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• The Hierarchy Problem and Naturalness

• Supersymmetry

•Natural Supersymmetry and the Little Hierarchy Problem

•What does Natural SUSY imply and is it bounded?
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HIERARCHY PROBLEM!!!

• SM is correct and we just have to tune to a part in 10^32

• .00000000000000000000000000000001 FINE TUNING

•We need a MECHANISM/SYMMETRY to explain why we exist...

OR

Let’s say there is no new physics below     
~10^18 GeV...⇤

(100GeV)2 ⇠ µ2 � ⇤2
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IF SUSY is light we have a solution to the hierarchy 
problem

SUSY breaking mass
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NO SUSY ANWHERE???
* can give an example where SUSY fits better than SM...

not part of this talk...
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NATURAL SUSY
• Basic premise, if nature cares about naturalness, spectrum 

should be guided naturalness, not by what your favorite 
theorist tells you the mediation mechanism should be :)

TEST OF NATURALNESS

�m2
h ⇠

y2t⇤
2

g2⇤2

�2⇤2

New physics in top first

NP in gauge bosons next

New physics in higgs sector last

Size of shift to 
Higgs mass in 

SM
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mh = 125GeV



HIGGS IN SUSY IN DETAIL
8 The mass spectrum of the MSSM

8.1 Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking is slightly complicated by the fact
that there are two complex Higgs doublets Hu = (H+

u , H0
u) and Hd = (H0

d , H
−
d ) rather than just one

in the ordinary Standard Model. The classical scalar potential for the Higgs scalar fields in the MSSM
is given by

V = (|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [b (H+

u H−
d −H0

uH
0
d) + c.c.]

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2 + 1

2
g2|H+

u H0∗
d +H0

uH
−∗
d |2. (8.1.1)

The terms proportional to |µ|2 come from F -terms [see eq. (6.1.5)]. The terms proportional to g2 and g′2

are the D-term contributions, obtained from the general formula eq. (3.4.12) after some rearranging.
Finally, the terms proportional to m2

Hu
, m2

Hd
and b are just a rewriting of the last three terms of

eq. (6.3.1). The full scalar potential of the theory also includes many terms involving the squark and
slepton fields that we can ignore here, since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential should break electroweak symmetry
down to electromagnetism SU(2)L × U(1)Y → U(1)EM, in accord with experiment. We can use the
freedom to make gauge transformations to simplify this analysis. First, the freedom to make SU(2)L
gauge transformations allows us to rotate away a possible VEV for one of the weak isospin components
of one of the scalar fields, so without loss of generality we can take H+

u = 0 at the minimum of the
potential. Then one can check that a minimum of the potential satisfying ∂V/∂H+

u = 0 must also
have H−

d = 0. This is good, because it means that at the minimum of the potential electromagnetism
is necessarily unbroken, since the charged components of the Higgs scalars cannot get VEVs. After
setting H+

u = H−
d = 0, we are left to consider the scalar potential

V = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (bH0
uH

0
d + c.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (8.1.2)

The only term in this potential that depends on the phases of the fields is the b-term. Therefore, a
redefinition of the phase of Hu or Hd can absorb any phase in b, so we can take b to be real and positive.
Then it is clear that a minimum of the potential V requires that H0

uH
0
d is also real and positive, so 〈H0

u〉
and 〈H0

d 〉 must have opposite phases. We can therefore use a U(1)Y gauge transformation to make them
both be real and positive without loss of generality, since Hu and Hd have opposite weak hypercharges
(±1/2). It follows that CP cannot be spontaneously broken by the Higgs scalar potential, since the
VEVs and b can be simultaneously chosen real, as a convention. This means that the Higgs scalar mass
eigenstates can be assigned well-defined eigenvalues of CP, at least at tree-level. (CP-violating phases
in other couplings can induce loop-suppressed CP violation in the Higgs sector, but do not change the
fact that b, 〈H0

u〉, and 〈Hd〉 can always be chosen real and positive.)
In order for the MSSM scalar potential to be viable, we must first make sure that the potential is

bounded from below for arbitrarily large values of the scalar fields, so that V will really have a minimum.
(Recall from the discussion in sections 3.2 and 3.4 that scalar potentials in purely supersymmetric
theories are automatically non-negative and so clearly bounded from below. But, now that we have
introduced supersymmetry breaking, we must be careful.) The scalar quartic interactions in V will
stabilize the potential for almost all arbitrarily large values of H0

u and H0
d . However, for the special

directions in field space |H0
u| = |H0

d |, the quartic contributions to V [the second line in eq. (8.1.2)] are
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• Radiative Electroweak Symmetry Breaking!

• Life isn’t so arbitrary...

• Fixed relations after EWSB...
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
2
2�

+
3m4
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a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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like Higgs boson have been reported by the LHC. The
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ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.

3

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,
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at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
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and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,
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In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of
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. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.

3

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,
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at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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at small scales, whereas the A-term drives them smaller.
The interplay among these e↵ects is illustrated in the
running of two sample spectra in Figure 4. We see that
for negative At at the weak-scale, RG running can drive
At across At = 0 at some high scale, but for positive At

at the weak scale, RG running generally drives At even
higher.

This has important consequences for models of gauge
mediated SUSY breaking (GMSB). (For a review and
original references, see [24].) In pure gauge mediation
(as defined e.g. in [25]), the A-terms are strictly zero at
the messenger scale. This conclusion remains robust even
when a sector is added to generate µ/Bµ [26]. Clearly,
in models of GMSB with vanishing A-terms at the mes-



TUNING IN MSSM
• Independent of every other collider search, just from the 

Higgs mass the MSSM is tuned at a part in 100-1000

•What now? 

• Could be just a super fine tuned SM...  There could be other 
options...

•Where can SUSY be with this Higgs mass?



PRE LHC GENERICITY?

Model particles and the Higgs bosons have even R-parity (PR = +1), while all of the squarks, sleptons,
gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [73] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [74] can exist provided that they satisfy certain anomaly cancellation
conditions [75] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy
scale. A continuous U(1)B−L forbids the renormalizable terms that violate B and L [76, 77], but this
gauge symmetry must be spontaneously broken, since there is no corresponding massless vector boson.
However, if gauged U(1)B−L is only broken by scalar VEVs (or other order parameters) that carry
even integer values of 3(B−L), then PM will automatically survive as an exactly conserved discrete
remnant subgroup [77]. A variety of extensions of the MSSM in which exact R-parity conservation is
guaranteed in just this way have been proposed (see for example [77, 78]).

It may also be possible to have gauged discrete symmetries that do not owe their exact conservation
to an underlying continuous gauged symmetry, but rather to some other structure such as can occur
in string theory. It is also possible that R-parity is broken, or is replaced by some alternative discrete
symmetry. We will briefly consider these as variations on the MSSM in section 10.1.

5.3 Soft supersymmetry breaking in the MSSM

To complete the description of the MSSM, we need to specify the soft supersymmetry breaking terms.
In section 4, we learned how to write down the most general set of such terms in any supersymmetric
theory. Applying this recipe to the MSSM, we have:

LMSSM
soft = −1

2

(
M3g̃g̃ + M2W̃W̃ + M1B̃B̃ + c.c.

)

−
(
ũau Q̃Hu − d̃ad Q̃Hd − ẽae L̃Hd + c.c.

)

−Q̃† m2
Q Q̃ − L̃† m2

L L̃ − ũm2
u ũ

† − d̃m2
d

d̃
†
− ẽm2

e ẽ
†

−m2
Hu

H∗
uHu − m2

Hd
H∗

dHd − (bHuHd + c.c.) . (5.12)
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
2
2�

+
3m4

t

4⇡2v2

✓
log

✓
M2

S

m2
t

◆
+

X2
t

M2
S

✓
1� X2

t

12M2
S

◆◆
(1)

ar
X

iv
:1

11
2.

30
68

v1
  [

he
p-

ph
]  

13
 D

ec
 2

01
1

�M2
Hu

⇠ M2
S log

⇤

MS



CURRENT POSSIBILITIES

“Natural”
MSSM

MSSM+Higgs sector

Tuned MSSM

I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-
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definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),
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Hu
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If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
2
2�

+
3m4

t

4⇡2v2

✓
log

✓
M2

S

m2
t

◆
+

X2
t

M2
S

✓
1� X2

t

12M2
S

◆◆
(1)

ar
X

iv
:1

11
2.

30
68

v1
  [

he
p-

ph
]  

13
 D

ec
 2

01
1

�M2
Hu

⇠ M2
S log

⇤

MS

As small as possible

maximal

as small as 
possible (but big 
enough for 125 

GeV)



CURRENT POSSIBILITIES

“Natural”
MSSM

MSSM+Higgs sector

Tuned MSSM

I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

� m2
Z

2
= |µ|2 + m2

Hu
. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
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perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are
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If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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NATURAL SUSY SPECTRUM
•One light stop (in MSSM), both if you can fix the Higgs mass

• Light Higgsinos

• Gluinos can’t be TOO heavy...

• First two generation of squarks? not too worrying...

•Other gauginos as you please...
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WZ final state ruled out well above LEP

Wh state also ruled out by ATLAS 7 TeV Wh search 
~ 160 GeV Higgsinos
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).



“MINI”-SPLIT SUSY
100 TeV scalars

Sub-TeV gauginos

Higgs HAS to look SM 
like or this is dead

Is a part in 10^6 better than a part in 10^32?



“MINI”-SPLIT SUSY
100 TeV scalars

Sub-TeV gauginos?

Higgs HAS to look SM 
like or this is dead

Is a part in 10^6 better than a part in 10^32?



ANY OTHER WAYS OUT?

• RPV/no MET you can certainly make everything lighter

• Still have to accommodate 125 GeV Higgs!



• Is it ALIVE? Yes, but starting to get tuned... will it get more 
tuned than now? probably not for a long time...

• It can still be very light, and it can still improve the SM fits to 
data (see light charginos ;-) )

• SUSY is the least tuned of new physics scenarios that explain 
hierarchy problem and the most robust

•Maybe new physics isn’t related to the hierarchy problem, or 
nature is “unnatural”

NATURAL SUSY STATUS



CONCLUSIONS
• LHC is testing naturalness in EWSB

•Depending on the answer to the question: does nature care 
about naturalness? A lepton collider could be in a perfect 
position...

Natural Unnatural



CONCLUSIONS
• LHC is testing naturalness in EWSB

•Depending on the answer to the question: does nature care 
about naturalness? A lepton collider could be in a perfect 
position...

Natural Unnatural
Maybe they are both just as good!
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PARAMETER DEPENDENCE
2

as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⌘
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� & 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇡ ±

p
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇡ 125 GeV, we must have

tan� & 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⇠ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇡ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| & 1000 GeV, MS & 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of m
h

in the tan� vs. X
t

/M
S

plane.
The stops were set at m

Q

= m
U

= 2 TeV, and the result is
only weakly dependent on the stop mass up to ⇠ 5 TeV. The
solid curve is m

h

= 125 GeV with m
t

= 173.2 GeV. The band
around the curve corresponds to m

h

=123-127 GeV. Finally,
the dashed lines correspond to varying m

t

from 172-174.
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FIG. 2. Contours of constant m
h

in the M
S

vs. X
t

plane,
with tan� = 30 and m

Q

= m
U

. The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇡ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

Maximal
Mixing
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⇠ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇡ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| & 1000 GeV, MS & 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of m
h

in the tan� vs. X
t

/M
S

plane.
The stops were set at m

Q

= m
U

= 2 TeV, and the result is
only weakly dependent on the stop mass up to ⇠ 5 TeV. The
solid curve is m

h

= 125 GeV with m
t

= 173.2 GeV. The band
around the curve corresponds to m

h

=123-127 GeV. Finally,
the dashed lines correspond to varying m

t

from 172-174.
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FIG. 2. Contours of constant m
h

in the M
S

vs. X
t

plane,
with tan� = 30 and m

Q

= m
U

. The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇡ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger
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FIG. 4. Values of running parameters: at left, in a case where A
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is large and negative at low scales; at right, in a case where
it is large and positive. The case A

t

< 0 at low scales can be compatible with A
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= 0 from a high-scale mediation scheme, and
in this case we expect that it is generally associated with tachyonic squarks at a high scale. Scalar masses are plotted as signed

parameters, e.g. m(plotted)
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⌘ m2
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/ |m
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|.

at small scales, whereas the A-term drives them smaller.
The interplay among these e↵ects is illustrated in the
running of two sample spectra in Figure 4. We see that
for negative At at the weak-scale, RG running can drive
At across At = 0 at some high scale, but for positive At

at the weak scale, RG running generally drives At even
higher.

This has important consequences for models of gauge
mediated SUSY breaking (GMSB). (For a review and
original references, see [24].) In pure gauge mediation
(as defined e.g. in [25]), the A-terms are strictly zero at
the messenger scale. This conclusion remains robust even
when a sector is added to generate µ/Bµ [26]. Clearly,
in models of GMSB with vanishing A-terms at the mes-
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
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= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
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Higgs data, separate from collider searches for the stop and questions of how such a strange
spectrum could be generated by a high-energy theory of SUSY-breaking.

4 The Fingerprint of Electroweak Baryogenesis

The presence of a light RH stop can significantly alter Higgs production and decay rates
compared to their SM expectation. In the context of overall inclusive production cross
sections this has been investigated in detail by [33]. However, even without an unambiguous
5� Higgs discovery at the LHC, or an extremely precise measurement of the �� branching
fraction, it is still possible to conclusively test the mechanism of EWBG in the MSSM. This
is because the LSS makes specific predictions for all possible production and decay modes
of the Higgs, and they have very particular correlations.

The presence of the light RH stop a↵ects Higgs phenomenology through loop level pro-
duction via gluon fusion and decays to ��. The e↵ects are encoded by examining the partial
widths, which can be related to both production and decay. The leading order contributions
to gluon fusion (in the decoupling limit) are [56]
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The crucial point is that the light stop loop interferes constructively with the top quark
loop, which leads to a more than three-fold increase in the Higgs production cross section
via gluon fusion. However, when investigating the clean �� decay channel we must also
examine the stop’s contribution to the h ! �� decay width, which at lowest order (again in
the decoupling limit) is

�(h ! ��) =
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Figure 3: The solid (dashed) curves represent the real (imaginary) part of the functions A0(⌧)
(blue), A1/2(⌧) (red) and A1(⌧) (black). The blue, red and the black points correspond to
a 105 GeV stop, top quark and W boson respectively assuming a Higgs boson of mass 125
GeV.

decoupled heavy scalars, the LO one-loop expression for the partial width �(h ! ��) is
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Though we have neglected the chargino contributions in our calculation, the last term in Eq.
(3.4) can give sizable contributions of order 10% for m�+ ⇠ 100 GeV. These are included
in parametrization error as discussed before. The dominant contribution in Eq. (3.4) comes
from the W boson loops as can be seen in Fig. 3.1. The top and stop loops now interfere
destructively with the W loops, thereby decreasing the decay width �(h ! ��) by nearly a
factor of 1/2 compared to the SM expectation.

As a result, the number of di-photon events from the Higgs decay is only enhanced by at
most a factor of 2. By contrast, the Z pair production is significantly increased compared to
SM because the decay h ! ZZ is tree level at LO and the e↵ect of light stop is negligible.

Comparison to LHC Data

Fig. 4 shows the predictions of electroweak baryogenesis within the MSSM in the R��-RZZ

plane for di↵erent values of the Higgs mass between 123 and 128GeV.
The theory error in R�� is ⇠ 15%. The RZZ error is much smaller for a given stop mass.

However, since the ZZ-rate is much more sensitive to the light stop loop in the production
cross section, the unknown precise stop mass translates into an e↵ective uncertainty of the
RZZ prediction that is also ⇠ 15% (with our extended mt̃R-range).

12

Production Cross Section

By far the most dominant channel for Higgs production at the hadron colliders is the gluon
fusion. Since [1] expresses its results in terms of mh-dependent best-fit bounds on �/�SM for
each channel, we actually only need to compute the cross section ratio R� = �MSSM/�SM

for Higgs production in the Standard Model and the MSSM with the EWBG spectrum Eq.
(2.3).

The LO cross-section for a 2 ! 1 process is proportional to the decay width of the
inverse process. Therefore, to estimate the MSSM Higgs production cross-section through
gluon fusion, we use the following approximation:

R� =
�MSSM

�SM
=

�MSSM(h ! gg)

�SM(h ! gg)
(3.2)

where we use the decay widths calculated above. The QCD K-factors for h ! gg di↵er by
⇠ 6 % for the SM and the MSSM case and this di↵erence is taken into account by using NLO
decay widths. Thus, we expect this approximation to work very well and its contribution to
the theory error of R��,ZZ to be small compared to the other uncertainties.

E↵ect of a Light Right-Handed Stop

Before comparing the predictions of electroweak baryogenesis to ATLAS data we would like
to understand the e↵ect that a light right-handed stop would have on the various decay
widths.

In the decoupling limit the MSSM Higgs couplings are identical to the SM Higgs cou-
plings (except some SUSY corrections which are negligible in our case). Therefore the only
significant di↵erence between the SM Higgs and MSSM CP-even Higgs decays are the light
stop contributions in loop induced channels.

To understand the e↵ect on the production cross section it is instructive to consider the
LO decay width for h ! gg:

�(h ! gg) =
Gµ↵
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, (3.3)

where ⌧i = m2
h/4m

2
i , ght̃R t̃R is the normalized Higgs coupling to the right-handed stop given

in section 1.2.4 of [86] (for no stop mixing scenario, ght̃R t̃R ⇡ m2
t + 2/3 cos 2�s2wm

2
Z) and the

functions As (s = 0, 1/2 or 1) are given in section 2.1.3 of [86]. The functions A0(⌧), A1/2(⌧)
and A1(⌧) are plotted in in Fig. 3.1. We see that the light stop loop interferes constructively
with the top quark loop. This leads to a more than three-fold increase in the partial decay
width �(h ! gg) and correspondingly the Higgs production cross section.

The partial decay width of Higgs boson decay to di-photons gets loop contributions from
W gauge bosons, fermions, sfermions, charginos and heavy Higgs scalars. Ignoring all the
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