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The best of times

• LHC is exceeding expectations

• SM Higgs like state at > 5 σ, 125.5±1 GeV

• 7 & 8 TeV searches beginning to corner 
the most motivated models

• Early casualties*: 4th generation, 
fermiophobic Higgs, techni-color, … 

*terms and conditions apply



4th July 2012
We have discovered a new particle !

ATLAS: Status of SM Higgs searches, 4/7/2012 48 

Evolution of the excess with time  

Energy-scale  
systematics 
not included 



4th July 2012
We have discovered a new particle !



4th July 2012
We have discovered a new particle !

Is it the SM Higgs?

o Quantum numbers: JPC? SU(2)xU(1) charges? 
o Elementary scalar or composite bound state?
o Part of an extended sector?
o Portal to SM-neutral new physics?

What screens the quantum 
corrections to its mass?



Just the SM Higgs
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 124 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 126 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

Higgs self-coupling 
curiously close to zero
at Planck scale.

Negative values: 
instability

extrapolate SM to this energy

hi
gg

s 
qu

ar
tic

 in
te

ra
ct

io
n

Elias-Miro et al�



Just the SM Higgs

extrapolate
mHiggs mPlanck

102 104 106 108 1010 1012 1014 1016 1018 1020
0.0

0.2

0.4

0.6

0.8

1.0

RGE scale m in GeV

SM
co
up
lin
gs

g1

g

gsyt

l
yb

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
lHmL

Mh = 125 GeV
3s bands in

Mt = 173.1 ± 0.7 GeV
asHMZL = 0.1184 ± 0.0007

Mt = 171.0 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 175.3 GeV

Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
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We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

extrapolate SM to this Energy

H
ig

gs
 q

ua
rt

ic

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 124 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 126 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 124 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 126 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

Higgs self-coupling 
curiously close to zero
at Planck scale.

Negative values: 
instability

extrapolate SM to this energy

hi
gg

s 
qu

ar
tic

 in
te

ra
ct

io
n

Elias-Miro et al�

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 124 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

RGE scale m in GeV

H
ig
gs
qu
ar
tic
co
up
lin
g
lHmL

mh = 126 GeV

mt = 173.2 GeV
a3HMZL = 0.1184

mt = 171.4 GeV

a3HMZL = 0.117
a3HMZL = 0.1198

mt = 175. GeV

Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
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2) as
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Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying T with �T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
1

2
mSS

2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these
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by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
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2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
1

2
mTT
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cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.
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For the case of new fermions we consider the following theories:
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(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
sector of the MSSM. In the chosen parameterization, the precise correspondence between these

6

… think of SM + bino (DM) + higgsino     

relic abundance ok

direct searches ok
(Xenon100)

Example: SM + Dark matter
Cheung ’12

SM +



104

1010

104

1016

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

ySc

y S

mS = 250 GeV, mD = 500 GeV

0.2

0.3

0.1

0.

106 108 1010 1012 1014 1016

115

120

125

130

L HGeVL

m
H
HGe

V
L

1.62.
1.2

0.8

106 108 1010 1012 1014 1016
100

120

140

160

180

200

220

240

L HGeVL

m
H
HGe

V
L

SM + Triplet Scalar

Figure 4: Same as Fig. (3) but for SM + triplet scalar and varying T with �T=0.

For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
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2 +mDDDc + ySHSD + ycSH
cSDc

triplet/doublet fermion: ��L =
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2
mTT

2 +mDDDc + yTHTD + ycTH
cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.

The fermionic theories above are of course a generalization of the bino, wino, and Higgsino
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For the case of new fermions we consider the following theories:

singlet/doublet fermion: ��L =
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triplet/doublet fermion: ��L =
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mTT
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cTDc,

(4)

where we have defined Hc ⌘ ✏H⇤, and we have included all renormalizable operators permitted
by gauge symmetry. Here S and T are Majorana fermions and D and Dc form a Dirac fermion.
As a consequence of the additional Yukawa couplings to the Higgs, the new fermionic states will
generally mix after electroweak symmetry breaking, although there is a preserved Z2 symmetry
which makes the lightest among these fields a DM candidate. We do not consider the fully
mixed singlet/triplet/doublet theory, since all the qualitative features of this model are already
evident in the singlet/doublet and triplet/doublet cases, while the proliferation of parameters
would make results di�cult to present.
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Is it the SM Higgs?
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Figure 1: Left: assuming mh = 125.5GeV, we show the measured Higgs boson rates at ATLAS,

CMS, CDF, D0 and their average (horizontal gray band at ±1�). Here 0 (red line) corresponds

to no Higgs boson, 1 (green line) to the SM Higgs boson. Right: The Higgs boson rate favored

at 1� (dark blue) and 2� (light blue) in a global SM fit as function of the Higgs boson mass.

2 Reconstructing the Higgs boson properties

In the left panel of figure 1 we summarize all data points [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] together

with their 1� error-bars. The grey band shows the ±1� range for the weighted average of all

rates:
Measured Higgs rate

SM prediction
= 1.10± 0.15 (1)

It lies along the SM prediction of 1 (green horizontal line) and is 7� away from 0 (red horizontal

line). Thus the combination of all data favours the existence of Higgs boson with much higher

significance than any of the experiments separately.

2.1 Higgs boson mass

In the right panel of Fig. 1 we show our approximated combination of all Higgs boson data,

finding that the global best fit for the Higgs boson mass is

mh =

8
><

>:

125.2± 0.65 GeV CMS

126.2± 0.67 GeV ATLAS

125.5± 0.54 GeV combined

. (2)

The Higgs boson mass values preferred by the two experiments are compatible, and the uncer-

tainty is so small that in the subsequent fits we can fix mh to its combined best-fit value.

The analysis proceeds along the lines of our previous work [16] (for similar older fits see [17]),

with the following modifications: 1) whenever possible we use the central values and the uncer-

tainties on Higgs boson rates as reported by the experiments, rather than inferring them from

3

Giardino ’12

Photons are high, taus are low, WW&ZZ just about right. 

Error bars still sizable. More data is coming in quickly.

SM rate



Is it the SM Higgs?
Vary couplings to Vectors + Fermions:

Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o12

The perturbative unitarity conundrum
the Higgs plays a crucial in the UV behavior of massive state scattering

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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< H >= 0

but we need

The hierarchy problem
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Higher Dimensions?

Supersymmetry?

Lack of principles? Anthropic? Non-Wilsonian EFT?

Which principle can stabilize the 
electro-weak scale?
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What principles govern stability of electroweak scale?
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Strong Dynamics/
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Higher Dimensional 
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As profound as any other principles in fundamental 
physics.  Well beyond simply taxonomy.

Supersymmetry?
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SM SM
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� Bosons ↔ Fermions

What principles govern stability of electroweak scale?

...and the Hierarchy Problem

Strong Dynamics/
Compositeness?

Higher Dimensional 
Structures?

As profound as any other principles in fundamental 
physics.  Well beyond simply taxonomy.

Supersymmetry?

⇥��c⇤ � vEW

⇥��c⇤ � H � vEW

SM SM

LocalityM� � vEW

� Bosons ↔ Fermions



Let’s look at the data
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Rules of thumb

Scalar

Fermion

Vector

QCD EW

> 2.5 TeV> 1.9 TeV

> 2.6 TeV

> 700 TeV > 1 TeV

> .6 TeV

* no MET, mostly w/ SM like couplings

*

single prod.  (vector like, v/mQ coupl.)double prod. (b’)

color octet Higgs-like

W’ / Z’ → ee,mumuRS KK gluon,  g(1)→ tt



Status of SUSY
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SM MSSM

Gauge Coupling running at two loops

A hint?

Note, still works with MSUSY  = 100 TeV.



Why Supersymmetry?

SM MSSM

Gauge Coupling running at two loops

A hint?

Note, still works with MSUSY  = 100 TeV.



Why Supersymmetry?

SM MSSM

Gauge Coupling running at two loops

A hint?

Note, still works with MSUSY  = 100 TeV.



MSSM and the 125 GeV 
Higgs

125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

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

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(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
⇤ 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
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2
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+
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t
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t 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 we’re 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 + kµ1 ) 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 kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t 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

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii 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, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

tree-level bound < MZ
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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

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii 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
⇤ 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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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t 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 we’re 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 + kµ1 ) 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 kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t 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

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii 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
⇤ 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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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t 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 we’re 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 + kµ1 ) 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 kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t 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

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii 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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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 ⇧ ±

⌥
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 mh in the tan� 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� = 30 and mQ = mU . 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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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
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⇧ �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 mh in the tan� 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� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.
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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
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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
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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.
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scale can absolutely be are
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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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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

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 ⇧ ±

⌥
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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our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
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Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
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scale can absolutely be are
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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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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

All plots made with FeynHiggs (Heinemeyer, 
Hahn, Rzehak, Weiglein, Williams, Hollik)

MSSM vs. mH =125 GeV
Higgs @ 
125GeV

More conservative error treatment, see Heinemeyer et al ’12
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,missTESpin indep. WIMP interaction : monojet + 
,missTESpin dep. WIMP interaction : monojet + 

klm ≈ ijmHypercolour scalar gluons : 4 jets, 
 + heavy displaced vertexµ : µ qq→ 0

1
χ∼RPV 

,missTEBC1 RPV : 4 lep + 
,missTEBilinear RPV : 1 lep + j's + 
µRPV : high-mass e
τ∼GMSB : stable 

 R-hadrons : Pixel det. onlyg~Metastable 
 R-hadrons : Full detectort~Stable 
 R-hadrons : Full detectorg~Stable 

±

1
χ∼ pair prod.) : long-lived ±

1
χ∼AMSB (direct 

,missTE) : 3 lep + 0
1
χ∼+2ν)+νν 3l(l→ 0

2
χ∼
±

1
χ∼

,missTE : 2 lep + 0
1
χ∼νl→)ν∼(lνl~→+

1
χ∼, -

1
χ∼

+
1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + → (GMSB) : Z(t~t~

,missTE : 2 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 0 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 1/2 lep + b-jet + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (very light), t~t~

,missTE : 3 lep + j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE) : 0 lep + 3 b-j's + t~ (real 0
1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + multi-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 3 lep + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 2 lep (SS) + j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 1 lep + 1/2 b-j's + t~ (virtual 0
1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + b~ (real 0
1
χ∼bb→g~

,missTE) : 0 lep + 3 b-j's + b~ (virtual 0
1
χ∼bb→g~

,missTE) : 0 lep + 1/2 b-j's + b~ (virtual 0
1
χ∼bb→g~

,missT
E + γγGGM : ,missT
E + 0-1 lep + j's + τGMSB : 1-2 

,missTEGMSB : 2 lep (OS) + j's + 
,missTE) : 1 lep + j's + ±

χ∼qq→g~ (±
χ∼Gluino med. 

,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale )χ < 100 GeV, tensor D9, Dirac χm(548 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

M* scale )χ < 100 GeV, vector D5, Dirac χm(709 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [ATLAS-CONF-2012-110]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ, 1 mm < c-510× < 1.5211
'
λ < -610×(3.0700 GeV , 7 TeV [ATLAS-CONF-2012-113]-1=4.4 fbL

 massg~1.77 TeV , 7 TeV [ATLAS-CONF-2012-035]-1=2.1 fbL

 massg~ = q~  < 15 mm)LSPτ(c760 GeV , 7 TeV [1109.6606]-1=1.0 fbL

 massτν
∼ =0.05)312λ=0.10, ,

311λ(1.32 TeV , 7 TeV [1109.3089]-1=1.1 fbL

 massτ∼  < 20)β(5 < tan310 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~ ) > 10 ns)g~(τ(910 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 masst~683 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~985 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ
∼(τ(1 < 210 GeV , 7 TeV [ATLAS-CONF-2012-111]-1=4.7 fbL

 mass±

1
χ∼ ) as above)ν

∼,l
~
(m) = 0, 0

1
χ
∼(m), 0

2
χ
∼(m) = ±

1
χ
∼(m(60-500 GeV , 7 TeV [CONF-2012-077]-1=4.7 fbL

 mass±

1
χ∼ )))0

1
χ
∼(m) + ±

1
χ
∼(m(2

1) = ν
∼,l

~
(m) = 0, 0

1
χ
∼(m(120-330 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 massl~ ) = 0)0

1
χ
∼(m(93-180 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 masst~ ) < 230 GeV)0

1
χ
∼(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst~ ) = 0)0

1
χ
∼(m(298-305 GeV , 7 TeV [CONF-2012-071]-1=4.7 fbL

 masst~ ) = 0)0

1
χ
∼(m(230-440 GeV , 7 TeV [CONF-2012-073]-1=4.7 fbL

 masst~ ) = 0)0

1
χ
∼(m(380-465 GeV , 7 TeV [1208.1447]-1=4.7 fbL

 masst~ ) = 45 GeV)0

1
χ
∼(m(120-173 GeV , 7 TeV [CONF-2012-070]-1=4.7 fbL

 masst~ ) = 45 GeV)0

1
χ
∼(m(135 GeV , 7 TeV [CONF-2012-059]-1=4.7 fbL

 massg~ ))0

1
χ
∼(m) = 2 ±

1
χ
∼(m(380 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massb~ ) < 150 GeV)0

1
χ
∼(m(480 GeV , 7 TeV [ATLAS-CONF-2012-106]-1=4.7 fbL

 massg~ ) = 60 GeV)0

1
χ
∼(m(820 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 50 GeV)0

1
χ
∼(m(940 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))g~(m) < 0

1
χ
∼(m(any 760 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 150 GeV)0

1
χ
∼(m(710 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) = 60 GeV)0

1
χ
∼(m(1.00 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 400 GeV)0

1
χ
∼(m(1.02 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)0

1
χ
∼(m(900 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) > 50 GeV)0

1
χ
∼(m(1.07 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 massg~  > 20)β(tan1.20 TeV , 7 TeV [ATLAS-CONF-2012-112]-1=4.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [Preliminary]-1=4.7 fbL

 massg~ ))g~(m)+0
χ
∼(m(2

1) = ±
χ
∼(m) < 200 GeV, 0

1
χ
∼(m(900 GeV , 7 TeV [ATLAS-CONF-2012-041]-1=4.7 fbL

 massq~ )0

1
χ
∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0

1
χ
∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (1.00 - 5.8) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: SUSY 2012)

Colored Susy > TeV ?  
colored sparticles

Fermi scale TeV
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Where’s susy hiding?

• Compressed spectra (→ Tattersall)

• R-parity violation (→ Hajer)
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• “Ascetic” SUSY spectrum is 
completely consistent with the 
5 fb-1 constraints, and helps 
with SUSY flavor problem

For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ⇥ bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ⇥ bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ⇥ bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<� 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e�ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that mχ̃±
1
= 2mχ̃0

1
. The lower part of the ±1σ band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that mχ̃±
1
= 2mχ̃0
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. The lower part of the ±1σ band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino
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Natural EWSB & SUSY
* valid for MSSM,NMSSM, … 

*

Do not want tuning in (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(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 will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses 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.
eq:stop-1loopeq:stop-1loop
??. 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 that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

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 be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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H̃0

H̃±b

t̃L

b̃L

bt

t

t̃R

t

H̃0

H̃± b

Stops can act as “sbottom” (bjet+χ) !
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For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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The near Future (according to 
theorists)

estimated reach with 20/fb @ 8 TeV

Putting it all together

(Very) Recent work by theorists

arXiv:1203.4813    Bai, Cheng, Gallicchio, Gu 

kinematic variables with endpoints for background

arXiv:1205.5808    Han, Katz, Krohn, Reece 
Spin correlations and rapidity gaps

arXiv:1205.5816    Kaplan, Rehermann, Stolarski
Top-tagging boosted tops from stop decays

arXiv:1205.2696    Plehn, Spannowsky, Takeuchi

arXiv:1205.5805    Alves, Buckley, Fox, Lykken, Yu

MET and MT shapes
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stop contribution

are taken from predictions for the SM Higgs boson [11]. Under these assumptions, using the narrow
width approximation, the event yield in any production⇥decay mode as compared to the SM case can be
expressed in terms of the two parameters cV and cF , starting from the following expression:

N(ii ! H ! ff) ⇠ �ii �ff

�
tot

. (1)

Here �
tot

is also a function of cV and cF and ii 2 {gg,W+W�, ZZ, tt} and ff 2
{��, bb, ⌧+⌧�,W+W�, ZZ}; it is calculated as the sum of the rescaled partial widths of the Higgs
boson decays into SM particles. The cV and cF re-scaling factors do not represent any particular physics
model and serve the sole purpose of testing the compatibility of the observation with the SM Higgs boson
hypothesis. 7 TeV and 5 fb�1 at 8 TeV on cV and cF is 20-30%. More data is needed for obtaining sen-
sitivity to parametrisations with more coupling modifiers (e.g. splitting the fermions into up and down
type, and then adding the specific flavour and eventually additional contributions to the loop-induced
couplings and a coupling to indiscernible particles).

3 Phenomenological Framework of EWSB and Interpretation of the Recent LHC Data
The SM of electroweak and strong interactions describes (nearly) all experimental data with high pre-
cision. A cornerstone of the SM is the Higgs mechanism to give masses to the W± and Z bosons as
well as to the fermions. Furthermore, a Higgs boson is needed for a perturbative unitarization of the
WLWL scattering amplitude at high energies. As outlined in Sect. 2.4 the SM is consistent with a low
mass Higgs. Within the SM the cross sections and branching ratios can be calculated (as a function of
MH ) with high precision, and the predictions have to be confronted with experimental data to test the
Higgs mechanism.

Within the SM the Higgs boson mass, MH , is not stable under radiative corrections, the “hi-
erarchy problem”, hinting towards new physics stabilizing the EW scale. Furthermore, a value of
MH

<⇠ 130 GeV tends to lead to an unstable minimum in the Higgs potential, and new physics is
expected to extend the model to higher energy scales.

In this section we will investigate the compatibility of the SM with the currently available exper-
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use of an effective theory. It allows one to parametrise the most general interaction of the Higgs boson
with matter fields and gauge bosons in a systematic way. A convenient framework is to use the chiral
EW Lagrangian of the Goldstone bosons ⌃(x) = ei�a ⇡a/v and a scalar field h (see e.g. [12])

Leff =
1

2
(@µh)

2 � V (h) +
v2

4
Tr(Dµ⌃

†Dµ⌃)


1 + 2 a

h

v
+ b

h2

v2
+ b

3

h3

v3
+ · · ·

�
,

� vp
2
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is obtained in Ref. [23] in the limit where gluino effects and the effect of squark mixing was

neglected.7 This approach also neglects running that would sum large logs if a two stage matching

was employed, integrating out each stop eigenstate in sequence.8

Whether one integrates out the stops and matches onto the local operator approximation or

not, there is a relationship between the NP effects on �gg!h and �h!�� that is independent of
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where we see how the ratio ⇠ 3/8 is determined by the stop quantum numbers. This is a con-

sequence of assuming that the only BSM contribution to both the �� and gg loops comes from

stops. This strong relationship will be relaxed in less minimal scenarios. For example, light �±’s

with mass m2
�1

⇠ µ2 (in the decoupling limit) would in principle also contribute to the � � loops.

However, the Higgs couples to the higgsino as h ˜W±
˜H⌥ and a large mixing between wino and

higgsino eigenstates would be required. As we are considering the large gaugino mass limit in
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2 ) and is suppressed, so that we can
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We also utilize this effective Lagrangian to examine the issue of efficiency corrections to the µi

when high-dimension operators are present. We find that such efficiency corrections to event rates

are very small and neglect them. See the Appendix for details.

B. Global Fit To Higgs Signal Strengths

In this section we describe our method and results for globally fitting to Higgs signal strength

data in the scenario discussed above. Here we only briefly review the fit procedure, the details of

our fit method are given in [26–28].9 Our fit incorporates the recently released 7 and 8 TeV LHC

7 It has been pointed out that mg̃ ! 1 leads to mixed stop-gluino UV divergences [24] requiring extra counter-
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8 There are also perturbative corrections to the matrix element of the local effective operator h GA

µ ⌫GA µ ⌫ . These are
common multiplicative factors, as are soft gluon re-summation effects, and cancel in the ratios taken.

9 For other model-independent approaches to the determination of the Higgs couplings, see [10, 11, 29–35].
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28

using both strategies would give the best sensitivity. Since sbottom direct detection searches do not

suffer many of the problems that affect the advance in collider stop searches, this further supports

the observation that direct sbottom searches may be the best direct access to stop parameter space

in the near term [60].

FIG. 10: The region of the higher dimensional operator space excluded at 95% C.L. from current Higgs

searches is shown by the black shaded area overlaid on the best-fit regions. The NSUSY relation between

the Wilson coefficients is shown with a red line.

Higgs search data also provides a powerful insight into stop parameter space. In particular they

offer experimental reach into the large µ region that is such a challenge for collider searches. In

Fig. 10, we show the region of the higher dimensional operator space excluded at 95% C.L. from

current Higgs searches. Translating this exclusion into the stop parameter space does not lead in

general to direct lower mass bound that is independent of �m (when ✓t̃ 6= 0) due to the existence

of the “funnel region” where a cancelation of the stop contributions to Fg can occur. However, by

jointly imposing the condition that the Br(

¯B ! Xs �) constraint is within its 2 � allowed region,

we can define more stringent current exclusion regions for approximately mass degenerate stops.

By studying how the Higgs data will scale with more luminosity, we can also project expected

exclusions in the stop space by the end of the 8TeV LHC run. We find the results shown in Fig 11.

In the case of these joint exclusions, there is in general a tail, or spike, of allowed parameter

space in the Br( ¯B ! Xs �) constraint where a significant degree of cancelation is occurring in the

NSUSY contributions to Br(

¯B ! Xs �). This reduces the scaling of this bound in general. This

stop
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Degenerate squarks?

• Studies on jets+MET done under the assumption 1st-2nd gen’ squarks 
are all degenerate

• usual “motivation” is the SUSY flavor problem, but Nat. SUSY is pushed 
into region where non-trivial flavor structure (and signals!!) is favorable

• is it necessary to keep degeneracy assumption here?

SUSY Strong Production Searches @ ATLAS

Christopher Young

0-lepton meff Analysis: Limits

! Having not observed any significant excess limits are set on a simplified model
consisting of first and second generation squarks, a gluino octet and a massless
LSP and in the MSUGRA/CMSSM plane with tanβ = 10 ; A0 = 0 ; µ > 0

! For each point in the planes the signal region with the best expected exclusion is
used to evaluate whether the point is excluded or not.
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Do the 1st & 2nd gen’ squarks 
have to be degenerate?

• Because of flavor constraints?
Not really.

M

8 dof

(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

Assumed spectrum in ATLAS/CMS plots

(3, 2)1/6 (3, 1)2/3 (3, 1)�1/3



M

8 dof
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Dynamics (e.g. U(1)horiz.) generates hierarchies in 
masses & mixings. Consequence: partial alignment 
with SM

Flavor dynamics: alignment

(Q̄i
LQj

L)
YUY †

U

YDY †
D

VCKM

Y †
DYD

Y †
UYU

(d̄i
Rdj

R)

(ūi
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Cross-sections roughly scale like ~1/m^6.

Example: 8 light squarks → 2 light squarks
 

  Shift limit only by   

→ too naive!

Back of the envelope estimate

⇠ 41/6 � 1 ⇡ 25%



Dedicated study 
needed

• Production cross-section can be flavor 
dependent if gluino is not fully decoupled 
through p.d.f ’s (u vs. d, sea vs. valence)

• Experimental efficiencies for light squarks 
efficiencies have thresholds and current 
limits are on the thresholds
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Effect of Pdf’s

• t-channel gluino decouples slowly if gluino is Majorana
• 1st generation squarks bound to be around 1 TeV if gluino 

is not super heavy (>4TeV)
• vertical non-degeneracy bounds still strong: 1.4TeV → 

1TeV if gluino is not decoupled
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What Data tells us?

m2
H = �v2

~  0.26 (perturbative coupling)

Origin of the EWSB potential → a weakly-coupled theory
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at face value and run with it. 

Strong EWSB vs. the hierarchy problem:
composite Higgs, TC, Randall-Sundrum,… 
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Motivation to go beyond SUSY?
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Why is the Higgs light?

Higgs as a pNGB

minimal example
      SO(5) → SO(4) ~ SU(2)L x SU(2)R

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]

� = exp
�
i�i⇥i(x)/v

�
exp

�
2i T â�â

(x)/f
�

T â 2 Alg(G/G0)

Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized

m2
h

⇠ �2

16⇥2
�2

comp

�⌧ 4⇡

25

The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so 
much lighter than the cutoff scale ?

Q:

A #3:   Higgs as a composite NG boson  (combines #1 and #2)

Loops of pure composites 
vanish due to NG symmetry

= 0

NG symmetry broken by 
elementary-composite couplings: 

No pure composite effects, 
vanish due to NG symmetry

NG symmetry broken by 
elementary-composite couplings:

Kaplan;  Agashe et. al
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FIG. 2: Global fit for the parameters a and c, obtained com-
bining CMS and Tevatron for mh = 125 GeV and ATLAS for
mh = 126.5 (dashed circles use ATLAS at mh = 125 GeV);
colors and priors as in fig. 1. The lines denote predictions
of a generic MCHM; di↵erent curves correspond to di↵erent
values of n = 0, ..., 5 in Eq. (7) (m = 0), going downwards
(n = 0, 1 correspond to the MCHM4 and MCHM5). The red
part of the curves is for 0 < ⇠ < 0.25 and the blue dashed for
0.25 < ⇠ < 1.

this type do not exist yet in the literature (n = 4
would appear in models where the spurions connect-
ing SM fields and the strong sector transform as an
irreducible representation r 2 5⌦ 5⌦ 5⌦ 5 of SO(5))
and it would be interesting to see if realistic models
can be built.

As a final example, we consider the possibility of
coupling top and down-type (b and ⌧) fermions in dif-
ferent ways to the strong sector (models of this type
have been proposed, for instance, in refs.[7, 20]). We
show examples of this as dots in the ct, |cb| plane in
fig. 6 with ct =

p
1� ⇠ and cb = c⌧ = (1�2⇠)/

p
1� ⇠

(black dot) and with ct = (1 � 2⇠)/
p
1� ⇠ and

cb = c⌧ =
p
1� ⇠ (gray dot). Fig. 6 shows slices

of constant a: for this reason these models, which
map into a curve in the 3D (a, cb, ct)-space, appear
as dots in the figure. The asymmetric couplings do
not improve the fit to the data, which shows a pref-
erence for the region cb ⇡ ct.

IV. SO(6)/SO(5) AND THE ROLE OF THE
EXTRA SINGLET

The light spectrum of models based on the
SO(6)/SO(5) coset structure contains, beside the

Higgs doublet, an extra CP-odd scalar ⌘ [6]. In
the absence of extra symmetries, the scalar poten-
tial is generic and the Higgs scalar mixes with the
singlet: this is the most important conceptual dif-
ference w.r.t. the SO(5)/SO(4) models as far as h-
phenomenology is concerned. The mass-eigenstate
basis reads

 
⌘0

h0

!
=

 
cos↵ sin↵

� sin↵ cos↵

! 
⌘

h

!
, (8)

where we take the mixing angle ↵ a free parameter.
The couplings of ⌘ (being a gauge singlet) to the
SM fermions and gauge bosons arise only at the non-
renormalizable level and are suppressed by powers
of v/f . As a consequence, mixing implies that all
the couplings of the physical Higgs will be generally
suppressed by cos↵.

Now, it is important to notice that in composite
Higgs models no enhancement is generally expected
for h ! �� [21](see however refs. [22, 23] where ex-
ceptions are discussed). The reason is that e↵ective
operators, mediated by heavy states, of the form

cB
H†H

f2
Bµ⌫B

µ⌫ , cW
H†H

f2
Wµ⌫W

µ⌫ , (9)

are generically supposed to be small by NDA argu-
ments [19]: they break the shift symmetry of the
PNGB Higgs and their coe�cient should be sup-
pressed by powers of a weak coupling over strong
coupling. The coset SO(6)/SO(5), however, admits
a Wess-Zumino-Witten (WZW) term in its e↵ective
Lagrangian, corresponding to a quantum anomaly of
the UV theory. At leading order in 1/f (and without
including the e↵ect of possible couplings of ⌘ to the
SM fermions) this includes

L ⇢ ⌘

32⇡2f
(nBBµ⌫B̃

µ⌫ + nWWµ⌫
a W̃ a

µ⌫). (10)

Therefore, in the SO(6)/SO(5) models, while all
cross-section times branching ratios are reduced by
cos2 ↵, the WZW term induces a coupling between
⌘ and photons and can enhance the BR for photons
(only3):

�h�� ! �h��(cos
2 ↵+ sin2 ↵

�⌘��

�h��
), (11)

3 We ignore the contribution of Eq. (10) to the hV V vertex
(V = W,Z), contribution which will always be smaller then
the renormalizable one.

Higgs fit ATLAS/CMS/Tevatron
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2 The loop-induced potential for the PNGBs is a function of
sin v/f and, without any fine-tuned cancellation, would nat-
urally induce v ⇡ f or v = 0.

cf =
1� (1 + n)⇠

1� ⇠

see also: Espinosa et al, Carmi et al,
Azatov et al,  … 



and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]

V
gauge

(h) =
9

2

Z
d4p
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log

✓
⇧0(p) +

s2
h

4
⇧1(p)

◆
, (1)

where s
h

⌘ sinh/f , being f the PGB decay-constant, and p the Euclidian 4-momentum. We also

have

⇧0(p) =
p2

g2
+ ⇧

a

(p) , ⇧1(p) = 2
⇥
⇧

â

(p)� ⇧
a

(p)
⇤
, (2)

where g is the gauge coupling and ⇧
a

(p) is the two-point function of the SO(4) conserved current in

momentum space, ⇧
a

⇠ hJ
a

J
a

i, and similarly ⇧
â

for the current associated to the broken generators

in SO(5)/SO(4); for the precise definitions see Ref. [5]. In a large-N expansion, that we will assume

here, these form factors can be written as an infinite sum over narrow resonances:

⇧
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(p) = p2
X
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F 2
⇢n

p2 +m2
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, ⇧
â

(p) = p2
X

n

F 2
an

p2 +m2
an

+
1

2
f 2 , (3)

where ⇢
n

and a
n

are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
c

QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
LR

(p) = ⇧
V

� ⇧
A

! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
R
d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are

lim
p

2!1
⇧1(p) = 0 , lim

p

2!1
p2⇧1(p) = 0 , (4)

that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine

F
⇢

and F
a1 , and then calculate ⇧1 as a function of the two resonance masses 1:
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)
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Eq. (5) can now be used to obtain the gauge contribution to the Higgs potential Eq. (1). In an

expansion g2 ⌧ 1, we have
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
2 +m2

a1
); the

numerator can easily be obtained by requiring ⇧1(0) = f2.

3

require Higgs dependent 
term to be UV finite
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Coleman-Weinberg potential

Simpler derivation of the connection:
Light Higgs - Light Resonance 

✒ Deconstruction: Matsedonskyi,Panico,Wulzer; Redi,Tesi 12

✒ Weinberg Sum Rules: Marzocca,Serone,Shu; AP, Riva 12
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
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gauge bosons

is given by [5]
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and a
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.

2

and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]

V
gauge

(h) =
9

2

Z
d4p

(2⇡)4
log

✓
⇧0(p) +

s2
h

4
⇧1(p)

◆
, (1)

where s
h

⌘ sinh/f , being f the PGB decay-constant, and p the Euclidian 4-momentum. We also

have

⇧0(p) =
p2

g2
+ ⇧

a

(p) , ⇧1(p) = 2
⇥
⇧

â
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
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Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
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); the

numerator can easily be obtained by requiring ⇧1(0) = f2.

3

Minimal contribution (need at least two resonances)



The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
c

QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
LR

(p) = ⇧
V

� ⇧
A

! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
R
d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are

lim
p

2!1
⇧1(p) = 0 , lim

p

2!1
p2⇧1(p) = 0 , (4)

that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine

F
⇢

and F
a1 , and then calculate ⇧1 as a function of the two resonance masses 1:

⇧1(p) =
f 2m2

⇢

m2
a1

(p2 +m2
⇢

)(p2 +m2
a1
)
. (5)

Eq. (5) can now be used to obtain the gauge contribution to the Higgs potential Eq. (1). In an

expansion g2 ⌧ 1, we have

V (h) = ↵s2
h

+ �s4
h

+ · · · , (6)

where

↵ =
9g2f 2m2

⇢

m2
a1

128⇡2(m2
a1
�m2

⇢

)
log

✓
m2

a1

m2
⇢

◆
, (7)

� = � 9g4f 4

1024⇡2


log

✓
m

a1m⇢

m2
W

◆
� (m4

a1
+m4

⇢

)

(m2
a1
�m2

⇢

)2

� (m2
a1
+m2

⇢

)(m4
a1
� 4m2

a1
m2

⇢

+m4
⇢

)

2(m2
a1
�m2

⇢

)3
log

✓
m2

a1

m2
⇢

◆�
, (8)

and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
2 +m2

a1
); the

numerator can easily be obtained by requiring ⇧1(0) = f2.

3

Minimal contribution (need at least two resonances)

Analogously for SO(5) fermionic contribution
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3
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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

5 = 4 + 1

→ solve for mh = 125 GeV
Q1Q4

with EM charges 5/3, 2/3,-1/3

Pomarol et al; Marzocca

similar result in deconstruction: 
Matsedonskyi et al;  Redi et al
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Partial compositeness

Fermionic operators can excite 
composite fermions at low energy:

    parametrizes the degree of 
compositeness of the SM fermions
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Partial Compositeness

Mixing & Flavour

Photon-⇢ Mixing

Analogous to QCD, where the photon remains
massless

Fermion mixing
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Leads to light SM fermions and heavy partners

Naive Partial Compositeness almost works

CP observables push m⇢ ⇠> 10 TeV

What can we do to make it work completely?

Maikel de Vries (DESY, Hamburg) Strong Signatures of RH Compositeness September 27, 2012 7 / 18



Basically the only case where it makes sense to invoke MFV
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RS realization: Csaki,AW et al;
Delaunay et al; da Rold; see also
Barbieri et al

of all generations 



Strong Signatures
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de Vries, Redi, Sanz, AW, in prep.
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similar plot from CMS

LHC14 will tell



Strong Signatures

Heavy Fermions Partners

Interesting at the LHC

A light Higgs implies light fermion partners: mQ ⇠< 1500 GeV

Various production modes and decay into multijet channels

Light fermion partners should be visible soon at the LHC

Two decay modes Chromomagnetic operator
L = gs

mQ
Q̄�µ⌫T aqG a

µ⌫

Three body decay through a
colour octet

Both decay modes are suppressed
and result in a narrow width
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chromo-magnetic (loop)

three-body

Both decay modes suppressed 
and result in a narrow width

deVries, Redi, Sanz, AW, in prep.



Strong Signatures

Production Modes

Four jet analysis by CMS 7 TeV 2.2 fb�1

[CMS PAS EXO-11-016]

However, optimized for pair production of
two heavy resonances

Hence, needs a dedicated search for this
topology

Six jet analysis by CMS 7 TeV 5.0 fb�1

[CMS-EXO-11-060]

Looks at the invariant mass of three jets to
find resonances, but six jets are hard to
analyze

Our paper will contain more detailed
analyses and suggestions for dedicated
experimental searches

Maikel de Vries (DESY, Hamburg) Strong Signatures of RH Compositeness September 27, 2012 16 / 18

Search strategies

Four jet analysis CMS 7 TeV 2.2 fb−1 
[CMS PAS EXO-11-016]

optimized for pair production of 
two heavy resonances

Six jet analysis CMS 7 TeV 5.0 fb−1 
  [CMS-EXO-11-060]

Currently recasting analysis & 
designing dedicated search

deVries, Redi, Sanz, AW, in prep.



Conclusions 

• Three main options after Higgs discovery:
1) SM  2) SUSY 3) Composite pGB Higgs 

• In the next years, naturalness is on trial: 
stops or fermionic top partners?

• Flavor trivial composite Higgs is very 
visible, survives EWPT with large 
compositeness: expect discovery/exclusion 
by LHC14
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Heavy Fermion Decays
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Back Up Slides

Dijet Exclusion Limits for mQ = 1000 GeV
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Light Fermionic Partners 
affects dijet exclusions



Flavor transparent 
strong sector

w/ Michele Redi 
arxiv:1106.6357[hep-ph]

See also:
Rattazzi-Zaffaroni ’01

Cacciapaglia, Csaki, Galloway, Marandella, Terning, AW. ’07
Barbieri, Isidori, Pappadopulo ’08

Delaunay, Gedalia, Lee, Perez, Ponton ’11
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Rattazzi-Zaffaroni Model:

MFV realized if flavor symmetry is broken by two 
bifundamentals:

Yu = (3, 3̄, 1) Yd = (3, 1, 3̄)

All quarks are composite, severe constraint:

m⇢ > 5g⇢ TeV

SU(3)L ⌦ SU(3)u ⌦ SU(3)d

qL = (3, 1, 1) uR = (1, 3, 1) dR = (1, 1, 3)

JHEP 0104 (2001) 021 



Composite sector is trivial w.r.t flavor

All flavor violation comes 
from the external mixings.

Flavor 
Invariant

yu / �Lu�Ru

yd / �Ld�Rd

�Ld

�Lu �Ru

�Rd



Composite sector is trivial w.r.t flavor

All flavor violation comes 
from the external mixings.

Flavor 
Invariant

Simple realization of Minimal Flavor Violation:

mixings ~ SM Yukawas

yu / �Lu�Ru

yd / �Ld�Rd

�Ld

�Lu �Ru

�Rd



• Left-handed compositeness:

�Lu / Id , �Ld / Id

�Ru / yu , �Rd / yd

SU(3)F+
LU , LD , U ,D 2 3F

• Right-handed compositeness:

�Lu / yu , �Ld / yd

�Ru / Id , �Rd / Id

SU(3)U ⌦ SU(3)D+
LU , U 2 (3, 1) LD , D 2 (1, 3)



• Left-handed compositeness:

�Lu / Id , �Ld / Id

�Ru / yu , �Rd / yd

SU(3)F+
LU , LD , U ,D 2 3F

• Right-handed compositeness:

�Lu / yu , �Ld / yd

�Ru / Id , �Rd / Id

SU(3)U ⌦ SU(3)D+
LU , U 2 (3, 1) LD , D 2 (1, 3)

MFV Mixing of one chirality of 
light quarks is large.



Flavor bounds are automatically satisfied.
No EDMs are generated to leading order.

LEP bounds,

Rb =
�(Z ! bb̄)

�(Z ! qq̄)
= .21629± .00066

Rh =
�(Z ! qq̄)

�(Z ! µµ̄)
= 20.767± .025

Modified couplings strongly constrained
�Rh
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Similar bound is found from unitarity of CKM

|Vud|2 + |Vus|2 + |Vub|2 = .9999± .0012

|Vud|2 + |Vus|2 + |Vub|2 ⇥ 1� .7
�gLu

gLu



Strongly constrained and only possible if tR is composite.

LH COMPOSITENESS:
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RH COMPOSITENESS:
No bounds from LEP!

Main constraint from recent di-jet searches,

Large or full compositeness is still allowed with m⇢ = 3 TeV
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If RH quarks are fully composite: MFV follows 
automatically from the flavor symmetry. 

(Only two possible mixings with strong sector).



LHC phenomenology
1) Proton is 1/2 composite!
2) Decay patter˙n change





Spin-1: gluon, electro-weak, flavor resonances
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First term easily dominates for RH compositeness.
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Gluon resonances:
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LHC7 bounds already relevant:

Di-jet bounds 35/pb

g⇢ = 3
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Di-jet bounds 35/pb
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Expected signals in di-jet.

Di-jet bounds 35/pb
compositeness

Atlas-Conf-2011-081
Bump search 810/pb
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g⇢ = 3

LHC7 bounds already relevant:Diagrams by MadGraph  u~ u~ -> u~ uh~  
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Expected signals in di-jet.

Di-jet bounds 35/pb

CMS-EXO-11-015
1/fb g⇢ = 3

0.00250.0051

100

0.025
0.05

1

10

0.25
0.5

1
2.5

5.
10

25.

50.

100

250.

500.

10002500.
5000.10 000

25000.

1500 2000 2500 3000 3500 4000 4500
0.4

0.5

0.6

0.7

0.8

0.9

1.0

mrHGeVL

sin
Hu RL
=
sin
Hd RL

sHpp Æ rÆ qqL @fbD, LHC7

g⇢ = 3

LHC7 bounds already relevant:Diagrams by MadGraph  u~ u~ -> u~ uh~  
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Atre, Azuelos, Carena, Han, 
Ozcan, Santiago, Unel ’11

LHC searches could probe fermions up to 1 TeV.
LHC14 will either discover or exclude the model.
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Right quark partners produced by resonance exchange.

Diagrams by MadGraph  u~ u~ -> u~ uh~  
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g� = 3 , sin�uR = .7 , sin�dR = 1/6

Ũ ⇢

uR

q

q
MR, Sanz, Weiler, in progress
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3-4 jet final states.


