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THIS TALK

IÕm going to give some general remarks about the 
interpretation of Higgs signals in the context of physics 
beyond the Standard Model.

ItÕs mostly review, not original work.
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Figure 4: The observed local p-value p0 (top panel) and best-Þt öµ = ! / ! SM (bottom panel) as a
function of the SM Higgs boson mass in the range 110Ð160 GeV/c2. The global signiÞcance of
the observed maximum excess (minimum local p-value) in the mass range 110-145 GeV/c2 is
about 1.9! as estimated by generating multiple pseudo-data sets.
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Observed exclusion at 99% CL: 130-486 GeV
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Nothing to add about these 
plots. Not deÞnitive  evidence, 
but most of us had a strong 
prior belief in a Higgs.

Working assumption for this 
talk: there really is a scalar at 
about 125 GeV with roughly 
Higgs-like couplings.



THE BIG PICTURE

¥ Signal at 125 GeV, rates roughly consistent with SM Higgs.

¥ Could be a pseudoscalar? Awfully odd coincidence if so.

¥ If not, this is not technicolor.

¥ Reasonable options:

¥ ItÕs the Standard Model!

¥ ItÕs SUSY

¥ ItÕs a pseudo-Goldstone composite Higgs



PGB HIGGS?
¥ Georgi/Kaplan Õ84: strong dynamics can break a global 

symmetry, leaving Higgs as a pseudo-Nambu-
Goldstone boson, which gets a potential from explicit 
symmetry breaking

¥ Fermion mass generation is still a mess, like in technicolor

¥ Often must tune contributions that want the wrong vacuum 
alignment against others (naively, mass << VEV ~ f! )

¥ Personal aesthetic bias: messy theories we should ignore 
unless data tells us otherwise

(Randall-Sundrum is an incantation that doesnÕt solve your strong dynamics problems: existence of the theory?)



SUPERSYMMETRY AND THE 
HIGGS MASSAn Observation
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Consider the diagrams in Fig. 1. WeÕve already observed that the one at left is problematic: itÕs a
renormalization of an external line, so we donÕt want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes weÕre trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
!

d4!
(2" )4

#1µ (2!µ + kµ
1 ) J (k2, . . . kj) · J (kj+1, . . . kn)

(! 2 − m2)(( ! + k1)2 − m2)
. (1)

Notice that this always contributes 0 to the loop integral: #1 · k1 = 0, and the bubble integral, linear in !µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.
So, we can in fact dropevery diagram with only one gluon connected on one side of a bubble. ItÕs tempting

to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesnÕt work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make #i · #j = 0 simply by taking #i = µ!̃ i

!µ i" for all i .

In the + + + − case, we can make#i · #j = 0 by taking #i = ! 4 !̃ i
! 4 i" for i = 1 , 2, 3 and #4 = ! 4 !̃ 1

[4 1] . Thus, we can
discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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The box diagram is:

16
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1

Different-spin pieces combine
to cancel large corrections.

Naturalness: no large 
cancelations not arising from 
symmetry.



MSSM HIGGS

¥ Two Higgs doublets: Hu, Hd

¥ Four parameters: 

• " : Higgsino mass, scalar potential terms

•mHu2, mHd2: SUSY-breaking masses, mHu2 tachyonic for EWSB

• B" : mass mixing term HuHd

µ, m2
Hu

, m2
Hd

, Bµ

|µH d + ytQ3u3|2 + |µH u + ybQ3d3|2



MSSM HIGGS
¥ Minimum of potential: know vu2+vd2 = v2 from mW.

¥ Four parameters can be re-expressed in mh, mA, tan#=vu/vd.

¥ At the minimum:

¥ Tree-level naturalness: Higgsinos not too heavy. Scales 
comparable or (Csaki et al. 0809.4492)

sin 2! =
2Bµ

2 |µ|2 + m2
H u

+ m2
H d

1

2
m2

Z
= ! | µ|2 !

m2
Hu

tan2 β ! m2
Hd

tan2 β ! 1

µ2 ∼ m2
Hu

� Bµ � m2
Hd



MSSM HIGGS MASS

¥ Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

¥ Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

¥ Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound

1

8

!
g
2 + g

�2" #$
$H0

u

$
$2 −

$
$H0

d

$
$2

%2

mh ≤ mZ cos(2β)



MSSM HIGGS MASS

¥ Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

¥ Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

¥ Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound

1

8

!
g
2 + g

�2" #$
$H0

u

$
$2 −

$
$H0

d

$
$2

%2

mh ≤ mZ cos(2β)

Higgs mass maximized at large  
tan beta.



125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models donÕt.

Many options to Þt it, but most feel a little contrived.

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking
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(Dated: January 24, 2012)

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
" 3σ excess atmh # 126 GeV. The CMS collaboration
has also presented results with a weaker" 2σ excess in
the γγ 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-
niÞcance 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 tanβ, joined at
higher order by the stop massesmt̃1,2

and the stop mix-
ing parameterXt $ At %µ cotβ. At tree-level, the Higgs
mass is bounded above bymZ cos 2β. One-loop correc-
tions from stops are responsible for lifting this bound
to " 130 GeV [6Ð10, 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 effects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSMÑthis fact allows us to constrain the
stop masses and mixing.

In this paper, we will focus on stop massesmt̃ � 5 TeV
which includes the collider relevant region. (We brießy
consider heavier stops in the appendix.) Here Þxed-order
Higgs spectrum calculators such as FeynHiggs [14Ð17],
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 tanβ and At, and in partic-
ular requires large mixings among the stops.

For mA � 500 GeV, the SM-like Higgs has an enhanced
coupling to the down-type fermions, leading to an in-
crease in theh ! bøb partial width and suppressing the
branching fractions into the main low-mass LHC search
modes,h ! γγ,WW [18Ð20]. 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 forH/A ! ττ [21Ð23].
For tan β 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 ofmh # 125 GeV
places strong constraints on tanβ 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,

m
2
h = m

2
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Consider the diagrams in Fig. 1. WeÕve already observed that the one at left is problematic: itÕs a
renormalization of an external line, so we donÕt want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes weÕre trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
!

d4!
(2" )4

#1µ (2!µ + kµ
1 ) J (k2, . . . kj) · J (kj+1, . . . kn)

(! 2 − m2)(( ! + k1)2 − m2)
. (1)

Notice that this always contributes 0 to the loop integral: #1 · k1 = 0, and the bubble integral, linear in !µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.
So, we can in fact dropevery diagram with only one gluon connected on one side of a bubble. ItÕs tempting

to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesnÕt work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make #i · #j = 0 simply by taking #i = µ!̃ i

!µ i" for all i .

In the + + + − case, we can make#i · #j = 0 by taking #i = ! 4 !̃ i
! 4 i" for i = 1 , 2, 3 and #4 = ! 4 !̃ 1

[4 1] . Thus, we can
discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Haber, Hempßing Õ91

more: Haber, Hempßing, Hoang, Ellis, RidolÞ, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein
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Consider the diagrams in Fig. 1. WeÕve already observed that the one at left is problematic: itÕs a
renormalization of an external line, so we donÕt want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes weÕre trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
!

d4!
(2" )4

#1µ (2!µ + kµ
1 ) J (k2, . . . kj) · J (kj+1, . . . kn)

(! 2 − m2)(( ! + k1)2 − m2)
. (1)

Notice that this always contributes 0 to the loop integral: #1 · k1 = 0, and the bubble integral, linear in !µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.
So, we can in fact dropevery diagram with only one gluon connected on one side of a bubble. ItÕs tempting

to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesnÕt work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make #i · #j = 0 simply by taking #i = µ!̃ i

!µ i" for all i .

In the + + + − case, we can make#i · #j = 0 by taking #i = ! 4 !̃ i
! 4 i" for i = 1 , 2, 3 and #4 = ! 4 !̃ 1

[4 1] . Thus, we can
discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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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
" 3σ excess atmh # 126 GeV. The CMS collaboration
has also presented results with a weaker" 2σ excess in
the γγ 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-
niÞcance 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 tanβ, joined at
higher order by the stop massesmt̃1,2

and the stop mix-
ing parameterXt $ At %µ cotβ. At tree-level, the Higgs
mass is bounded above bymZ cos 2β. One-loop correc-
tions from stops are responsible for lifting this bound
to " 130 GeV [6Ð10, 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 effects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSMÑthis fact allows us to constrain the
stop masses and mixing.

In this paper, we will focus on stop massesmt̃ � 5 TeV
which includes the collider relevant region. (We brießy
consider heavier stops in the appendix.) Here Þxed-order
Higgs spectrum calculators such as FeynHiggs [14Ð17],
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 tanβ and At, and in partic-
ular requires large mixings among the stops.

For mA � 500 GeV, the SM-like Higgs has an enhanced
coupling to the down-type fermions, leading to an in-
crease in theh ! bøb partial width and suppressing the
branching fractions into the main low-mass LHC search
modes,h ! γγ,WW [18Ð20]. 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 forH/A ! ττ [21Ð23].
For tan β 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 ofmh # 125 GeV
places strong constraints on tanβ 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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Consider the diagrams in Fig. 1. WeÕve already observed that the one at left is problematic: itÕs a
renormalization of an external line, so we donÕt want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes weÕre trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
!

d4!
(2" )4

#1µ (2!µ + kµ
1 ) J (k2, . . . kj) · J (kj+1, . . . kn)

(! 2 − m2)(( ! + k1)2 − m2)
. (1)

Notice that this always contributes 0 to the loop integral: #1 · k1 = 0, and the bubble integral, linear in !µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.
So, we can in fact dropevery diagram with only one gluon connected on one side of a bubble. ItÕs tempting

to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesnÕt work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make #i · #j = 0 simply by taking #i = µ!̃ i

!µ i" for all i .

In the + + + − case, we can make#i · #j = 0 by taking #i = ! 4 !̃ i
! 4 i" for i = 1 , 2, 3 and #4 = ! 4 !̃ 1

[4 1] . Thus, we can
discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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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
" 3σ excess atmh # 126 GeV. The CMS collaboration
has also presented results with a weaker" 2σ excess in
the γγ 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-
niÞcance 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 tanβ, joined at
higher order by the stop massesmt̃1,2

and the stop mix-
ing parameterXt $ At %µ cotβ. At tree-level, the Higgs
mass is bounded above bymZ cos 2β. One-loop correc-
tions from stops are responsible for lifting this bound
to " 130 GeV [6Ð10, 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 effects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSMÑthis fact allows us to constrain the
stop masses and mixing.

In this paper, we will focus on stop massesmt̃ � 5 TeV
which includes the collider relevant region. (We brießy
consider heavier stops in the appendix.) Here Þxed-order
Higgs spectrum calculators such as FeynHiggs [14Ð17],
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 tanβ and At, and in partic-
ular requires large mixings among the stops.

For mA � 500 GeV, the SM-like Higgs has an enhanced
coupling to the down-type fermions, leading to an in-
crease in theh ! bøb partial width and suppressing the
branching fractions into the main low-mass LHC search
modes,h ! γγ,WW [18Ð20]. 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 forH/A ! ττ [21Ð23].
For tan β 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 ofmh # 125 GeV
places strong constraints on tanβ 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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Consider the diagrams in Fig. 1. WeÕve already observed that the one at left is problematic: itÕs a
renormalization of an external line, so we donÕt want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes weÕre trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
!

d4!
(2" )4

#1µ (2!µ + kµ
1 ) J (k2, . . . kj) · J (kj+1, . . . kn)

(! 2 − m2)(( ! + k1)2 − m2)
. (1)

Notice that this always contributes 0 to the loop integral: #1 · k1 = 0, and the bubble integral, linear in !µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.
So, we can in fact dropevery diagram with only one gluon connected on one side of a bubble. ItÕs tempting

to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesnÕt work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make #i · #j = 0 simply by taking #i = µ!̃ i

!µ i" for all i .

In the + + + − case, we can make#i · #j = 0 by taking #i = ! 4 !̃ i
! 4 i" for i = 1 , 2, 3 and #4 = ! 4 !̃ 1

[4 1] . Thus, we can
discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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between left- and right- handed stops.
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FIG. 5. Messenger scale required to produce sufficiently large |At | for mh = 123 GeV (left) and mh = 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
λ. 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 mt / 2 and 2mt

(lighter band).
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as it captures many of the qualitative features that we

will see. We have characterized the scale of superpart-

ner masses with MS !
�
m÷t1

m÷t2

�1/2
. First, we see that

decreasing tanβ always decreases the Higgs mass, inde-

pendent of all the other parameters (keeping in mind that

tanβ ! 1.5 for perturbativity). So we expect to find a

lower bound on tanβ 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 " ±
#
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 tanβ, 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

tanβ ! 3.5 (2)

So this is an absolute lower bound on tanβ just from the

Higgs mass measurement. We also find that the Higgs

mass basically ceases to depend on tanβ for tanβ beyond

% 20. So for the rest of the paper we will take tanβ = 30

for simplicity.

Fixing tanβ, 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 m÷t2
vs. m÷t1

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 mh in the tan β vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to ∼ 5 TeV. The
solid curve is mh = 125 GeV with mt = 173 .2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan β = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in Þg. 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

P. Draper, P. Meade, MR, D. Shih Õ11

In the MSSM, a 125 GeV Higgs requires large quantum 
corrections, with multi-TeV SUSY-breaking parameters, 
reintroducing (part of) the hierarchy.

lifting the 
Higgs mass 
needs ~ 5 
to 10 TeV 
scalar 
masses

or few TeV trilinear 
Higgs-stop-stop coupling



INTERPRETATION

Most straightforward option if we donÕt completely give up 
on SUSY solving the hierarchy problem: mildly split 
spectrum, scalars at 10 to 1000 TeV. (Solves moduli problem, 
helps with ßavor.... Note: not supersplit!)

Or, complicating things, natural SUSY:

We need B(eyond)MSSM physics to raise the Higgs 
mass. Could allow heavier stops at same tuning measure due to large tree-
level pieces (see Hall/Pinner/Ruderman).



DICHOTOMY
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Beyond MSSM, 
natural

Stop search;
Higgs sector 
(rates, decays)

Models?
(NMSSM, D-terms, 
compositeness....)

MSSM with 
heavy scalars

Gluino 
search
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theory
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MSSM + SINGLET

One of the most familiar ways to lift the Higgs mass is to 
add a singlet superÞeld S and 

Contributes to the potential: 

W = ! SHuHd + f (S)

New quartic means larger Higgs mass

|FS |2 =

����
∂W

∂S

����
2

! | λHuHd|2



MSSM + SINGLET

One of the most familiar ways to lift the Higgs mass is to 
add a singlet superÞeld S and 

Contributes to the potential: 

W = ! SHuHd + f (S)

New quartic means larger Higgs mass

|FS |2 =

����
∂W

∂S

����
2

! | λHuHd|2

New quartic involves H u and H d; 
maximized at small tan beta.



MSSM + SINGLET?
Tension whenever there is a fundamental singlet 
scalar: tadpole vs domain wall

One way out: not really a fundamental singlet; itÕs a 
bound state  of stuff with charges.

Examples: Fat Higgs (Harnik, Kribs, Larson, Murayama), 
composite stop & Higgs (Cs‡ki, Randall, Terning)

Objections: coincidence of scales (tuning!), gauge 
coupling uniÞcation is generically spoiled.



NON-DECOUPLING 
D-TERMS?

Charge the Higgs under another asymptotically free 
gauge group (e.g. Batra, Delgado, Kaplan, Tait, hep-ph/
0309149) to get new D-term quartics and maintain 
perturbativity to high scales.

SU(2) SU(2)
Break 
nonsupersymmetrically
to the diagonal.

SU(2)

e.g.

1

8

!
g
2 + g

�2" #$
$H0

u

$
$2 −

$
$H0

d

$
$2

%2
New terms of same form as



COUPLINGS

MSSM: b-quark Yukawa is ybHdbb̄

Large        : yb large, light Higgs h mostly Hu.tan β

mb = ybvd = ybv cos !

Due to h admixture of up- and down-type Higgses, Þnd 
different coupling from the SM:

ghbøb/g
SM
hbøb = !

sin !
cos "

" 1 +
2m2

Z

m2
A



COUPLINGS

ghbøb/g
SM
hbøb = !

sin !
cos "

" 1 +
2m2

Z

m2
A

MSSM: mixing with heavy state near mA produces:

NMSSM: mix with singlet S. Tends to lower the 
branching ratio of Higgs to     . (Hence: raises photon 
BR.)

bøb

New D-terms: δ

�
|Hu|2 ! | Hd|2

�2

Alters up/down-type Higgs mixing relative to MSSM; 
changes corrections (see Blum & DÕAgnolo, 1202.2364.)



COUPLINGS
The Higgs-gluon-gluon and Higgs-photon-photon 
couplings are related to beta function coefÞcients:

LetÕs say, for instance, that ÷mD dominates, and is 1 TeV, with λ = 0 .1, Mmess = 100 TeV
(which is consistent with

√
F ∼ 100 TeV as well),mY = 2 TeV, and mS = 150 GeV. Then

we have:

÷m2
S = −2970 GeV2 ⇒ mscalar =

�
1502 − 2970 GeV≈ 140 GeV. (2.4)

So, this model is easily compatible with the sort of splittings weÕre interested in.

2.2 Couplings to Gauge Bosons and Gauginos

Now we will integrate out Y and øY and study the induced couplings ofS to gauge bosons.
To keep things simple, we will assume that the mass of theY s is dominantly supersymmetric.
In that case, we expect to Þnd an effective operator of the form:
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LetÕs work out the coefficient c and then compute the resulting decays.
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In our case, we have fermions with massmY + λS(x) and scalars with mass-squared|mY + λS(x)|2,
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implying that to leading order for all the Þelds we integrate out, #M(x)
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Let’s say, for instance, that m̃D dominates, and is 1 TeV, with λ = 0.1, Mmess = 100 TeV

(which is consistent with
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F ∼ 100 TeV as well), mY = 2 TeV, and mS = 150 GeV. Then

we have:
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1502 − 2970 GeV ≈ 140 GeV. (2.4)

So, this model is easily compatible with the sort of splittings we’re interested in.
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Now we will integrate out Y and Ȳ and study the induced couplings of S to gauge bosons.

To keep things simple, we will assume that the mass of the Y s is dominantly supersymmetric.
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we have:
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LetÕs say, for instance, that ÷mD dominates, and is 1 TeV, with λ = 0 .1, Mmess = 100 TeV
(which is consistent with
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we have:
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Now we will integrate out Y and øY and study the induced couplings ofS to gauge bosons.
To keep things simple, we will assume that the mass of theY s is dominantly supersymmetric.
In that case, we expect to Þnd an effective operator of the form:
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Then in fact g is a running coupling. In particular, suppose that we have Þelds at a scaleM ,
with µ < M < Λ, so that the beta function coefficient changes fromb below M to b + ∆b
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In our case, we have fermions with massmY + λS(x) and scalars with mass-squared|mY + λS(x)|2,
implying that to leading order for all the Þelds we integrate out, δM(x)
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(Shifman et al.)



LOW-ENERGY THEOREM
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we have:
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So, this model is easily compatible with the sort of splittings we’re interested in.

2.2 Couplings to Gauge Bosons and Gauginos

Now we will integrate out Y and Ȳ and study the induced couplings of S to gauge bosons.

To keep things simple, we will assume that the mass of the Y s is dominantly supersymmetric.

In that case, we expect to find an effective operator of the form:
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To keep things simple, we will assume that the mass of the Y s is dominantly supersymmetric.
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In our case, we have fermions with massmY +λS(x) and scalars with mass-squared |mY + λS(x)|2,
implying that to leading order for all the fields we integrate out, #M(x)
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In particular, if         depends on the Higgs,                    , 
then we extract an effective coupling:     

M(x) M = M (h(x))

∆b

32π2
hGa

µ! G
aµ! ∂ logM(v)

∂v



REMARKS

Any heavy matter with mass proportional to the Higgs 
VEV contributes with the same sign -- whether itÕs a 
fermion or a scalar. Also, nondecoupling.

This tends to increase gluon fusion (reinforcing top 
contribution) and decrease photon BR (because W loop 
has the other sign.)

! b
32! 2

hGa
µνGaµ ν " logM (v)

" v

�

i

! logMi(v)

! v
=

! log detM(v)

! vSum eigenstates:



STOPS
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Here                          , the O(g2) parts are D-terms I will 
hereafter ignore, and the key point is that the Higgs 
VEV appears in both diagonal and off-diagonal 
terms.

For large soft masses:

Xt = At ! µ cotβ
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STOPS
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Things to note:

Minus sign: large mixing 
leads to opposite-sign 

couplings

Small numerator factor 
(for heavy stops): no 
longer nondecoupling

Intuition: in the highly mixed case, larger VEV means more 
mixing, splitting light and heavy stops more. The light one 
contributes more, and is pushed lighter, so the overall sign 
reverses.



HIGGS COUPLINGS FOR 
NATURAL MODELS

Two effects weÕve discussed impact the Higgs 
production and decay:

Mixing alters bb rate, thus changing all other smaller 
branching ratios.

Loops alter gg and $$ couplings.

ÒTypically,Ó in natural models, can have effects ~20% or 
more. 

_



NATURALNESS AFTER 2012?

¥ Solid evidence for non-SM Higgs couplings would be a very 
strong hint of naturalness

¥ Few studies of Þtting Higgs couplings based on 8 TeV, 20/fb

¥ 30% precision on couplings seems plausible; can we do better?

¥ Unlikely we can make very strong claims about ruling out 
naturalness this year, but might be left with strong tension

¥ Other path to attacking naturalness: top partners



A STEALTHY STOP?
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Figure 14: Stop NLSP: limits on direct production (excluded cross section divided by the NLO+NLL

stop production cross section from [67]). Along with the best SUSY searches from Table 1, we show

the limits from the pre-tag sample of the ATLAS tt cross section measurement in the dilepton

channel [68] (orange) and the ATLAS search for tt events with large MET [14] (gray). The curves

are dashed in the low mass region where the efficiency of the jet-related and MET-related cuts (but

not the leptonic selection) is below 1%. This is to indicate that our results may not be reliable there,

since the signal efficiencies are extremely low. The black line is the Tevatron limit estimated in [31]

using the CDF search [69].

search for tt events with anomalously large missing energy [14] (1.04/fb). We find, using the
methods of [31], that neither sets the expected limit due to tightened analysis cuts. The cross
section limits are shown in Fig. 14. Since both analyses use lepton triggers, it may still be
possible to repeat them with softer cuts. Overall, Fig. 14 indicates that [14] is a very promising
search up to 300 GeV or more. Its weakness near Mstop ∼ 200 GeV stems from the fact that
for stops that are only slightly heavier than the top, the gravitinos carry very little energy
(unlike in the 3-body decays of the lighter stops or the 2-body decays of the heavier stops)
and therefore the cut on the transverse mass mT eliminates much of the signal.

At the same time, we see in Fig. 14 that some of the SUSY searches have become com-
petitive and may have already surpassed the Tevatron limit by excluding direct production
of stops up to approximately the top mass. However, since all these searches have very low
efficiencies in that low mass region, the systematic uncertainties on our simulation are likely
to be large, so the precise exclusion limits are highly uncertain. The very low efficiencies
indicate that in applying these cuts, we are making use of the far tails of the kinematic distri-
butions in the signal. We expect that these tails depend on radiation in the event, which we
are simulating with Pythia. A more careful approach would use matching of matrix elements
and parton showers to simulate stop pair production plus jets, which would be an interesting
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Y. Kats, P. Meade, MR, D. Shih Õ11

The stop could be lurking very near the top quark mass, 
canceling the Higgs mass corrections.

Very hard to see 
in this mass range; an 
instance of “stealth 
supersymmetry”  
(J. Fan, MR, J. 
Ruderman, Õ11)



LIGHT STOPS
One idea: leptonic MT2. (Kats, Meade, MR, Shih)
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OTHER IDEAS
Very light stop: need to supplement 
missing ET variables with more 
information. Work with Z. Han, A. Katz, D. Krohn
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Details in Andrey’s talk!



¥ The answer to Òis the weak scale natural?Ó may come 
into focus soon

¥ Measuring Higgs decay and production rates crucial

¥ Searches for BMSSM phenomena and stops very important

¥ Eagerly awaiting the next year of data and analyses!

CONCLUSIONS


