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The Higgs Boson

 Is it the Higgs boson?
 Is it the SM Higgs boson?
 Are there deviations from the SM?
 What are the alternatives?

Questions:

Warning:     Statistics is still low for an ultimate 
judgement, be patient 
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Is it the Higgs boson? Is it 0 state?+

Production and decay into ƔƔ

g

g

H
qq

Spin= 0, 1/2, 1, 3/2, 2

Decay into WW

Decay into ZZ

However, couplings to WW are more restricted. The Standard Model Higgs boson
has an order 1 coupling to WW generated from its gauge-invariant kinetic term.
Starting from

 L = |Dµ'(x)|2 , (1)

we assume that the field ' acquires a vacuum expectation value v. Let h(x) be the
field that corresponds to a space-time variation of this vacuum expectation value.
Then (1) becomes
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This argument generates a similar Higgs coupling to ZZ with strength 2m2
Z/v.

A spin 0 field that does not have a vacuum expectation value can also couple
to WW and ZZ in a manner symmetric under SU(2) ⇥ U(1) through dimension 5
operators involving the W and Z field strengths. In a weak-coupling theory, these
operators are generated by loops and so are suppressed by a power of ↵. These terms
have the form
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We see the new particle coupling to WW and ZZ with a strength similar to that
predicted in the Standard Model, rather than two orders of magnitude smaller. From
the choice of vertices above, this is prima facie evidence that the new particle is a CP
even spin 0 field with a vacuum expectation value that breaks SU(2)⇥U(1). This is
exactly what we call a “Higgs boson”.

This argument is hardly airtight. Vertices of the type (3) with order 1 coe�cients
can be generated in strong-coupling theories of TeV scale physics. Spin 2 particles
can have direct non-derivative couplings to WW and ZZ.

However, we can find further support for the Higgs field interpretation by studying
the spin correlations in the process [20,21]
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The reconstruction of the new particle in the four lepton final state allows us to
measure the five angles shown in Fig. 1. The angle ✓

⇤ is sensitive to the production
dynamics and discriminates production of an s-channel resonance from the back-
ground process qq ! ZZ. However, the angles ✓1, ✓2, and �1 � �2 are sensitive to
the decay dynamics. In particular, they distinguish the vertex in (2), in which the
two Zs are dominantly longitudinally polarized, from (3), in which the two Zs are
transversely polarized. This angular analysis was described at the workshop in the
talk of Ba�oni on the CMS observation of the new particle in ZZ

⇤ [22]. This angular
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Figure 1: Angles used in the spin analysis of the new particle in its 4-lepton final state,
from [20].

analysis already distinguishes the scalar and pseudoscalar cases at about 1 sigma.
Ba�oni reported that 3 sigma separation is possible with 30 fb�1 at 8 TeV.

From here on, I will call the new particle “the Higgs Boson” without further
apology.

We must still find out whether this particle has the properties predicted for the
Higgs boson in the Standard Model. The Standard Model insists that the Higgs boson
is the unique source of mass for all quarks, leptons, and gauge bosons. This implies
that the couplings of the boson to all quarks, leptons, and gauge boson are precisely
in the ratio of their masses, up to simple factors reflecting the particle spins. It is
really so?

The mass of 125 GeV makes the Standard Model Higgs boson exceptionally hard
to find. However, once we have found the particle, this special mass confers an
advantage. At this mass, the Standard Model Higgs boson has a large number of
decay channels with substantial branching fractions available for study. As Fabiola
Gianotti put it in her July 4 lecture: “Thank you, Nature.”

Mele reviewed the phenomenology of the Standard Model Higgs boson at the mass
of 126. GeV, referring to it properties as “the new set of Standard Model reference pa-
rameters” [23,24]. The predicted width of the boson is 4.2 MeV. The major branching
fractions are:

bb 56% ⌧

+
⌧

� 6.2% �� 0.23%
WW

⇤ 23% ZZ

⇤ 2.9% �Z 0.16%
gg 8.5% cc 2.8% µ

+
µ

� 0.02%

For all of these modes except cc, there is a strategy to observe the decay at the LHC.

5

Angular distribution

66% CL scalar
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Have we observed a scalar? 
Spin  � angular distribution of final decay products  
Since it decays to two photons: spin 1 is forbidden by Bose symmetry  (Landau-

Yang theorem).

1) gg �X�γγ qq �X�γγ      Gao et al. 2010

spin-0: flat in cosθ*  

spin-2: quartic in cosθ*

2) gg �X�ZZ*�4� Choi et al. 2002, De Rujula et al 2010

3) gg �X�W−W+ ��−�+νν Ellis et al. 2012

Polar angle distribution 
for X2W+W-

Polar angle distribution 
for X0W+W- 

(for φ  = π)

arXiv:1001.5300

signal  background
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Fabiola Gianotti:  “Nature has been kind to us...”

Excellent for experimentalists: 
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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from [20].

analysis already distinguishes the scalar and pseudoscalar cases at about 1 sigma.
Ba�oni reported that 3 sigma separation is possible with 30 fb�1 at 8 TeV.

From here on, I will call the new particle “the Higgs Boson” without further
apology.

We must still find out whether this particle has the properties predicted for the
Higgs boson in the Standard Model. The Standard Model insists that the Higgs boson
is the unique source of mass for all quarks, leptons, and gauge bosons. This implies
that the couplings of the boson to all quarks, leptons, and gauge boson are precisely
in the ratio of their masses, up to simple factors reflecting the particle spins. It is
really so?

The mass of 125 GeV makes the Standard Model Higgs boson exceptionally hard
to find. However, once we have found the particle, this special mass confers an
advantage. At this mass, the Standard Model Higgs boson has a large number of
decay channels with substantial branching fractions available for study. As Fabiola
Gianotti put it in her July 4 lecture: “Thank you, Nature.”

Mele reviewed the phenomenology of the Standard Model Higgs boson at the mass
of 126. GeV, referring to it properties as “the new set of Standard Model reference pa-
rameters” [23,24]. The predicted width of the boson is 4.2 MeV. The major branching
fractions are:
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for 126 GeV Higgs

Our understanding of the new boson will proceed in stages. I foresee three stages:

• Are the major decay modes present?

• Is the boson Standard Model-like, or not?

• Are there small deviations from the Standard Model predictions?

Let’s discuss these questions one by one.

3.2 Are the major decay modes present?

Already by the time of this meeting, many of the key qualitative properties of a
Standard Model Higgs boson are being confirmed. Further information was provided
after the conference in the papers submitted by ATLAS [25], CMS [26], and the
Tevatron experiments [27]. Here is a list of the most important nine items, and the
current status of each:

1. �� decay mode: Observed (4.5 � in ATLAS, 4.1 � in CMS) .

2. ZZ

⇤ decay mode: Observed (3.6 � in ATLAS, 3.2 � in CMS) .

3. WW

⇤ decay mode: Observed (2.8 � in ATLAS, 1.6 � in CMS) .

4. bb decay mode. So far, this is seen only by the Tevatron experiments, at 2.8 �

in the CDF/DØ combination. CMS seems to be making good progress toward
the observation at the LHC. [28]

5. ⌧⌧ decay mode: This is not yet observed; CMS reports a deficit with respect to
the expectation.

6. Spin-Parity: As noted above, there is a preliminary indication from the CMS
spin analysis of the ZZ

⇤ decay.

7. Gluon Fusion production mode: This is the dominant production model for the
observation of the boson in ��.

8. Vector Boson Fusion production mode: ATLAS claims that the rate of Vector
Boson Fusion production and �� observation is nonzero at 2.7 � significance.
CMS claims 3.5 � significance for �� production with a “VBF tag”, a weaker
statement.

9. Higgsstrahlung production mode: Seen at the Tevatron only, in the bb final state
listed above.

This is quite an impressive scorecard. It is very likely that all of the issues listed here
will be settled, at the yes/no level, with the full 2012 data set from the LHC.

6

4. bb̄ decay mode: Observed (2.8 � in CDF/D0 combination)

Decay modes

5. ⌧ ⌧̄ decay mode: Not observed yet

All these decays are consistent with the Higgs boson

Is it quantitavely consistent with the SM?
7

J.Gunion et al’90
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Figure 2: Measured relative signal strength µ in many channels of the ATLAS, CMS, and
Tevatron Higgs searches: (a) from ATLAS [25], (b) from CMS [26], (c) from the CDF and
DØ combination [29].
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3.3 Is the Higgs Standard Model-like, or not?

There is much interest now in parsing the deviations from the Higgs boson produc-
tion and decay rates predicted by the Standard Model. These rates are determined
by a combination of Higgs properties, as I will discuss in a moment. A measurement
of the rate for production of the Higgs boson at the LHC gives the relative signal
strength µ, defined by

µ = � · BR/(� · BR)|SM , (5)

where � is the Higgs production cross section in the measurement under consideration
and BR is the branching ratio of the Higgs into the final state observed in the analysis.
Here and below, SM denotes the Standard Model prediction. The production cross
section will in general be a combination of the Gluon Fusion, Vector Boson Fusion,
and other elementary cross sections, as defined by the particular set of cuts used in
the measurement.

The ATLAS and CMS experiments and the Tevatron experiments have presented
values of µ for a variety of final states and cross section tags. These are shown in
Fig. 2. The fact that the central value of µ is close to 2 in several channels, in
particular, in the LHC �� signal and µ in several channels, in particular, for the LHC
�� signals and the Tevatron bb signal, has excited much interest. However, we are
still at an early stage in the study of the Higgs, and these large signals are consistent
with the expected size of fluctuations.

The analysis of µ deviations is very much fun for theorists. There are many
interesting model-building solutions that give order 1 modifications of the Higgs boson
signal strengths. These typically involve new particles with masses of the order of
200 GeV or below [30]. A nontrivial part of the game is to suggest new particles
that are not excluded by the LHC experiments. Possible new particles influencing
the Higgs rates include new bosons from an extended Higgs sector [31,32], new color-
singlet matter particles such as the tau slepton [33], or new colored particles such as
light top squarks that are stealthy at the LHC [34]. Strong interactions in the Higgs
sector can also influence the Higgs signal strengths; a compositeness scale close to
1 TeV is required for a large e↵ect [35,36]. Carena gave examples of many of these
scenarios in her talk at the workshop [37].

There are many groups now that fit the measured signal strengths to look for
insight. Some of these fits were reviewed at the workshop by Espinosa [38]. At the
moment, fits to the current measurements tend to be 2-parameter fits under specific
model hypotheses. They give insight if the particular scheme assumed for modifying
the Standard Model is correct.

It is important to realize, though, that analyses of the Higgs properties in terms
of a small number of parameters bring in assumptions that might well be incorrect.
It is easy to construct models that tweak individual Higgs couplings away from their

7

Is the Higgs Standard Model-like or not?

Conclusion (so far)

Theoretical suggestions

1.Extended Higgs sector
2. Colour singlet matter particles (stau)
3. New coloured matter particles (stop)
4. Strongly interacting Higgs sector
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1 Introduction

The ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC) have
announced about 6 σ (ATLAS) and 5 σ (CMS) discovery of the new boson particle
around the mass region of 126 GeV in the search for the Standard Model (SM) Higgs
boson. This boson has signal strength almost consistent with the prediction of SM
Higgs boson except the diphoton channel. The signal strength µ(X) is defined by

µ(X) ≡
σ(pp → h)BR(h → X)

σ(pp → h)SMBR(h → X)SM

=
σ(pp → h)

σ(pp → h)SM
×

Γ(h → All)SM
Γ(h → All)

×
Γ(h → X)

Γ(h → X)SM
, (1)

where X indicates a final state of the Higgs decay, for example bb̄, WW and γγ. Both
the ATLAS and CMS have reported that the observed diphoton signal strength is
1.5− 1.8 times larger than the SM prediction value [1, 2],

µ(γγ)ATLAS = 1.8± 0.5,

µ(γγ)CMS = 1.56± 0.43. (2)

On the other hand, µ(ZZ) and µ(WW ) are consistent with SM,

µ(ZZ(∗) → 4l)ATLAS = 1.4± 0.6,

µ(ZZ(∗) → 4l)CMS = 0.7+0.4
−0.3,

µ(WW (∗) → lνlν)ATLAS = 1.3± 0.5,

µ(WW (∗) → lνlν)CMS = 0.6± 0.4. (3)

Although statistics of experiments are not enough accumulated yet, this enhanced
diphoton signal strength implies various new physics beyond the SM [3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14, 15, 16]. The Minimal Supersymmetric (SUSY) Standard Model
(MSSM) scenarios are known to be able to enhance µ(γγ) in the decoupling limit,
the lighter CP-even Higgs h has the mass 126 GeV [17, 18, 19, 20], and in the non-
decoupling limit, the heavier CP-even HiggsH has the mass 126 GeV [21, 22, 23]. In the
former scenario, a light stau and the large left-right mixing of staus can appropriately
enhance µ(γγ) [17, 18, 19, 20]. However, it was pointed out that the light stau and the
large left-right mixing of staus may suffer from vacuum instability [24, 25, 26]. For this
reason, in this paper we will analyze the Higgs to diphoton rate with the stau vacuum
stability conditions at the broad parameter regions in the MSSM without assuming
any particular high energy supersymmetry breaking structure. In addition, we show
that the vacuum stablity severely constrains the enhancement of the Higgs to diphoton
rate, and the upper bound of the enhancement of the Higgs to diphoton rate is about
25% when the lighter stau mass is larger than 100 GeV.
This paper is organized as follows. In section 2, the enhancement of the diphoton

signal strength µ(γγ) in the MSSM will be reviewed, and necessity for light stau and
large left-right mixing of staus will be discussed. In section 3, we will discuss the
vacuum meta-stability of staus. In section 4, we will analyze numerically the Higgs to
diphoton rate under the stau vacuum meta-stability condition in the large parameter
region. Section 5 is devoted to our conclusions and discussion.

2

1. too much ��, µATLAS = 1.8± 0.5

µCMS = 1.56± 0.43

2. too few b¯b, µ ⇠ 0.7

3. no ⌧ ⌧̄

4. WW,ZZ about all right

G. Aad et al. [ATLAS]’12 S. Chatrchyan et al. [CMS]’12

J. Haley et al, CDF/D0’12

U.Ellwanger’11,  
J.Gunion et al’12
M.Carena et al’11
Z. Kang et al’11
J.Espinosa et al’12
F.Goertz et al’11
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9
P. Sphicas 
Experimental highlights 

H → γγ "

■  Update from ATLAS 

Mar 09, 2013 
Rencontres de Moriond, EWK session 61 

Mass window ~125 GeV 
with 90% signal: S/B~3% 

Significance; obs: 7.4σ; exp: 4.1σ"

Mass: 126.8 ± 0.2(stat) ± 0.7(sys) GeV 

Fabrice Hubaut 

Higgs->ɣɣ
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10

Higgs->ƬƬ

P. Sphicas 
Experimental highlights 

H → ττ  
■  Yields by “type” and by decay channel 

Mar 09, 2013 
Rencontres de Moriond, EWK session 67 

  Consistent picture across channels 
and categories 

  Combined best-fit µ ̂of 1.1±0.4 
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Signal strength 
•  Parameter of interest : µ (global)     

        

⇒ µ = 1.43 ± 0.16 (stat) ± 0.14 (sys) 
     Council Dec 2012 µ = 1.35 ± 0.19 (stat) ± 0.15 (sys) 

•  Consistency tests 
–   global µ with SM: 3% 

•  11% with rectangular  
     QCD scale and parton dist functions  

–  5 µi with SM: 8% 
–  5 µi with 1.43: 32% 

•  µ, mH contours 
–  γγ%
–  4l 
–  combined 

7"Bruno Mansoulié (IRFU-CEA), Moriond-EW,  March 2013 

at mH = 125.5 

[124.5-126.5]: 
 µ ± 4% 

Signal Strength

11
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The couplings?

Summary of all searches for 
coupling deviations 

Chiara&Mario)& 52"

ΓBSM&=&0."

ΓBSM &=&0."

The couplings 
They can be extracted from the different final states at the LO EW and 
NLO QCD approximation: 
 
              σ(H) x BR( ii ! H ! xx) = σii x Γxx /  ΓH 
 
    We can measure deviations from the SM couplings, by    
    measuring ratios w.r.t. to the SM prediction. 
 
As an example for the gg! H ! γγ process: 
       (σ x BR) ( gg ! H ! γγ) =σSM(gg ! H) BR(H ! γγ) #  κg

2
   κγ2 /  κH

2 

 
•  LHC XS WG benchmark models (arxiv:1209.0040): 

–  Fermionic vs bosonic couplings: κV κf  
–  Search for asymmetries: λWZ,  λdu,  λlq  
–  Search for new physics in loops: κg κγ BRBSM 

 

48"Chiara&Mario)&

CERN Seminar, 15 April 2013 ATLAS Higgs 

Conclusions

40

Moving towards precision Higgs Physics
- Evidence for VBF production
- Correct ratio of W/Z couplings
- No strong hints of new physics, neither 

in the loop, nor in the decay

The observed state is consistent with 
SM spin/CP

Active search for rare decays and 
additional states of the EWSB sector

12
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In the SM:

Only a small window
 in the Higgs mass

 makes the SM consistent 
all the way to the Planck scale
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
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and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease
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3

5 10 15

0

0.2

0.4

0.6

0.8

1

Log    [Q]

λ (Q)

10

from Phys.Lett. B679 (2009) 369

{

Demanding λ  not too large (keep perturbativity), 
               not too negative that destabilizes the Higgs potential

13

In the SM:

Only a small window
 in the Higgs mass

 makes the SM consistent 
all the way to the Planck scale

 

Evolves with the energy  

m2
H = �v2

GeV) / Λ(
10

log
4 6 8 10 12 14 16 18

 [G
eV

]
H

M

100

150

200

250

300

350

LEP exclusion
at >95% CL

Tevatron exclusion at >95% CL

 Perturbativity bound
 Stability bound
 Finite-T metastability bound
 Zero-T metastability bound

 error bands, w/o theoretical errorsσShown are 1

π = 2λ

π = λ

GeV) / Λ(
10

log
4 6 8 10 12 14 16 18

 [G
eV

]
H

M

100

150

200

250

300

350

Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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Running of the Higgs coupling

вторник, 23 июля 13 г.



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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Figure 4: The instability scale ⇤I at which the SM potential becomes negative as a function of the
Higgs mass (left) and of the top mass (right). The theoretical error is not shown and corresponds
to a ±1GeV uncertainty in Mh.

The O(↵↵s) term, that is the parametrically smallest correction, is equivalent to a tiny shift

in Mt below 0.1 GeV. This e↵ect is well below the O(⇤QCD) irreducible non-perturbative

uncertainty on the top-quark mass determined at hadron colliders (see e.g. ref. [35]), that

is responsible for the theoretical error in eq. (62). More explicitly, we estimate an irre-

ducible theoretical error of ±⇤QCD ⇡ ±0.3GeV in Mt from non-perturbative e↵ects, and an

additional uncertainty of ±0.15GeV from missing O(↵4
s) threshold corrections.

Next, applying the threshold corrections discussed in section 2, we determine the following

value for the Higgs self coupling in the MS scheme renormalized at the pole top mass:

�(Mt) = 0.12577 + 0.00205

✓

Mh

GeV
� 125

◆

� 0.00004

✓

Mt

GeV
� 173.15

◆

± 0.00140th . (63)

The residual theoretical uncertainty, that is equivalent to an error of ±0.7 GeV in Mh, has

been estimated varying the low-energy matching scale for � between MZ and 2Mt.

For completeness, we also include in the one- and two-loop RG equation the contributions

of the small bottom and tau Yukawa couplings, as computed from the MS b-quark mass,

mb(mb) = 4.2GeV, and from M⌧ = 1.777GeV.
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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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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
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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

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
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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

✓
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± 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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Figure 7: Two-loop SM Higgs potential for Mh = 124, 125, 126GeV around the critical top mass
that gives a second minimum around the Planck scale. The various curves correspond to variations
in Mt by 0.1MeV.

If the Higgs field is trapped in the false vacuum during the early universe, it can cause in-

flation. The normalization of the spectrum of primordial perturbations, which is determined

by Vmin, can be appropriately selected by tuning the ratio �⇤/b. The main di�culty of this

scenario is to achieve a graceful exit from the inflationary phase. Two mechanisms have been

proposed. The first one [18] employs a new scalar field, non-minimally coupled to gravity,

that slows down the expansion rate, thus allowing for quantum tunneling of the Higgs out

of the false vacuum. The second mechanism [19] uses a scalar field weakly coupled to the

Higgs which, during the cosmological evolution, removes the barrier in the Higgs potential in

a process analogous to hybrid inflation. So, in practice, the minimality of the SM is lost and

one may wonder if there is any conceptual gain with respect to adding a new scalar playing

the role of the inflaton. Nevertheless, it is interesting to investigate whether the Higgs and

top masses are compatible with the intriguing possibility of a false vacuum at large field

value.

In practice the above equations amount to saying that the conditions for the existence of

a second (unstable) vacuum are that �e↵ (essentially) vanishes at the same scale at which �e↵

vanishes. This corresponds to the intersection between the red band (condition � ⇡ �e↵ = 0)

and the blue band (condition �� = 0) in fig. 6(right). It is remarkable that the SM can achieve

these conditions, although they require a top mass about 2� below the central value. The

resulting relation between Mh and Mt corresponds to the equality in eq. (2), and is precisely

studied in fig. 7 where we compute for Mh = {124, 125, 126}GeV the predicted top mass and

show the shape of the potential around the false vacuum. The value of Vmin can be changed

23
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

Very heavy stops (beyond LHC reach) 
or large susy-breaking trilinear terms

 ➥The MSSM is becoming unnatural 
(>99% parameter space excluded)

from JHEP 1204 (2012) 131 from arXiv:1207.1348

Figure 5: Maximal Higgs mass (in GeV) in CMSSM in function of the scale MS = p
m

˜t1
m

˜t2
(in

GeV) for di↵erent top mass values.

Figure 6: Parameter space for the various regimes of the MSSM Higgs sector as defined in the
text and in eq. (8) in the tan�–MA plane, in the maximal mixing scenario with MS = 2 TeV. The
constraints from A ! ⌧⌧ (continuous green line) and t ! H+b (dashed green line) searches at the
LHC are shown together with the LEP2 constraint (continuous black line).

4.4 Higgs signal and MSSM parameters in the SUSY regime

In the SUSY regime the Higgs decay rate can be a↵ected by the contributions of SUSY particles
in the loops. This makes a detailed study of the MSSM parameter space in relation to the first
results reported by ATLAS and CMS particularly interesting for estimating its sensitivity to
specific regions of parameters. In particular, the decay branching fraction into �� are modified
by both mixing e↵ects and light sparticle contributions [10]. We study these e↵ects on the
points of our pMSSM scan. In the following, we use the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h0 ! XX), normalised to its SM value.
We also use the notation µXX to indicate the ratio of product of the inclusive production and
the decay branching ratio for the final state XX to its SM value, µXX = �⇥BR(h!XX)

�⇥BR(H!XX)|SM
. A

major source of deviations from unity for the R values is due to a reduction of the h total

14

Figure 4: Left: Total production cross section of strongly interacting particles (colour coding) in
comparison with the LHC excluded limits for 7 TeV. Here the data from ATLAS and
CMS were combined. The ATLAS and CMS data correspond to an integrated luminosity
of 4.4 and 4.71 fb�1, respectively. One observes from the colour coding that a cross section
of 0.003 to 0.03 pb is excluded at 95% confidence level. Right: Values of mA in the
(m0,m1/2)-plane after optimizing tan� and A0 to fulfill all constraints at every point.
The data below the solid line in the right panel is excluded at 95% confidence level from
the mA exclusion contour as function of tan�.

Figure 5: If a Higgs mass of 125 GeV is imposed in the fit, the best-fit point moves to higher SUSY
masses, but the location is strongly dependent on the assumed error for the calculated
Higgs mass. This error is indicated by the number inside the circle for the best-fit point.
Left ��

2 = 2.3(1�) contour; right ��

2 = 5.99(2�) contour.

3.4 E↵ect of a SM Higgs mass mh around 125 GeV

The 95% C.L. LEP limit of 114.4 GeV contributes for small and intermediate SUSY masses to the �

2

function, as shown by contour 3 in Fig. 1. In the fit we use the 95% C.L. LEP limit of 114.4 GeV
on the Higgs mass instead of the limits published by CMS and ATLAS with about 5/fb. In these
publications CMS [41] and ATLAS [42] show some evidence for a Higgs with a mass around 125 GeV.
If we assume this to be evidence for a SM Higgs boson, which has similar properties as the lightest
SUSY Higgs boson in the decoupling regime, we can check the consequences in the CMSSM we are

6

Figure 5: Maximal Higgs mass in the constrained MSSM scenarios mSUGRA, mAMSB and mGMSB,
an a function of the scale MS when the top quark mass is varied in the range mt = 170–176 GeV.

have been adopted). The outcome is shown in Fig. 6 where the maximal h mass value obtained
by scanning the basic input parameters of the model over the appropriate ranges. In the left–
hand side, Mmax

h is displayed as a function of tan� and in the right–hand side as a function
of MS. As the lower bound Mmax

h � 123 GeV is the same as in our previous analysis, the
mASMB, mGMSB and some variants of the mSUGRA model such as the constrained NMSSM
(cNMSSM), the no-scale model and the very constrained MSSM (VCMSSM) scenarios are still
disfavoured. However, for mSUGRA and the non–universal Higgs mass model (NUHM), all
values of tan � >⇠ 3 and 1 TeV <⇠ MS <⇠ 3 TeV lead to an appropriate value of Mh when
including the uncertainty band.

Figure 6: The maximal hmass value Mmax

h as functions of tan� (left) andMS (right) in the mASMB,
mGMSB as well as in mSUGRA and some of its variants. The basic parameters of the models are
varied within the ranges given in Ref. [4]; the top quark mass is fixed to mt = 173 GeV.

15

Resume
1. MSSM has already troubles 
to accomodate 126 GeV Higgs
2. Needs M_S ~ 1TeV
3. Large part of the parameter 
space is closed

15
A. Arbey et al’12 W. de Boer et al’12
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Two Higgses or One Higgs?
  Higgs Bosons at 98 and 125 GeV at LEP and LHC

e+e� ! Zh, h ! bb̄LEP

LHC pp ! h ! �� mh ⇡ 126 GeV

mh ⇡ 98 GeV Possible explanation 
within NMSSM  h,H

2     LEP excess is inconsistent with the SM being only about 10 − 20% of the 
rate for the SM Higgs but might be consistent within SUSY model

�

17

Zh1 and Zh2 production have the largest cross sections and lowest thresholds. The next lowest

thresholds are for a1h1 production, but the cross sections are quite small, < 0.1, 0.01, 0.001 fb,

respectively. The a1h2 cross sections are even smaller. Next in line are a1h3, a2h1 and a2h2, with

a2h1 having thresholds > 400, 600, 1190 GeV for scenarios I), II) and III), respectively, as well as

having the largest cross section, peaking at � > 0.7, 0.2, 0.007 fb for the three respective scenarios.

Production of a2h3 and H+H� have thresholds > 620, 950, 2000 GeV, respectively, but have much

larger cross sections, that for H+H� being > 16.6, 6.3, 1.4 fb at the peak, for the three respective

scenarios.

In the e+e� collider case, it would be easy to isolate signals in many final states. For example,

in the case of Higgs pairs, final states such as (tt)(tt), (e�0
1e�0

1)(tt) and so forth could be readily

identified above background. Observation of the (e�0
1e�0

1)(e�0
1e�0

1) final states would require a photon

tag and would thus su↵er from a reduced cross section. Associated Z+Higgs, with Higgs decaying

to tt or e�0
1e�0

1 would be even more readily observed.

Another future collider that would become possible if an e+e� (or e�e�) collider is built is a ��

collider where the �’s are obtained by backscattering of laser photons o↵ the energetic e’s. For a

recent summary see [25] and references therein. A huge range of energies is possible for such a ��

collider, ranging from low to high center of mass energies depending upon the center of mass energy

of the underlying electron collider. A �� collider based on e�e� collisions can even be considered

as a stand-alone machine that could be built before an e+e� collider, especially if high
p
s�� is not

needed. Typically, the largest
p
s�� that is possible with large instantaneous �� luminosity is of

order 0.8
p
se+e� . That �� !Higgs is an e↵ective way to study a SM Higgs boson has been well

TABLE I. Higgs masses and LSP mass in GeV for the three scenarios for which we plot e+e� cross sections

in Fig. 13. Also given are ⌦h2, the singlino and Higgsino percentages and Rh2
gg(��). Scenarios I) and III)

have ⌦h2 in the WMAP window, with I) being typical of the low-me�0
1
scenarios and III) being that with

smallest mh3 in the large-me�0
1
group of points in the WMAP window. Scenario II) is chosen to have ma2

and mh3 intermediate between those for scenario I) and III), a region for which ⌦h2 is substantially below

0.1.

Scenario mh1 mh2 mh3 ma1 ma2 mH± me�0
1

⌦h2 LSP singlino LSP Higgsino Rh2
gg(��)

I 99 124 311 140 302 295 76 0.099 18% 75% 1.62

II 97 124 481 217 473 466 92 0.026 20% 74 % 1.53

III 99 126 993 147 991 989 115 0.099 75% 25% 1.14

  Two Higgs Bosons in the interval 123-128 GeV
Two CP even Higgses of the NMMSM are degenerate. 
Large rates (relative to                               or                                         )

for                                and                                       are possible when either one 
rate is large or the sum is large 

gg ! hSM ! �� gg ! hSM ! ZZ ! 4l
gg ! h1,2 ! ZZ ! 4lgg ! h1,2 ! ��

m0 ∈ [0.9,1.3] TeV, m1/2 ∈ [500,700] GeV, A0 ∈ [−1.8, −1.0] TeV, Aκ ∈ [−400, −250] GeV, Aλ ∈ [−600, −400] 
GeV, mS (GUT) ∈ [1.4, 2.2] TeV, mHu (GUT) ∈ [2,2.2] TeV and mHd(GUT) ∈ [0.7,1.2] TeV

G. Belanger et al’12

M.Drees’12

J.Gunion et al’12
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Two Higgs Bosons at ATLAS?

  Two Higgs Bosons in the interval 123-128 GeV

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           59

Is ATLAS observing a doublet of Higgs bosons?

NO the measurements of the mass in the two channels are each other 
compatible (2.3-2.7σ) and everything is compatible with what CMS observes.
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Is ATLAS observing a doublet of Higgs bosons?

NO the measurements of the mass in the two channels are each other 
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Is ATLAS observing a doublet of Higgs bosons?

NO the measurements of the mass in the two channels are each other 
compatible (2.3-2.7σ) and everything is compatible with what CMS observes.
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Is ATLAS observing a doublet of Higgs bosons?

NO the measurements of the mass in the two channels are each other 
compatible (2.3-2.7σ) and everything is compatible with what CMS observes.
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Supersymmetry

18

MSSM
CMSSM

mSUGRA
mGMSB
mAMSB
NUHM
NMSSM
No Scale

...

What 
SUSY?

Superparticle spectrum
n

SUSY at TeV scale: 
• Unification of the gauge couplings 
• Solution of the hierarchy problem
• Explains the electroweak symmetry breaking 

• Provides unification with gravity
• Provides the Dark matter candidateSUSY: 

вторник, 23 июля 13 г.



       Rare decays (                                                        ) 
       g-2 of the muon 

 Relic abundancy of Dark Matter in the Universe
  DM annihilation signal in cosmic rays
  Direct DM interaction with nucleons

 Direct production at colliders at high energies
  Indirect manifestation at low energies 

Search for SUSY Manifestation 

19

Bs ! s�, Bs ! µ+µ�, Bs ! ⌧⌫

Partic
le Phys

Astro
 Phys

(if SUSY DM)

   Search for long-lived SUSY particles

Nothing so far ...
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Exp and Theor Framework

Two ways to present and analyse data:

1. High energy input: 
introduce universal parameters at high energy scale (GUT)
Example                                       of MSSMm0, m1/2, A0, tan�

Advandage:  small number of universal parameters for all masses
Disadvantage: strictly model dependent (MSSM, NMSSM, etc)

2. Low energy input: 
use low energy parameters like masses of superpartners
Example                              or m̃g, m̃q, m̃�

Advandage:  less model dependent
Disadvantage: many parameters, process dependent

Both approaches are used 

mA, tan�

вторник, 23 июля 13 г.
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SUSY searches 
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Creation and Decay of Superpartners in Cascade 
Processes @ LHC
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2l,2j,ET

Typical SUSY signature: Missing Energy and Transverse Momentum
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SUSY in simplified models 
Hadronic (left) and leptonic (right) SUSY searches in simplified SUSY models. 

Exclusion limits for gluino and squark masses, for mχ0 = 0 GeV (dark blue) and 

mmother − mχ0= 200 GeV (light blue). 

CMS-PAS-SUS-11-016

SUSY is not dead (yet). It might still hide in low MET/low HT events. More complicated 

models are under investigation more challenging searches. For some it is hard to 

even get the data on tape. 
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CMS stop and sbottom searches 

CMS-SUS-11-024

Di-stop production resulting in 2 

top quarks +MET final states

Di-sbottom production resulting in 2 

b quarks +MET final states
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Probing SUSY with Bs,dµ+µ- 
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LHCb: measurement of the BR Bs µ+µ-  

 arXiv 1203.4493 

•LHCb measurement
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Electroweak,  g-2,  and Dark Matter constraints
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Figure 9: Left: ��2 = �2 � �2
min

distribution of the g-2 observable alone under the constraint that
tan� and A0 are still fixed by all other constraints. One observes a shallow increase of the
�2 value for large SUSY masses, because g-2 prefers light SUSY particles. Right: the total
��2 distribution without g-2 constraint. One observes that all points above the excluded
region (solid line) are equally probable. Note that the combined limit is slightly reduced
at large values of m0 in comparison with Fig. 8, right panel, while g-2 still contributes,
even if the errors are added linearly.

di↵erence between ⇡N scattering and lattice gauge theories has been displayed in the left panel of
Fig. 8. They display results up to m1/2 = 2500 GeV, since they find excluded regions above this
value, which is due to the relic density constraint [66]. In our case we do find good solutions and no
excluded region is found above m1/2 = 400 GeV, as shown in Fig. 10, left panel. This is probably
due to the fact that in this region tan� and A0 are highly correlated, so they can be easily missed in
randomly chosen SUSY samples. The strong correlation is shown in the right panel of Fig. 10 and
the best solutions are obtained close to the white stripes at the top and bottom, which are near the
stau co-annihilation region. In the white region the stau is the LSP. As shown in the right panel of
Fig. 10 there is no preferred region above m1/2 = 400 GeV, if g-2 is excluded and the region where
the stau becomes the LSP is ignored. The preferred minimum for g-2 (around m0 = 400,m1/2 = 200
GeV (Fig. 9 left) is already excluded by the LHC data and the slight preference above m1/2 = 400
is solely due to the shallow tail in the �2 distribution of g-2 (Fig. 9, left panel). How strong this
preference is depends then on the treatment of the errors of g-2. As argued above the theoretical
errors of the light-by-light scattering dominate and are certainly non-Gaussian, in which case a linear
addition of the experimental and theoretical errors is the more conservative approach, so we do not
think the preference by the region selected by g-2 and the corresponding preference for the expected
SUSY masses is worth emphasizing in contrast to Ref. [31].

Our results di↵er significantly from results using Markov Chain Monte Carlo sampling. E.g. in
Ref. [32] values for intermediate values of m0 are excluded, which is the region of large tan� (see
Fig. 6, left panel). Here the parameters tan� and A0 are highly correlated again (Fig. 10, right
panel) and finding the correct minimum depends strongly on the stepping algorithm, e.g. stepping in
the logarithm of a parameter is di↵erent from stepping in the parameter (”prior dependence”). Such
dependence on sampling techniques largely disappears in our multistep fitting technique, since for
each point of the m0,m1/2 grid a unique solution is found independent of the minimzer used, so the
frequentist approach with �2 minimization yields the same results as a likelihood optimization with a
Markov Chain sampling technique.

If one combines the limits from the direct searches at the LHC, heavy flavour constraints, WMAP
and XENON100 using the most conservative assumptions of linear addition of theoretical and exper-
imental errors and the lowest local relic density and matrix elements for the XENON100 limit we

10

Bs ! s�, Bs ! µ+µ�, Bs ! ⌧⌫
muon g � 2

Dark matter abundance

95% CL exclusion

Figure 2: Corresponding tan� (left) and A0 (right) values to the fit to all data.

excluded at 95% C.L.. The observables contributing most strongly to the exclusion vary in the plane
as indicated in the right panel of Fig. 1. These contours are drawn in the following way: we take
��

2
i = �

2
i � �

2
i,min = 5.99, where �

2
i,min is the �

2-contribution of variable i at the best-fit point and

�

2
i is the �

2 value of variable i at the contour. The direct SUSY searches at the LHC (contour 1)
dominate the limit at small m0 with a small contribution from the branching ratio of B0

s ! µ

+
µ

�

(contour 2). Other contributions at intermediate SUSY masses come from the Higgs searches (contour
3 for the SM Higgs and contour 4 for the pseudo-scalar Higgs) and direct DM searches (contour 5) at
larger values of m0. The fitted values of tan� and A0 for each m0,m1/2 pair are shown in Fig. 2.

To understand the contours in the right panel of Fig. 1, we discuss each of them in more detail
after discussing the influence of g-2 first.

3.1 Influence of the anomalous magnetic moment of the muon

We included the value of g-2 into the fit, but as can be seen from Fig. 3 most of the preferred region by
the g-2 constraint is excluded by the direct searches of the LHC independent of the treatment of the
g-2 uncertainties. The green region (dark shaded) is preferred by g-2 data if one adds the experimental
and theoretical errors in quadrature. However, since these errors are of the same order of magnitude
(see Table. 1) and the theoretical uncertainties are certainly non-gaussian, a linear addition of the
errors is more conservative, which leads to a larger error and hence a larger (yellow, light shaded)
preferred region. However, even this larger region is still excluded by the LHC, so the observed three
sigma deviation of the anomalous magnetic moment of the muon above the SM prediction may either
be a statistical fluctuation or has an origin di↵erent from SUSY, if we assume the theoretical and
experimental errors have been estimated correctly.

3.2 Excluded region by direct searches for SUSY at the LHC

The direct searches for Supersymmetry at the LHC are dominated by the search for strongly interacting
particles, as shown in the publications by ATLAS [33] and CMS [34]. From Fig. 4 one observes that the
excluded region (below the solid line) follows rather closely the total cross section for the production
of squarks and gluinos �tot, indicated by the colour shading. The 95% C.L. on �tot (pp ! g̃g̃, g̃q̃, q̃q̃)
is given by the contour line and varies between 0.003 and 0.03 pb, as shown in Table 1. This is the
motivation to approximate the �2 contribution from the LHC experiments near the contour as �2

tot/�
2,

where � is defined by the requirement that at the exclusion limit the �

2 contribution equals 5.99 for
each LHC experiment, as discussed in section 2.

4

tan� fit of DM abundance

Constraint Data Ref.

⌦h2 0.113± 0.004 [8]
b ! Xs� (3.55± 0.24) · 10�4 [27]
Bu ! ⌧⌫ (1.68± 0.31) · 10�4 [27]
�aµ (302 ± 63(exp) ± 61(theo)) · 10�11 [28]
B

0
s ! µ

+
µ

�
B

0
s ! µ

+
µ

�
< 4.5 · 10�9 [29]

mh mh > 114.4 GeV [30]
mA mA > 480 GeV for tan� ⇡ 50 [31, 32]
ATLAS �

SUSY
had < 0.003� 0.03 pb [33]

CMS �

SUSY
had < 0.005� 0.03 pb [34]

XENON100 ��N < 8 · 10�45 � 2 · 10�44
cm

2 [35]

Table 1: List of all constraints used in the fit to determine the excluded region of the CMSSM
parameter space.

contradictory [7]. Combining all data from the LHC, cosmology and direct DM searches leads to
strong constraints on the masses of the predicted SUSY masses, as discussed in many recent papers
[9–20].

To restrict the number of independent SUSY masses one usually assumes the masses to be unified at
the GUT scale and the particles get di↵erent masses at lower energies because of radiative corrections.
This works well for the SM model particles of the third generation, if they are in the same multiplet
and get mass from the same Higgs field. E.g. the ratio of b/⌧ masses is well predicted by radiative
corrections, if one assumes the Yukawa couplings are unified at the GUT scale. For the mass breaking
terms of the SUSY particles one assumes that the masses of spin 0 (spin 1/2) particles are unified
at the GUT scale with values m0(m1/2). In the constrained Minimal Supersymmetric SM (CMSSM)
[21, 22] the many parameters of SUSY models are reduced to only four: the two mass parameters
m0, m1/2 and two parameters related to the Higgs sector: the trilinear coupling at the GUT scale
A0, and tan�, the ratio of the vacuum expectation values of the two neutral components of the two
Higgs doublets. Electroweak symmetry breaking (EWSB) fixes the scale of µ, so only its sign is a free
parameter. The positive sign is taken, as suggested by the small deviation of the SM prediction from
the muon anomalous moment, see e.g. [23].

In this letter we combine the data from LHC, WMAP, XENON100, flavour physics and g-2.
The specific observables are detailed in Table 1. We start by discussing the fitting technique, the
observations and the excluded regions of each observation separately.

2 Multistep Fitting Technique

Excluded regions have been determined by many di↵erent groups either using a frequentist approach
by maximizing a likelihood or using random sampling techniques of the parameter space, see e.g.
[9–20] and references therein. Bayesian techniques, as typically used with Markov Chain or Multinest
sampling techniques, are dependent on the prior, which leads to an additional, non-quantifiable uncer-
tainty in the excluded or allowed regions, see e.g. [24] for a recent discussion and references therein.
We believe this uncertainty is due to the high correlations between three of the four parameters, as
we discussed in two previous papers [25, 26]. Such strong correlations lead to likelihood spikes in the
parameter region, where three of the four parameters have to have specific correlated values. Although
the likelihood of such narrow regions is high, they can be easily missed in methods based on stepping
techniques.

To cope with the strong correlations we use a multistep fitting technique, defined by fitting the

1

Direct DM search

W.de Boer, C.Beskidt, D.K.‘11’12
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Direct DM search
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LHC Reach at 7 and 14 TeV

Energy is more important than luminosity
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LSP

Larger scale for m1/2

The values of tan� and A0 are adjusted
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126 GeV Higgs

� = 2 GeV

without 
125 GeV 

Scalar

with 125 
GeV 
Scalar
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Constraint Data Ref.

⌦h2 0.113± 0.004 [8]
b ! Xs� (3.55± 0.24) · 10�4 [27]
Bu ! ⌧⌫ (1.68± 0.31) · 10�4 [27]
�aµ (302 ± 63(exp) ± 61(theo)) · 10�11 [28]
B

0
s ! µ

+
µ

�
B

0
s ! µ

+
µ

�
< 4.5 · 10�9 [29]

mh mh > 114.4 GeV [30]
mA mA > 480 GeV for tan� ⇡ 50 [31, 32]
ATLAS �

SUSY
had < 0.003� 0.03 pb [33]

CMS �

SUSY
had < 0.005� 0.03 pb [34]

XENON100 ��N < 8 · 10�45 � 2 · 10�44
cm

2 [35]

Table 1: List of all constraints used in the fit to determine the excluded region of the CMSSM
parameter space.

contradictory [7]. Combining all data from the LHC, cosmology and direct DM searches leads to
strong constraints on the masses of the predicted SUSY masses, as discussed in many recent papers
[9–20].

To restrict the number of independent SUSY masses one usually assumes the masses to be unified at
the GUT scale and the particles get di↵erent masses at lower energies because of radiative corrections.
This works well for the SM model particles of the third generation, if they are in the same multiplet
and get mass from the same Higgs field. E.g. the ratio of b/⌧ masses is well predicted by radiative
corrections, if one assumes the Yukawa couplings are unified at the GUT scale. For the mass breaking
terms of the SUSY particles one assumes that the masses of spin 0 (spin 1/2) particles are unified
at the GUT scale with values m0(m1/2). In the constrained Minimal Supersymmetric SM (CMSSM)
[21, 22] the many parameters of SUSY models are reduced to only four: the two mass parameters
m0, m1/2 and two parameters related to the Higgs sector: the trilinear coupling at the GUT scale
A0, and tan�, the ratio of the vacuum expectation values of the two neutral components of the two
Higgs doublets. Electroweak symmetry breaking (EWSB) fixes the scale of µ, so only its sign is a free
parameter. The positive sign is taken, as suggested by the small deviation of the SM prediction from
the muon anomalous moment, see e.g. [23].

In this letter we combine the data from LHC, WMAP, XENON100, flavour physics and g-2.
The specific observables are detailed in Table 1. We start by discussing the fitting technique, the
observations and the excluded regions of each observation separately.

2 Multistep Fitting Technique

Excluded regions have been determined by many di↵erent groups either using a frequentist approach
by maximizing a likelihood or using random sampling techniques of the parameter space, see e.g.
[9–20] and references therein. Bayesian techniques, as typically used with Markov Chain or Multinest
sampling techniques, are dependent on the prior, which leads to an additional, non-quantifiable uncer-
tainty in the excluded or allowed regions, see e.g. [24] for a recent discussion and references therein.
We believe this uncertainty is due to the high correlations between three of the four parameters, as
we discussed in two previous papers [25, 26]. Such strong correlations lead to likelihood spikes in the
parameter region, where three of the four parameters have to have specific correlated values. Although
the likelihood of such narrow regions is high, they can be easily missed in methods based on stepping
techniques.

To cope with the strong correlations we use a multistep fitting technique, defined by fitting the
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Conclusion

  SUSY today: 

• No signal so far, but do not give up
• There is still plenty of room for SUSY
• Interpretations of searches are model dependent
• LHC run at 14 TeV might be crucial for low energy SUSY 

• Give me something better and I will stick to it
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Concluding Remarks

  Linear Collider:

• Everything is developing as expected
•  Wait till the end of the run
• It looks like the Higgs boson so far

  SUSY: 

  LHC:

The Higgs Boson:

• No signal so far, but do not give up
• There is still plenty of room for SUSY 

• Excellent performance, new results are ahead 

• It is time to think of it again as a 
precision physics and discovery machine

Precision MachineDiscovery Machine

e+e� ! SMe+e� ! XNew(+YSM )

вторник, 23 июля 13 г.



33

�mH =    40 MeV              

  mH = 120 GeV                       

ee -> HZ  diff. decay channels  

  mH = 150 GeV                       

�mH =    70 MeV                  

Precision physics of Higgs bosons
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A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 

This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 

A 125GeV boson is a very special object 
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