the
text for tan� ¼ 10.
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operating with
ffiffiffi
s

p � 0:25–1 TeV, although these would be
difficult to directly observe at the LHC if gluinos are
heavier than 1.5–2 TeV [59] because then the ~W1= ~Z2 �
~Z1 mass gap becomes too small. For the low j�jmodels, the
pp ! ~W2

~Z4 ! W�W� þ 6ET signal may be observable at
the (high luminosity) LHC if the heavy winolike ~W2 and ~Z4

have masses up to about 800 GeV [37].
In Fig. 12 we show the distribution of �i values vs m~t1 .

Here, we find all three measures concur that the lowest
fine-tuning is found for the lowest values ofm~t1 which lead

to mh � 125 GeV. These tend to lie in the vicinity of
m~t1 � 1 TeV, well beyond current bounds from the LHC.

Although we have not shown it here, we have checked that
the corresponding value of m~t2 � 2 TeV.

Figure 13 shows the correlation between �HS and
�BG from the scan over NUHM2 parameter space. For
NUHM2, these two measures are highly correlated, and
once again we see that the inequality (21) is broadly
satisfied and further that all points satisfy �BG � 2�HS

as mentioned earlier.

Finally, in Fig. 14, we plot �BG vs �EW . Once again, we
see that Eq. (26) is satisfied. Whereas these two �s were
highly correlated in the mSUGRA case (except for the
points in the HB/FP region), for NUHM2 they are much
less so in that points with lowest �BG may have �EW

ranging from its minimum at �7 all the way up to near
its maximum. This is because points with very large �
values can have very low values of �BG because, as we
have already noted, c� is never maximal in the various

sensitivity coefficients.
A comparison of the three�s for each of three models—

mSUGRA, NUHM2 and pMSSM9—is shown in Table II.
For mSUGRA, we take m0 ¼ 9993:4 GeV, m1=2 ¼
691:7 GeV, A0 ¼ �4788:6 GeV, and tan� ¼ 10. The
mSUGRA output values of � ¼ 309:7 GeV and mA ¼
9859:9 GeV serve as NUHM2 inputs. The weak scale
outputs of mSUGRA and NUHM2 serve as pMSSM inputs
so that all three models have exactly the same weak scale
spectra. From the table, we see under�HS that the mSUGRA
and NUHM2 models are both highly fine-tuned since �HS

mainly depends on the change �m2
Hu

in running from mGUT

to mSUSY. For the pMSSM, since � ¼ mSUSY, then �HS

collapses to �EW . For the measure �BG, we obtain maximal
EWFTwithin the NUHM2 model since here we have a large
set of uncorrelated parameters at the scale � ¼ mGUT. In
mSUGRA, with fewer parameters due tomHu

¼ mHd
� m0,

the additional correlations allow for a collapse in EWFT by
an order of magnitude. If additional parameter correlations
are present, e.g., relating m0 with A0 and m1=2, then it is

possible that �BG collapses even further to near its lower
limit given by �EW . Under �EW , which is model indepen-
dent (within theMSSM), then all three models have identical
values of EWFT: �EW ¼ 462.

V. INTERPRETATION IN TERMS OFAN
ULTIMATE THEORY

In this paper, we have computed three measures of
electroweak naturalness and applied them to two popular

FIG. 13 (color online). Plot of �BG vs �HS for the two scans
over NUHM2 model parameter space described in the text for
tan� ¼ 10.

FIG. 14 (color online). Plot of �BG vs �EW for the two scans
over NUHM2 model parameter space described in the text for
tan� ¼ 10.

TABLE II. Values of �HS, �BG, and �EW for the mSUGRA/
CMSSM, NUHM2, and pMSSMmodels. For mSUGRA, we take
m0 ¼ 9993:4 GeV, m1=2 ¼ 691:7 GeV, A0 ¼ �4788:6 GeV,

and tan� ¼ 10. The mSUGRA output values of � ¼
309:7 GeV and mA ¼ 9859:9 GeV serve as NUHM2 inputs.
The weak scale outputs of mSUGRA and NUHM2 serve as
pMSSM inputs so that all three models have exactly the same
weak scale spectra.

Model �HS �BG �EW

mSUGRA 24302 1540 462

NUHM2 24302 16041 462

pMSSM 462 462 462

9The pMSSM, or phenomenological MSSM, is the MSSM
defined with 19 free weak scale parameters.
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models: mSUGRA and NUHM2. We have argued that �HS

produces an overestimate of EWFT due to a separation of
dependent terms m2

Hu
ð�Þ and �m2

Hu
. These terms contain

large correlated cancellations since the larger m2
Hu
ð�Þ be-

comes, the larger is the radiative correction �m2
Hu
. In fact,

the large negative correction contained in �m2
Hu

is exactly

what is required to cause a radiatively generated break-
down in electroweak symmetry. The measure �BG avoids
this problem by evaluating the combination m2

Hu
ð�Þ þ

�m2
Hu

¼ m2
Hu
ðmSUSYÞ in terms of fundamental model pa-

rameters. By invoking HS models with increasingly con-
strained parameter sets, the EWFT in �BG can be seen to
collapse. An explicit demonstration occurs in moving from
the six-parameter NUHM2 model to the four-parameter
mSUGRA model in the HB/FP region: in this case, much
lower values of �BG are generated in the region of heavy
stop masses than might otherwise be expected under �HS.

At this point, we should note that few authors would be
willing to consider either mSUGRA or NUHM2 as funda-
mental theories. Instead, they are to be viewed as effective
field theories for which the range of validity may extend
up to� ¼ mGUT. An often unstated assumption is that most
authors hypothesize the existence of an overarching ultimate
theory—perhaps string theory—for which the low energy
limit forQ<� ¼ mGUT is the MSSM but wherein the high
scale soft terms are all correlated (here referred to as the
UTH). Such an UTH would have fewer free parameters and
perhaps even no parameters at all; in the latter case, the soft
terms might all be determined in terms of the fundamental
Planck scale MP. The UTH might be contained within
the more general effective SUSY theories popular in the
literature. In the case of �BG, the measure of EWFT can be
overestimated by evaluating �BG within the effective theo-
ries instead of within the UTH. Indeed, it is not even clear if
�BG has any meaning for an UTH with no free parameters.

The measure�EW allows for the possibility of parameter
correlations which should be present in the UTH and, since
it is model-independent, leads to the same value of�EW for
the effective theories as should occur for the UTH. In the
course of this work, we have found that the well-known
mSUGRA/CMSSM model is fine-tuned under all three
measures. As such, it is unlikely to contain the UTH. The
nonuniversal Higgs model NUHM2 appears fine-tuned
with �HS;BG * 103. But since �EW can be as small as 7

(corresponding to 14% fine-tuning or one part in 10), it
may contain the UTH for selected parameter choices which
allow for low �EW . In other words, a model with derived
parameters leading to low �EW would also have low true
EWFT. In the case of NUHM2, which preserves the elegant
SUSY and GUT features, the UTH should lead to typical
mass spectra shown in Fig. 15. For even more general
frameworks (e.g., those with nonuniversal gaugino masses)
other spectra with low �EW are also possible [19,20].

The measure �EW is model independent in the sense that
any high scale model giving rise to look-alike spectra at the

weak scale will have the same value of �EW . It is also most
intimately connected with data, in that it requires natural
generation of mZ ¼ 91:2 GeV while maintaining LHC
Higgs mass and sparticle mass constraints. In this sense,
models with low �EW solve what is known as the little
hierarchy problem: how can it be that mZ and mh �
100 GeV while sparticle masses are beyond the TeV scale?
The answer is that the SUSY models must have low
Higgsino mass �� 100–200 GeV, they must generate
m2

Hu
��ð100–200Þ GeV at theweak scale (always possible

inNUHMmodels), and theremust be largemixing in the top-
squark sector with TeV-scale top squarks. An example may
be seen in Fig. 16. Here we show the various scalar potential
contributions to mZ scaled to m2

Z=2 for m0 ¼ 7025 GeV,
m1=2 ¼ 568:3 GeV, A0 ¼ �11426:6 GeV, and tan� ¼
8:55 (benchmark point RNS2 from Ref. [44]). Red bars
denote negative contributions, while blue bars denote

FIG. 15 (color online). Typical sparticle mass spectrum from
SUSY models with low �EW . Such a spectrum might be
expected to result from an UTH with low true EWFT.

FIG. 16 (color online). Plot of contributions to m2
Z=2 from the

mSUGRA/CMSSMmodel with parameters as listed, and also for
the RNS2 benchmark point with the same m0, m1=2, A0, and

tan� values, but with � ¼ 150 GeV. Red (lighter) bars denote
negative contributions, while blue (darker) bars denote positive
contributions.
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positive contributions. In frame a), the situation is shown
for the mSUGRA model (parameters as above with mHu

¼
mHd

¼ m0) where m
2
Hu

is driven to large negative values at

theweak scale. Thevalue of�2must be dialed in (fine-tuned)
so that a large, unnatural cancellation betweenm2

Hu
and�2 is

needed to gain a Z mass of just 91.2 GeV. In frame b), we
show the case for radiatively driven natural SUSY with the
same parameters as mSUGRA but with � ¼ 150 GeV and
where now mHu

ð�Þ � mHd
ð�Þ � m0. All contributions are

now roughly comparable to m2
Z=2 so that in this case, it is

easy to understand why mZ and mh both naturally occur
around�100 GeV.

This can be further illustrated in Fig. 17, where we adopt
all weak scale parameters from the two benchmark models
except �2 but then plot the value of mZ as is generated by
varying �2. We see in the mSUGRA case that one would
naturally expect mZ � 6 TeV instead of 91.2 GeV. One
must finely tune�2 to very high precision to generatemZ ¼
91:2 GeV. In the RNS2 case, mZ is expected to lie around
200 GeV, and it is not so far fetched that it turns out to be
91.2 GeV, which still requires �10% fine-tuning of �2.

VI. CONCLUSIONS

Our conclusions are summarized as follows:
(i) The measure �HS, which essentially measures

�m2
Hu
=ðm2

h=2Þ or alternatively �m2
Hu
=ðm2

Z=2Þ, over-
estimates EWFT by omitting the nonindependent
value of m2

Hu
ð�Þ. This can be rectified by instead

using the combined term ðm2
Hu
ð�Þ þ �m2

Hu
Þ=ðm2

Z=2Þ
as occurs in �BG and �EW .

(ii) �BG measures fractional change in m2
Z against frac-

tional change in model parameters. As such, it is by
definition model dependent. To interpret �BG, we
introduce the concept of an overarching UTH with
few or even no free parameters. By applying �BG to

the more general effective theories which contain
the UTH, then large cancellations due to correlated
high scale parameters are missed, leading to an
overestimate in EWFT. An example is shown where
mSUGRA functions as a four-parameter UTH con-
tained within the six-parameter NUHM2. The cor-
related parameters m2

Hu
¼ m2

Hd
� m2

0 lead to large

cancellations in the scalar sector in the well-known
HB/FP region.

(iii) The model-independent measure �EW is obtained
as the limit as � ! mSUSY of �HS and �BG. It
measures how likely the weak scale � parameter,
soft terms, and radiative corrections can conspire to
yield mZ, mh � 100 GeV without large uncorre-
lated cancellations (fine-tuning). (Typically, in
models with large �EW , a value of �2 must be
dialed in (fine-tuned) so that a large, unnatural
cancellation between m2

Hu
and �2 is required to

obtain a Z mass of just 91.2 GeV.)
Since �EW is model independent and depends only on
the weak scale spectra which is generated, it will produce
the same value for the UTH as it would for various
effective theories which contain the UTH. While
mSUGRA is fine-tuned under all three measures, imply-
ing it is unlikely to contain the UTH, values of �EW

below 10 can be found for the NUHM2 model, indicating
fine-tuning to one part in ten. The weak scale spectra
from NUHM2 which yield �EW � 10 would be a good
candidate for what may be expected from an UTH in-
cluding SUSY/GUT relations with low true EWFT. Such
models are characterized by light Higgsinos m ~W1

, m ~Z1;2
�

100–300 GeV, which can elude searches at LHC14 [60]
but which could easily be discovered at an eþe� collider
with

ffiffiffi
s

p � 500–600 GeV [61].
Our overall lesson is that the conventional measures

�HS and �BG tend to overestimate—often by orders of
magnitude—the EWFT needed for supersymmetry theory.
In contrast, as discussed in Ref. [43], the measure �EW has
the properties of being model-independent, conservative,
measureable, unambiguous, predictive, falsifiable, and
simple to calculate. In virtue of these qualitiesand in light
of our current lack of knowledge of the UTHthe quantity
�EW appears to be the correct measure of EWFT to apply
to the effective theories which might contain the UTH.
In models such as NUHM2, which allow for�EW as low as
�10, then [62] ‘‘the SUSY (GUT) picture. . . remains the
standard way beyond the Standard Model.’’ Target spectra
for model builders intent on constructing the UTH are
provided in Fig. 15.
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FIG. 17 (color online). Plot of mZ vs �2 for mSUGRA/
CMSSM with parameters as listed. We also show mZ vs �2 in
the NUHM2 model.
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