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FIG. 4. Observed and expected 95% CL limits on the SM
Higgs boson production normalized to the predicted cross sec-
tion as a function of mH .
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TABLE III. Higgs boson production cross section multiplied
by the branching ratio into two photons, expected number
of signal events summed over all categories for 4.9 fb−1 and
selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

σ ×BR [fb] 45 44 43 40 36 32 27 22 16

Signal events 69 72 72 69 65 58 50 41 31

Efficiency [%] 31 33 34 35 37 37 38 38 39

The dominant experimental uncertainty on the signal
yield is the photon reconstruction and identification ef-
ficiency (±11%), which is estimated with data by using
electrons from Z and W decays and photons selected
from Z → !!γ (! = e, µ) events. Pileup also affects
the identification efficiency and contributes to the uncer-
tainty (±4%). Further uncertainties on the signal yield
are related to the trigger (±1%), Higgs boson pT model-
ing (±1%), isolation (±5%) and luminosity (±3.9%). Un-
certainties on the predicted cross sections are due to un-
certainties on the QCD renormalization and factorization
scales (+12

−8 %) and on the parton density functions (PDF,
[37] and references therein) and αs (±8%). The total
uncertainty on the signal yield is +20

−17%. The total uncer-
tainty on the mass resolution is ±14%, dominated by the
uncertainty on the energy resolution of the calorimeter,
determined from Z → ee events (±12%). Further uncer-
tainties on the mass resolution result from an imperfect
knowledge of material in front of the calorimeter affect-
ing the extrapolation from electron to photon calibration
(±6%), the impact of pileup (±3%) estimated from ran-
domly triggered events, and the photon angle measure-
ment (±1%) estimated using Z → ee events. The uncer-
tainty on the knowledge of the material in front of the
calorimeter is used to derive the amount of event migra-
tion between the converted and unconverted categories
(±4.5%). Different PDFs and scale variations in HqT

calculations are used to derive possible event migration
between high and low pTt categories (±8%).

A modified frequentist approach (CLS) [38] for set-
ting limits and a frequentist approach to calculate the p0
value are used [39]. The p0 is the probability that the
background fluctuates to the observed number of events
or higher. The combined likelihood, which is a function
of the ratio of the measured cross-section relative to that
of the SM prediction, is constructed from the unbinned
likelihood functions of the nine categories. Systematic
uncertainties are incorporated by introducing nuisance
parameters with constraints. Asymptotic formulae [40]
are used to derive the limits and p0 values, which are
refined with pseudo experiments [41], as functions of the
hypothetical Higgs boson mass.

The observed and expected local p0 values and the

95% CL limits on the Higgs boson production in units
of the SM cross section are displayed in Figs. 3 and 4.
Before considering the uncertainty on the signal mass po-
sition, the largest excess with respect to the background-
only hypothesis in the mass range 110-150 GeV is ob-
served at 126.5 GeV with a local significance of 2.9 stan-
dard deviations. The uncertainty on the mass position
(±0.7 GeV) due to the imperfect knowledge of the pho-
ton energy scale has a small effect on the significance.
When this uncertainty is taken into account using pseudo
experiments, the significance is 2.8 standard deviations;
this becomes 1.5 standard deviations when the look else-
where effect [42] for the mass range 110-150 GeV is in-
cluded. The median expected upper limits of the cross
section in the absence of a true signal, at the 95% CL,
vary between 1.6 and 1.7 times the SM cross section in
the mass range 115−130 GeV, and between 1.6 and 2.7
in the mass range 110−150 GeV. The observed 95% CL
upper limit of the cross section relative to the SM cross
section is between 0.83 and 3.6 over the full mass range.
A SM Higgs boson is excluded at 95% CL in the mass
ranges of 113−115 GeV and 134.5−136 GeV.
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Figure 2: Exclusion limit on the cross section of a SM Higgs boson decaying into two photons as
a function of the boson mass (upper plot). Below is the same exclusion limit relative to the SM
Higgs boson cross section, where the theoretical uncertainties on the cross section have been
included in the limit setting.
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Figure 3: The local p-value as a function of Higgs boson mass, calculated in the asymptotic
approximation. The point at 124 GeV shows the value obtained with a pseudo-data ensemble.

boson. The local p-value corresponding to the largest upwards fluctuation of the observed
limit, at 124 GeV, has been computed to be 9.2⇥10�4 (3.1 s) in the asymptotic approximation,
and 1.5±0.4⇥10�3 (3.0 s) when the calculation uses pseudo-data (the value for the pseudo-data
ensemble at 124 GeV is shown in Fig. 3). The combined best fit signal strength, for a SM Higgs
boson mass hypothesis of 124 GeV, is 2.1±0.6 times the SM Higgs boson cross section. In Fig. 4
this combined best fit signal strength is compared to the best fit signal strengths in each of the
event classes. Since a fluctuation of the background could occur at any point in the mass range
there is a look-elsewhere effect [68]. When this is taken into account the probability, under the
background only hypothesis, of observing a similar or larger excess in the full analysis mass
range (110 < mH < 150 GeV) is 3.9⇥10�2, corresponding to a global significance of 1.8 s.

9 Conclusions

A search has been performed for the standard model Higgs boson decaying into two photons
using data obtained from pp collisions at

p
s = 7 TeV corresponding to an integrated lumi-

nosity of 4.8 fb�1. The selected events are subdivided into classes according to indicators of
mass resolution and signal-to-background ratio, and the results of a search in each class are
combined. The expected exclusion limit at 95% confidence level is between 1.4 and 2.4 times
the standard model cross section in the mass range between 110 and 150 GeV. The analysis
of the data excludes at 95% confidence level the standard model Higgs boson decaying into
two photons in the mass range 128 to 132 GeV. The largest excess of events above the expected
standard model background is observed for a Higgs boson mass hypothesis of 124 GeV with
a local significance of 3.1 s. The global significance of observing an excess with a local signifi-
cance �3.1 s anywhere in the search range 110–150 GeV is estimated to be 1.8 s. More data are
required to ascertain the origin of this excess.
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where in this case the value of
p

�2
B = 2.6 agrees exactly

with the quoted local significance.

3. Tevatron

The most recent combination from the Tevatron is
based on 71 mutually exclusive final states from CDF
and 94 from DØ. A small excess of data events is found
in the mass range between 125 GeV and 155 GeV with

2 lnQTevatron(130 GeV) = �1.9,

while the region between 156 GeV and 177 GeV is ex-
cluded at the 95% CL [3].

4. LEP 2

The input from LEP 2 is unchanged with respect to
Ref. [8] which was the last analysis of the type presented
here before the LHC started data taking in earnest. At
LEP 2 with energies up to

p
s ⇡ 209 GeV, the Higgs

boson was searched for in the dominant (⇡ 74%) bb̄
decay channel, produced in the Higgsstrahlung process,
e+e� ! ZH. In addition, the H ! ⌧+⌧� channel
(⇡ 7%) was studied for the Z boson decaying into two
jets. The combination [4] of the four experiments, all
channels and all

p
s values, resulted in the nominal lower

bound, MH � 114.4 GeV. However, the combined data
are neither particularly compatible with the hypothesis
MH = 115 GeV (15% CL), nor with background only
(9% CL). The reason is that the results by ALEPH are by
themselves in very good agreement with MH ⇡ 114 GeV
(due to an excess in the 4-jet channel) thereby strongly
rejecting the background only hypothesis, while the re-
sults based on the other channels and experiments (espe-
cially DELPHI) are incompatible with any signal. Over-
all, a signal for 115 GeV  MH  119.5 GeV is favored
by the data, but not with high significance,

2 lnQLEP(117 GeV) = �1.7

The combination of all direct search results are illus-
trated in Fig. 1. Shown is the �2 di↵erence relative to
the most signal-like Higgs mass of 125 GeV,

��2 ⌘ �2 ln
p(MH)

p(125 GeV)
,

where �2 ln p(125 GeV) = 13.2. This value is indicated
by the red line in the figure and corresponds to vanishing
reach or else to cases where the overall search results are
equally well (or poorly) described by the H+B and B
hypotheses.

5. Precision Data

The input electroweak precision data have shifted only
slightly with respect to Refs. [8, 11]. By themselves, they
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FIG. 3. The normalized probability distribution of MH in
the low mass region based on all data. Shown in green (blue)
is the 68% (98.2%) CL highest probability density region.

give the 1 � result,

MH = 99+28
�23 GeV,

which covers exactly the low mass range not yet excluded
by CMS. Compared to previous analyses [5, 8] the in-
direct precision data now play a less pronounced rôle
as they do not have much discriminatory power within
the remaining low mass window, 115.5 GeV < MH <
127 GeV, since

�2
EW(127 GeV)� �2

EW(115.5 GeV) = 0.63

However, they are the only source of information in the
high mass region, MH

>⇠ 600 GeV, which is currently
beyond the reach of the LHC. And they are crucial to
guarantee a normalizable posterior density.
The combination of all direct search results with the

indirect precision data is shown in Fig. 2. Compared to
Fig. 1 the high mass region is now also ruled out at the
8 � level2.

III. RESULTS

The main result of this communication is the normal-
ized probability distribution of MH displayed in Fig. 3,
which is based on all available data as summarized in

2 This is ignoring the fact that perturbation theory becomes unreli-
able for Higgs masses near the unitarity bound of about 800 GeV
and beyond, so that the exclusion in those regions is rather of
qualitative nature.

Taking these excesses seriously already allows a 
precise determination of the Higgs mass!

mh = 124.5± 0.8 GeV

Jens Erler 1201.0695



• my view on the Higgs is:

guilty until proven innocent

• for the rest of this talk:

• not technicolor!

mh ⇡ 124� 126 GeV

• let’s explore implications for SUSY
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matching condition:

��(m̃) ' Mm⌫

4⇡2v2
ln

m̃

M
for m̃ > M (29)

which is irrelevant if M <⇠ 1014 GeV.

5.1 Implications of present Higgs searches at the LHC

Recent data from ATLAS and CMS provide a 99% CL upper bound on the SM Higgs mass of 128

GeV and a hint in favor of a Higgs mass in the 124�126GeV range [17]. The main implications

for the scale of supersymmetry breaking can be read from fig. 3 and are more precisely studied

in fig. 5, where we perform a fit taking into account the experimental uncertainties on the top

mass and the strong coupling.

The scale of Split Supersymmetry is constrained to be below a few 108 GeV. This implies

a significant upper bound on the gluino lifetime [18]

⌧g̃ '
✓
TeV

M3

◆5 ✓
m̃

108 GeV

◆4

4⇥ 10�4 s. (30)

As the value of tan � increases, the bound on m̃ becomes rapidly much tighter, see fig. 5. For

instance, for tan � > 10, the scale of Split Supersymmetry must be below about 104 GeV and

the gluino lifetime must be less than 4⇥ 10�20(M3/TeV)�5 s.
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SUSY

mh = 125 GeVnatural unnatural

★ topic of this talk

Giudice, Strumia 1108.6077

• 125 sits in the battleground between natural and not



1. MSSM

2. NMSSM

3.

the plan:

�SUSY
�SHuHd

� . 0.7

� > 0.7



fine tuning in the MSSM

tree-level:

�m2
Z

2
= |µ2|+m2

Hu
+O

✓
1

tan2 �

◆

one-loop:

�m2
Hu

⇡ � 3y2t
8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
log

✓
⇤

mt̃

◆

m2
t̃ . (500 GeV)

2 1

1 +A2
t/2m

2
t̃

✓
10%

�

�1

◆✓
3

log⇤/mt̃

◆

maximal mixing has the same fine tuning 
cost as doubling the stop masses A2

t ⇡ 6m2
t̃



•  write the potential in the 
direction of EWSB,

V = m2
H |h|2 + �h

4
|h|4

• extremizing,

signals fine tuning
Kitano and Nomura 0602096

general bottom-up fine tuning

m2
h0 = �hv

2 = �2m2
H

�m2
H

m2
h0/2

� 1

mh0 is the contribution to the Higgs mass 
from the direction that breaks EW 
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• fine tuning highly prefers large 

�

�
(and small mixing) 

• the NMSSM is pushed to the edge of its 
parameter space 
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Figure 8: The necessary stop mass (left) and fine-tuning (right) in order to achieve a Higgs mass
of 125 GeV in the NMSSM, as a function of �. We see that larger values of � allow for lighter
stops and much less fine-tuning. We consider two cases for the stop mixing: (1) maximally
mixed stops and (2) zero mixing. We cut o↵ the plot for maximally mixed stops when m

˜t1 ⇠ mt.
For both plots, the loop corrections are computed using Suspect and FeynHiggs, and we fix
tan � = 2.

such as Fat Higgs models [16], successful gauge coupling unification can occur even with � >

0.7 and a non-perturbative sector well below unified scales. In this section we study values

of � up to 2, beyond which the running value of �2(10TeV) becomes of order 4⇡, and non-

perturbative e↵ects are likely to upset precision electroweak data [15]. Many features of this

�-SUSY framework have been studied [15, 21, 31], but always with the SM-like Higgs boson

heavier than about 160 GeV.

Here we study the theory defined by the interactions of Eqs. 8 and 9 from the previous section,

but with large �. We begin by considering the Higgs mass, which is naively of order �v ⇠ 200–

300 GeV in the limit of small tan � (see Eq. 10). However, this estimate neglects mixing between

the Higgs and the CP even singlet within S, which would be a good approximation in the limit

of large singlet soft mass, mS ! 1. However, this limit cannot be taken consistently with

naturalness, because the singlet scalar soft mass a↵ects the Hu and Hd soft masses through the

one-loop RGEs,

dm2

Hd

dt
= �2

m2

S

8⇡2

+ · · · , (11)

dm2

Hu

dt
= �2

m2

S

8⇡2

+
3

8⇡2

y2t
�
m2

Q3
+m2

u3
+ |At|2

�
+ · · · . (12)

Naturalness requires the singlet scalar to be relatively light, mS . 1 TeV, and so singlet-doublet

mixing between the CP even mass eigenstates must be considered, as in the mass matrix of

Eq. 3 from the introduction. The o↵-diagonal mixing terms arise from the soft A-term and the

13



what about larger     ?�

• top-down: fat higgs

Harnik,  Kribs, Larson, Murayama 0311349 

• bottom-up: �SUSY

Barbieri, Hall, Nomura, Rychkov 0607332

• we restrict to � . 2
so the theory is 
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singlet mass ms results in a lighter Higgs due to mixing of the singlet with the Higgs.

of a 3⇥3 mass matrix for the CP even Higgs scalars. However, this decoupling is itself unnatural

since the soft Higgs doublet mass parameter is generated by 1-loop renormalization group scaling

at order �2m2

s. For � = 2, avoiding additional tuning at the 20% level requires ms . 1 TeV [15].

Once s is no longer decoupled, it is crucial to include doublet-singlet Higgs mixing. In the limit

of decoupling one Higgs doublet, s mixes with the remaining light neutral doublet Higgs h at

tree-level via the mass matrix

M2 =

✓
�2v2 sin2 2� +M2

Z cos2 2� �v(µ,MS, A�)
�v(µ,MS, A�) m2

s

◆
. (3)

In general there are several contributions to the o↵-diagonal entry and these will be discussed

in section 4; but all are proportional to �v, which is large in �-SUSY, so that mixing cannot be

neglected even for rather large values of m2

s. This is illustrated in Figure 3 where, for a set of

reference parameters of the model discussed later, the two eigenvalues of this mixing matrix are

shown as a function of ms. At the reference point � = 2 and tan � = 2, so that in the absence

of mixing the Higgs mass would be 280 GeV, but this is reduced to 126 GeV for ms ⇠ 500 GeV.

As the blue curve of Figure 3 crosses 126 GeV its slope is quite modest – a central claim of this

paper is that a 126 GeV Higgs from doublet-singlet mixing in �-SUSY is highly natural. For

the chosen reference point, the tuning rapidly increases as the Higgs mass becomes lighter than

4
dm2

Hu,d

dt
= �2 m

2
S

8⇡2
+ . . .

naturalness says singlet 
cannot be decoupled:
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Figure 10: The Higgs mass and fine-tuning contours, �mh
in �-SUSY. On the left, we vary �

and tan � and on the right we vary � and the singlet soft mass, mS. The rest of the parameters
are fixed as in table 1. We find that there is a preference for large �, small tan �, and moderate
values of the singlet soft mass, mS ⇠ 500 GeV. Overall, there is a large region of parameter
space where a Higgs mass of 125 GeV is consistent with very mild tuning, �mh

⇠ 5. Within
the purple region, the Higgs is driven tachyonic due to Higgs-singlet mixing, and in the orange
region on the right plot, there is a light neutralino and the Higgs dominantly decays invisibly.

just outside this area, as expected from the mild slope in Figure 3. In fact, the reference point

lies near the edge of a large region of the (�, tan �,mS,MS) parameter space where �mh
⇠ 5.

The �-SUSY theory has a large region with mh = 125 GeV that is less fine-tuned than the

NMSSM. In a portion of this region, which we have shaded in orange in Figure 9 and the right

panel of Figure 10, the lightest neutralino mass is less than one half of the Higgs mass, so that

Higgs decays to neutralinos becomes kinematically accessible. Due to the large coupling, one

expects that such invisible decays will occur with an order one branching ratio as soon as they

are allowed [32].

It is clear from Figure 10 that the fine-tuning is only a mild function of �. However, large

� has a very important e↵ect: it protects the Higgs mass from heavy sparticle corrections,

decreasing the Higgs mass sensitivity to the sparticle spectrum. At large �, the fine-tuning is

dominated by the sensitivity to the parameters entering the singlet-doublet mixing, while at

small � (and large mS) the mixing becomes less important, and the fine-tuning comes from stop

loops correcting m2

Hu
. For a given fine-tuning the stop mass must be lower for a lower value of �.
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non-decoupling of H

⇠bb = 1� |sin 4�| tan�
✓

�v

mH±

◆2

⇠bb = 1 + |sin 4�| tan�
✓

mZ

mH±

◆2

⇠bb ⌘
y2b

(y2b )SM

g

g

t̃i
h h H h

γ

γ

t̃i

xtt
xWW
xgg
xbb

mh = 125 GeV

Tan b = 2

300 500 750 1000 15000.0

0.5

1.0

1.5

mH+ HGeVL

x i

l SUSY

xtt
xWW
xgg
xbbTan b = 20

300 500 750 1000 15000.0

0.5

1.0

1.5

mH+ HGeVL

x i

MSSM

Figure 12: The ratio of Higgs couplings squared relative to the Standard Model for bb̄, tt̄,
W�W+ and �� as a function of the charged Higgs mass, mH+ . �-SUSY is shown to the left and
the MSSM is shown to the right. In �-SUSY the couplings are computed at tree-level, and the
Higgs mass is a function of mH+ ; in the MSSM we approximate the one-loop correction to the
couplings [3], given that the stop contribution raises the Higgs mass to 125 GeV. We see that
in �-SUSY, unlike the MSSM, the Higgs coupling to the bottom quark drops dramatically away
from the decoupling limit, leading to a depleted Higgs width and an enhanced �� signal. The
�-SUSY parameters, other than the charged Higgs mass, are as in table 1; for the MSSM we
choose tan � = 20.

Higgs couplings and branching ratios. Expanding in powers of v/(mA,mH+) the light Higgs

coupling to bb̄ in the MSSM normalized to the SM is2

⇠bb ⌘ y2b
(y2b )SM

⇡ 1 + 2

 
1�

✓
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mh

◆
2

cos 2�

!✓
mh

mA

◆
2

(18)

! 1 + | sin 4�| tan �
✓
mZ

mA

◆
2

at tree level, (19)

while in �-SUSY we have

⇠bb ⇡ 1� | sin 4�| tan �
✓

�v

m+

H

◆
2

, (20)

neglecting corrections from singlet-doublet mixing. In �-SUSY the non-decoupling e↵ect is a

factor of ⇠ 2�2/g2 larger and takes the opposite sign as compared to the MSSM, tending to

reduce the Higgs coupling to bb̄. We show the ratio of light Higgs couplings to various particles

in the MSSM and in �-SUSY relative to those in the SM in Figure 12 as a function of mH+ . The

2The formula given here includes the approximate one-loop contribution to the Higgs mixing angle from the
stops, with the assumption that they only a↵ect the m2

Hu
element of the Higgs mass matrix [3].
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couplings [3], given that the stop contribution raises the Higgs mass to 125 GeV. We see that
in �-SUSY, unlike the MSSM, the Higgs coupling to the bottom quark drops dramatically away
from the decoupling limit, leading to a depleted Higgs width and an enhanced �� signal. The
�-SUSY parameters, other than the charged Higgs mass, are as in table 1; for the MSSM we
choose tan � = 20.

Higgs couplings and branching ratios. Expanding in powers of v/(mA,mH+) the light Higgs

coupling to bb̄ in the MSSM normalized to the SM is2
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neglecting corrections from singlet-doublet mixing. In �-SUSY the non-decoupling e↵ect is a

factor of ⇠ 2�2/g2 larger and takes the opposite sign as compared to the MSSM, tending to

reduce the Higgs coupling to bb̄. We show the ratio of light Higgs couplings to various particles

in the MSSM and in �-SUSY relative to those in the SM in Figure 12 as a function of mH+ . The

2The formula given here includes the approximate one-loop contribution to the Higgs mixing angle from the
stops, with the assumption that they only a↵ect the m2

Hu
element of the Higgs mass matrix [3].
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non-decoupling of H

R�� =
(�gg!h ⇥ Brh!��)�SUSY

(�gg!h ⇥ Brh!��)SM

MSSM Higgs coupling to bb̄ can be enhanced by an order one amount as the charged Higgs mass

approaches the b ! s� limit near ⇠ 300 GeV [33], while the couplings to WW , ��, and tt̄ remain

nearly unperturbed by decoupling e↵ects. In contrast, it can be seen that the bb̄ coupling may be

decreased dramatically in �-SUSY, reaching a value of 0.3 relative to the SM at our benchmark

point from Table 1. The depletion of the coupling toWW is not as severe because it first appears

at order (�v/mH+)4 in the expansion. Furthermore, the ⇠i do not asymptote to 1 because of the

singlet-doublet mixing, which tends to deplete all couplings uniformly.
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Figure 13: The ratio R�� of �⇥Br in �-SUSY relative to the SM for the process gg ! h ! ��.
The red contours show R�� and the blue contours show the Higgs mass in the �, tan � plane.
We see that this process generically has a larger rate in �-SUSY than in the SM, this is due to
the depletion of the Higgs coupling to bottom quarks in the non-decoupling limit. The left and
right panels correspond to charged Higgs masses of 350 and 470 GeV, respectively.

For a SM-like Higgs at 125 GeV, decays to bb̄ contribute 58% [34] to the full width. Thus, a

depletion of the bb̄ coupling can generate a large increase in the branching ratios to other final

states relative to a SM or MSSM Higgs. In Figure 13 we show contours of �⇥Br(gg ! h ! ��)

relative to the SM in the (�, tan �) plane for two values of mH+ . We compute the modified

branching ratios by weighting the partial widths of the SM Higgs [34] by the ⇠i factors discussed

above. As expected from Eq 20, the enhancement to R�� grows with �, and can be greater

than 1.5 in a large region of parameter space with low fine-tuning and a light Higgs. The

enhancement turns o↵ quickly as mH+ is raised, but mH+ cannot become too large without
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11

tation from the background-only hypothesis. The band corresponds to the ±1s uncertainty
(statistical+systematic) on the value of µ̂ obtained from a change in qµ by one unit (Dqµ = 1),
after removing the µ  µ̂ constraint. The observed µ̂ values are within 1s of unity in the mass
range from 117–126 GeV.

Figure 7 shows the interplay of contributing channels for the two Higgs boson mass hypothe-
ses mH = 119.5 and 124 GeV. The choice of these mass points is motivated by the features
seen in Fig. 6 (left). The plots show the level of statistical compatibility between the channels
contributing to the combination.
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Figure 7: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contributing
channels (points) for two hypothesized Higgs boson masses. The band corresponds to ±1s
uncertainties on the overall µ̂ value. The horizontal bars indicate ±1s uncertainties on the µ̂
values for individual channels.

5 Conclusions

Combined results are reported from searches for the SM Higgs boson in proton-proton colli-
sions at

p
s = 7 TeV in five Higgs boson decay modes: gg, bb, tt, WW, and ZZ. The explored

Higgs boson mass range is 110–600 GeV. The analysed data correspond to an integrated lumi-
nosity of 4.6–4.8 fb�1. The expected excluded mass range in the absence of the standard model
Higgs boson is 118–543 GeV at 95% CL. The observed results exclude the standard model Higgs
boson in the mass range 127–600 GeV at 95% CL, and in the mass range 129–525 GeV at 99% CL.
An excess of events above the expected standard model background is observed at the low end
of the explored mass range making the observed limits weaker than expected in the absence of
a signal. The largest excess, with a local significance of 3.1s, is observed for a Higgs boson mass
hypothesis of 124 GeV. The global significance of observing an excess with a local significance
�3.1s anywhere in the search range 110–600 (110–145) GeV is estimated to be 1.5s (2.1s). More
data are required to ascertain the origin of the observed excess.
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higgs mass in MSSM

• 1-loop:

h h h h h h

t t̃i t̃i

m2
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2� +

3

(4⇡)2
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v2
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m2
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+

X2
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t̃

 
1� X2

t

12m2
t̃

!#

Xt = At �
µ

tan�

maximal mixing: |Xt| =
p
6mt̃

and the squared stop soft masses are given by the eigenvalues of the following matrix,
0

B@
m2

Q3
+ m2

t + tLmZ mtXt

mtXt m2
U3

+ m2
t + tRm2

Z

1

CA , (12)

where mQ3 and mu3 are the left and right-handed stop soft masses, respectively, Xt =

At�µ/ tan � determines the left-right stop mixing, and tL,R parameterize D-term corrections

that are introduced by electroweak symmetry breaking. The D-term coe�cients are given

by tL = (1/2 � 2/3 sin2 ✓W ) cos 2� and tR = 2/3 sin2 ✓W cos 2�.

As explained before, naturalness also requires a light left-handed sbottom, whose mass

is also determined by mQ3 . If tan � is not too large, then left-right sbottom mixing can be

neglected and the right handed sbottom is not required, by naturalness, to be light. In this

case, the left-handed sbottom mass is given by,

m2
b̃L

= m2
Q3

+ m2
b �

✓
1

2
+

1

3
sin2 ✓W

◆
cos 2� m2

Z , (13)

where the last term corresponds to the D-term contribution to the sbottom mass.

We begin by considering the limits on stops, and the left-handed sbottom, with a higgsino

LSP. These are the most important superparticles to be light if supersymmetry is natural.

The spectrum, and the relevant decays, are shown in Fig. IV B. We begin, for simplicity, by

neglecting left-right stop mixing, Xt = 0 (we will relax this assumption below). Then, the

right-handed stop mass is determined by mu3 and the left-handed stop and sbottom have

masses close to mQ3 , with the left-handed stop a bit heavier than the left-handed sbottom,

due to the m2
t contribution to the upper-left entry of the stop mass matrix (see eq. 12). As

a further simplification, to illustrate the main kinematical features, we separately consider

the limits of the left-handed stop/sbottom, and right-handed stop.

The LHC limit on the left-handed stop and sbottom (right-handed stop) is shown to the

left (right) of Fig. 3, respectively. We find that the strongest limit comes from searches for

jets and missing energy, which are shown in the plot. There is a stronger limit on the left-

handed stop than the right-handed stop, because of the additional presence of a sbottom,

in the left-handed case, leading to an overall larger production cross-section than for the

right-handed stop. In both cases the limits are set by both stops and bottoms decaying to

b-jets and chargino or neutralino respectively.
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W � �SHuHd + µHuHd +MS S2

V
soft

� mS |S|2 + (�A� SHuHd + h.c.)

m2
h  m2

Z cos

2
2� + �2v2 sin2 2�

NSSM

• consider the superpotential:

• and soft terms:

• the lightest CP even eigenvalue satisfies the bound:

saturated when ms � MS

|FS |2 � �2|HuHd|2
which generates:
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = m
˜t and varying

tan � = 2, 5, 10 from left to right, and varying � within each plot. We add the tree-level Higgs
mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from
Suspect. The tree-level Higgs mass is largest at lower values of tan � and larger values of �,
where only modestly heavy stops, m

˜t ⇠ 300 GeV, are needed to raise the Higgs to 125 GeV.
Heavy stops are still required for lower values of � and larger values of tan �.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + � hSi, which acts as the e↵ective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

V
soft

� m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

S|S|2 + (BµHuHd + �A� SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S3 in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2)

tree

 m2

Z cos2 2� + �2v2 sin2 2�. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m2

S > M2

S [19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].
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Figure 7: Contours of Higgs mass fine-tuning, �mh
, in the NMSSM with the maximal value of

� = 0.7 for tan � = 2 and 5, moving from left to right, withmQ3 = mu3 = m
˜t andmA = 500 GeV.

Contours of mh = 124 and 126 GeV are overlaid, including loop corrections from Suspect and
FeynHiggs. When tan � = 2 the tuning can be low, �mh

. 15, while for tan � = 5 heavier stop
masses are required because the tree-level Higgs mass is lower.

can be realized with mS several hundreds of GeV. For large enough values of �, the second term

dominates the tree-level mass. The � term grows at small tan �, and this means that the largest

Higgs mass is achieved with low tan � and as large � as possible. Plugging in � = 0.7, we find

that (mh
2)

tree

is always smaller than 122 GeV.

Because the tree-level contribution is insu�cient to raise the Higgs mass to 125 GeV, we also

consider the loop corrections to the Higgs mass arising from stops. In Figure 6, we show contours

of mh = 125 GeV, in the stop mass/mixing plane, with tan � = 2, 5, 10 and varying � between

0 and 0.7. We take the tree-level mass to saturate the bound of equation 10 and we add to it

the one and two loop contribution from stops using Suspect, taking degenerate stop soft masses,

mQ3 = mu3 . Here, and for the rest of this section, we have set µ = 200 GeV and we fix Bµ

by taking the MSSM-like pseudoscalar mass to be 500 GeV, in the limit of no mixing with the

singlet-like pseudoscalar. Suspect includes only the MSSM contribution, and this means that we

are neglecting the one-loop contribution proportional to �2, which is a reasonable approximation

since � < yt. For low tan � and � close to 0.7, the lightest stop becomes tachyonic near maximal

mixing. Furthermore, for sub-maximal stop mixing, the stops are light enough to give O(1)

corrections to �(gg ! h); however, these corrections may take either sign, depending on the size

11
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Figure 1: The black (darker) curve shows the SM results with a Higgs mass mh = 100− 350 GeV
in 50 GeV increments. The ellipses show the regions of the S-T plane allowed by EWPT at 1σ
and 2σ. The red (lighter) curves give the predictions from the Higgs scalar sector in λSUSY,
as described in the text, with values of tanβ in the interval tan β = 1 ∼ 5 as indicated and
mH± = 350, 500, 700 GeV.

from the SM values of S and T (see Appendix A for the definitions), and then add the one-loop
2 Higgs-Doublet Model (2HDM) contributions (computed under the assumption of no doublet-
singlet mixing) [19, 20]

T2HDM =sin2(β − α) [THiggs(mh) + A(mH± , mH)− A(mA, mH)]

+ cos2(β − α) [THiggs(mH) + A(mH± , mh)−A(mA, mh)]

+ A(mH±, mA), (28)

S2HDM =sin2(β − α) [SHiggs(mh) + F (mA, mH)]

+ cos2(β − α) [SHiggs(mH) + F (mA, mh)]

− F (mH±, mH±). (29)

Here, mh in Eqs. (26, 27) represents a reference value of the Higgs boson mass in the SM, while
that in Eqs. (28, 29) is the mass of the lightest CP -even Higgs boson in the λSUSY model.

In the λSUSY model, the 6 parameters appearing in Eqs. (28, 29), i.e. mh, mH , mA, mH± , α
and β, depend only on tanβ, mH± and λ, which we set equal to 2. In Fig. 1 we show the result for
the EWPT for several values of tan β and mH± (tan β = 1∼5 and mH± = 350, 500, 700 GeV). Two
features are manifest from this figure: i) the role of the custodial symmetry for tanβ approaching
unity, thus suppressing the corrections to T ; ii) the fact that the positive T -correction brings most
of the points of the λSUSY model inside the region preferred by experiments, at least as long as
tanβ is not too large.

6

tanβ

T st
−s

b

1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.05

0.1

0.15
mH±=350 GeV
mH±=700 GeV

Figure 2: The expected stop-sbottom contribution to the T parameter is constrained by natural-
ness to lie above the curve.

The stop-sbottom contributions in the zero left-right mixing limit are given by

Tst-sb = 6 A(mt̃L, mb̃L
) ≈ m4

t

32π2αemv2m2
t̃L

≈ 0.05

(

500 GeV

mt̃L

)2

, (30)

Sst-sb = F (mb̃L
, mb̃L

)− F (mt̃L , mt̃L) ≈ − 1

12π

m2
t

m2
t̃L

≈ −0.003

(

500 GeV

mt̃L

)2

, (31)

where the approximate expressions follow from m2
t̃L
− m2

b̃L
= m2

t in the large m2
t̃L

limit. While
the contribution to S is always negligibly small, this is not the case, as is well known, for the
contribution to T . Anticipating a tanβ-dependent upper bound on the stop masses from natural-
ness considerations (see Section 5), we show in Fig. 2 the minimum value of Tst-sb when the stop
masses are taken at this boundary.2 This strongly reinforces the conclusion that tanβ cannot be
too large. If the Higgs and stop-sbottom sectors were the only contributions to S and T , any
value of tan β above 5 or so would be almost excluded.

We finally consider the contributions from the Higgsino sector described in the previous Section.
The couplings to the gauge bosons are

Lint =
g

2
W+

µ

(

−Ψ̄γµN1 + Ψ̄γµγ5N2

)

+ h.c.

+
g

2
W 3

µ

(

Ψ̄γµΨ + N̄1γ
µγ5N2

)

+
g′

2
Bµ

(

Ψ̄γµΨ− N̄1γ
µγ5N2

)

, (32)

where Ψ represents the chargino. The contributions of Higgsinos to T and S can be written in
2Taking into account the left-right mixing may help reduce Tst-sb, although not dramatically, because the

corresponding A-term parameter, At, will be subject to the same naturalness bound as mQ̃ and mt̃R
.
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parameters properties

� = 2 tan � = 2 mh = 126 GeV ✓hs = 0.13
µ = 200 GeV M = 0 mh2,3 = 542, 659 GeV
mS = 505 GeV mH+ = 495 GeV mA1,2 = 600, 613 GeV

mQ3 = mU3 = 500 GeV �mh
= 5.7

At, A� = 0 ⇠b¯b,t¯t,��,WW = (0.30, 1.02, 0.79, 0.84)
R�� = 1.56 RWW = 1.65 Rbb = 0.49

Table 1: A benchmark point in �-SUSY with a large � of 2 and a 126 GeV Higgs boson mass,
which results from Higgs-singlet mixing. The parameters are shown to the left and various
masses, mixing angles, and phenomenologically relevant Higgs couplings are shown to the right.
The Higgs boson mass is not fine-tuned relative to the fundamental parameters, �mh

⇠ 6. Here,
the Ri parameters represent the ratio of � ⇥ Br, relative to the SM, with � corresponding to
gluon fusion for the �� and WW final states and associated Z/W + h production for h ! bb.
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Figure 9: The Higgs mass in �-SUSY varying the singlet supersymmetric mass, MS, and soft
mass, m̃S. The Higgs mass contours are shown in blue, contours of Higgs fine tuning, �mh

, are
shown in red, and the region where the Higgs is tachyonic, due to Higgs-singlet mixing, is shown
in purple. The fine tuning is increased when the Higgs mass drops, however, a Higgs mass of 126
GeV is achieved in a region of low fine tuning, �mh

⇠ 5. The orange region is where the lightest
neutralino is lighter than half the Higgs mass, and in this region the Higgs would dominantly
decay invisibly.
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fine tuning of the electroweak vev becomes worse than 10% (5%) is shown with solid (dashed)
lines. We vary � along the horizontal axis and for each choice of � (and µ, mH+), we choose
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potential in the limit of small singlet-doublet mixing, as was done in [18]. One finds

�2v2 =
2Bµ

sin 2�
� (2|µ|2 +m2

Hu
+m2

Hd
) (15)

=
2Bµ

sin 2�
�m2

H+ +m2

W , (16)

so that neither µ nor mH+ should be far above �v.

Keeping the charged Higgs relatively light has interesting phenomenological consequences in

�-SUSY: the non-decoupling e↵ects turn o↵ slower than in the MSSM, resulting in modified

Higgs couplings and branching ratios. Expanding in powers of v/(mA,mH+) the light Higgs

coupling to bb̄ in the MSSM normalized to the SM is

⇠bb ⌘ y2b
(y2b )SM

⇡ 1 + | sin 4�| tan �
✓
mZ

mA

◆
2

, (17)

while in �-SUSY we have

⇠bb ⇡ 1� | sin 4�| tan �
✓

�v

m+

H

◆
2

. (18)
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