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Higgs discovery 
at the LHC  

• Higgs boson: The Last missing particle of the SM 
particles 

• Probably starting point of “the Beyond the stard 
model” 

• why we think so, and how it conflicts with data 
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Standard model of particle physics
history  

• Discover the symmetry “SU(3)xSU(2)xU(1)” out 
from interactions involving  mesons, leptons, 
and baryons 

• finding  “the three generation in the matter 
sector”  

• The SM identify “universal forces” to the gauge 
symmetry, representation (charge) difference 
leads interaction difference. 

• putting origin of the symmetry breaking (“mass”)   
to nature of the spin 0 sector ( Higgs boson ).   

H ?
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discovery summary 
• Higgs couples to massive objects in 

the tree level,  tt, bb, ZZ, WW... 

• discovery in photon and lepton 
channel H→γγ　H→ ZZ and H→ 

WW. We can only measure 
(procution) x (branching ratio)   at 
LHC. 

• production gg→ H dominant, 
subdominant WW, ZZ→ H 
contribution is seen. The two 
process overlap significantly.  
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question on the mass value 

in a single measurement; a statistical accuracy of ∆αs = 0.0004 is for instance quoted in
Ref. [49]. This can be done either in e+e− → qq̄ events on the Z-resonance (the so-called
GigaZ option) or at high energies [43] or in a combined fit with the top quark mass and
total width in a scan around the tt̄ threshold [48].

Assuming for instance that accuracies of about ∆mt ≈ 200 MeV and ∆αs ≈ 0.0004 can
be achieved at the ILC, a (quadratically) combined uncertainty of less than ∆MH ≈ 0.5
GeV on the Higgs mass bound eq. (1) could be reached. This would be of the same order
as the experimental uncertainty, ∆MH

<∼ 100 MeV, that is expected on the Higgs mass.
At this stage we will be then mostly limited by the theoretical uncertainty in the

determination of the stability bound eq. (1) which is about ±1 GeV. The major part of
this uncertainty originates from the the QCD threshold corrections to the coupling λ which
are known at the two-loop accuracy [6, 7]. It is conceivable that, by the time the ILC will
be operating, the theoretical uncertainty will decrease provided more refined calculations
of these threshold corrections beyond NNLO are performed.

The situation is illustrated in Fig. 1 where the areas for absolute stability, metastability8

and instability of the electroweak vacuum are displayed in the [MH , m
pole
t ] plane at the 95%

confidence level. The boundaries are taken from Ref. [6] but we do not include additional
lines to account for the theoretical uncertainty of ∆MH = ±1 GeV (which could be reduced
in the future) and ignore for simplicity the additional error from the αs coupling.
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Figure 1: The 2σ ellipses in the [MH ,m
pole
t ] plane that one obtains from the current top quark

and Higgs mass measurements at the Tevatron and LHC and which can be expected in future
measurements at the LHC and at the ILC, when confronted with the areas in which the SM
vacuum is absolutely stable, metastable and unstable up to the Planck scale.

As can be seen, the 2σ blue–dashed ellipse for the present situation with the current
Higgs and top quark masses of MH = 126 ± 2 GeV and mpole

t = 173.3 ± 2.8 GeV, and in

8This situation occurs when the true minimum of the scalar potential is deeper than the standard
electroweak minimum but the latter has a lifetime that is larger than the age of the universe [5]. The
boundary for this region is also taken from Ref. [6].
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Are we in meta stable vacuum or there are new physics 
in between? is this consistent with cosmology?

V(φ)=-m2φ2+λφ4

but λ get negative 
correction at large φ

M. Sizer, Electroweak Higgs potentials and vacuum stability 333
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Fig. 17. The renormalization group_improved potential for ma,,,, Fig. 18. The temperature dependent potential form~,55,= 50 GeV and
= 10 GeV and m, = 125 GeV. Here, V 8V/m~,,,and units of o~= I for m,= 240 0eV. Here, V 8V/m~1~~,and units of o’ = 1 are used.
are used.

that if the final condition (that the false vacuum have a lifetime exceeding ten billion years) is satisfied,
then the second condition is also satisfied, since the barrier is much larger and the time scale much
shorter.
The third condition is that the Universe go into the false vacuum during the electroweak transition.

It might seem quite likely that the field could “roll over the hill” and into the true vacuum. In most
cases, however, the barrier, even at zero temperature, is much above the SU(3) x SU(2) x U(1)
vacuum, and thus energy conservation precludes this possibility. Even if the zero temperature barrier is
lower than the SU(3) x SU(2) x U(1) vacuum, it will be much higher at the finite temperature at which
the electroweak transition takes place. The only region of parameter space in which the field might roll
over the hill is if the electroweak transition temperature is very low. This only occurs if the Higgs is very
near its Coleman—Weinberg value, but since B is negative, it cannot be near its Coleman—Weinberg
value unless B is very close to zero. The resulting region of parameter space which might have the field
rolling over the hill is that with a Higgs mass below 1 GeV, and a top quark within 1 GeV of its
minimum value (for which the vacuum is unstable). This region is much smaller than the uncertainties
in the calculation, and so this third condition can be considered to be satisfied.
Thus, the only significant constraint is the requirement that the false vacuum have a lifetime in excess

of ten billion years. In units of the electroweak scale, the age of the Universe is e’°’.As discussed in the
previous chapter, the nucleation rate per unit volume, f, in units of the electroweak scale, is e~0,where
B0 is the bounce action. Guth and E. Weinberg [180]show that the fraction of space ifiled with bubbles

We are on the meta stable vacuum? 
or there is something between 100GeV to 1019GeV 
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New Physics, Clue 
γW,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

tΛ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Fine tuning in the Higgs sector 

Why Higgs vev is O(200) GeV??

mf  log Λ fermion mass 

Πµν = (gµνp
2
− pµpν)Π

gauge two point 
function

Others are reasonable 

if scale of momentum cut off 
Λ =5TeV 
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• exchange  boson and fermion. 

• sfermions(0), gaugino(1/2), higgsinos(1/2)

• boson and fermion are in the same multiplet; chiral symmetry 
extended to bosons. No quadratic divergence 

• No new dimensionless coupling and  no quadratic divergence 

• Higgs 4 point coupling is written by gauge coupling. (no 
negative 4 point coupling. )

• gauge coupling unification 

• R parity in MSSM . New stable particle→ DM candidate. 

Classic Solution:Supersymmetry 

φ↔ ψ
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Higgs 4 point coupling at low energy 

scale 

λ

threshold���������	
��������������������  
correction���������	
��������������������  

gauge coupling 
(SUSY relation) 

SM RGE running 

mstop mt 

∝Xt4 (stop left 
right mixing )

Low���������	
��������������������  energy���������	
��������������������  
effective���������	
��������������������  theory���������	
��������������������  
without���������	
��������������������  SUSY���������	
��������������������  

give extra Yt4 logmstop/mt

tree level Higgs mass < mZ + additional correction to 
from stop sector 
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Higgs mass vs SUSY

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.
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3.5.4 Impact of the LHC data

Now, it is interesting to perform a first assessment of the compatibility of the LHC and Tevatron
data with the MSSM and analyse the region of parameter favoured by the observed boson mass
and rate pattern (see also [5, 62]). Despite the preliminary character of the results reported
by the LHC collaborations and the limited statistical accuracy of these first results, the study
is a template for future analyses. In this analysis, we computing the �2 probability on the
observable of Table 1 for each accepted pMSSM points. For the bb̄ and ⌧+⌧� channels, in which
no evidence has been obtained at the LHC, we add the channel contribution to the total �2 only
when their respective µ value exceeded 1.5 and the pMSSM point becomes increasingly less
consistent to the limits reported by CMS. In order to investigate the sensitivity to the inputs,
we also compare the results by including or not the bb̄, for which a tension exists between
the CMS limit and Tevatron results, and the ⌧+⌧� rate. Figure 12 shows the region of the
[Xt,m˜t1 ], [Xb,m˜b1

] and [MA, tan �] parameter space where pMSSM points are compatible with
the input h boson mass and observed yields. In particular, we observe an almost complete
suppression for low values of the sbottom mixing parameter Xb.

Figure 12: Distributions of the pMSSM points in the [Xt,m˜t1
] (left), [Xb,m˜b1

] (centre) and [MA,
tan�] (right) parameter space. The black dots show the selected pMSSM points, those in light (dark)
grey the same points compatible at 68% (90%) C.L. with the the Higgs constraints of Table 1.

The distributions for some individual parameters which manifest a sensitivity are pre-
sented in Figure 13, where each pMSSM point enters with a weight equal to its �2 probability.
Points having a probability below 0.15 are not included. The probability weighted distri-
butions obtained from this analysis are compared to the normalised frequency distribution
for the same observables obtained for accepted points within the allowed mass region 122.5
< MH <127.5 GeV. We observe that some variables are significantly a↵ected by the constraints
applied. Not surprisingly, the observable which exhibits the largest e↵ect is the product µ tan �,
for which the data favours large positive values, where the �� branching fraction increases and
the bb̄ decreases as discussed above. On the contrary, it appears di�cult to reconcile an en-
hancement of both µ�� and µb¯b, as would be suggested by the central large value of µb¯b =
1.97±0.72 recently reported by the Tevatron experiments [3]. Such an enhancement is not
observed by the CMS collaboration and the issue is awaiting the first significant evidence of a
boson signal in the bb̄ final state at the LHC and the subsequent rate determination. The tan �
distribution is also shifted towards larger value as an e↵ect of the Higgs mass and rate values.
We also observe a significant suppression of pMSSM points with the pseudo-scalar A boson
mass below ⇠450 GeV. This is due to the combined e↵ect of the A ! ⌧+⌧� direct searches
and Bs ! µ+µ� rate, which constrain the [MA � tan �] plane to low tan � value for light A
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large stop mixing required for 
light stop mass  in model 
independent approach 

large SUSY scale required 
in simple gauge and 
anomaly mediation 
=> Huge  Tension  

with the SUSY–breaking scale or common squark mass MS; the trilinear coupling in the stop
sector At plays also an important role. The leading part of these corrections reads [12]

✏ =
3 m̄4

t

2⇡2v2 sin2 �


log

M2

S

m̄2

t

+
X2

t

2M2

S

✓
1� X2

t

6M2

S

◆�
. (1)

We have defined the SUSY–breaking scale MS to be the geometric average of the two stop
masses (that we take <⇠ 3 TeV not to introduce excessive fine-tuning)

MS =
p
m

˜t1m˜t2 (2)

and introduced the mixing parameter Xt in the stop sector (that we assume <⇠ 3MS),

Xt = At � µ cot �. (3)

The radiative corrections have a much larger impact and maximise the h boson mass in the
so–called “maximal mixing” scenario, where the trilinear stop coupling in the DR scheme is

maximal mixing scenario : Xt =
p
6MS. (4)

In turn, the radiative corrections are much smaller for small values of Xt, i.e. in the

no mixing scenario : Xt = 0. (5)

An intermediate scenario is when Xt is of the same order as MS which is sometimes called the

typical mixing scenario : Xt = MS. (6)

These mixing scenarios have been very often used as benchmarks for the analysis of MSSM
Higgs phenomenology [13]. The maximal mixing scenario has been particularly privileged since
it gives a reasonable estimate of the upper bound on the h boson mass, Mmax

h . We will discuss
these scenarios but, compared to the work of Ref. [13], we choose here to vary the scale MS.
Together with the requirements on Xt in eqs. (4–6), we adopt the following values for the
parameters entering the pMSSM Higgs sector,

At = Ab , M
2

' 2M
1

= |µ| = 1

5
MS , M

3

= 0.8MS , (7)

and vary the basic inputs tan � and MA. For the values tan � = 60 and MA = MS = 3 TeV
and a top quark pole of mass of mt = 173 GeV, we would obtain a maximal Higgs mass value
Mmax

h ⇡ 135 GeV for maximal mixing once the full set of known radiative corrections up to
two loops is implemented [14]. In the no–mixing and typical mixing scenarios, one obtains
much smaller values, Mmax

h ⇡ 120 GeV and Mmax

h ⇡ 125 GeV, respectively. Scanning over the
soft SUSY–breaking parameters, one may increase these Mmax

h values by up to a few GeV.
It is important to note that the dominant two–loop corrections have been calculated in

the DR scheme [15] and implemented in the codes Suspect [16] and SOFTSUSY [17] that we
will use here for the MSSM spectrum, but also in the on–shell scheme [18] as implemented in
FeynHiggs [19]. In general, the results for Mh in the two scheme di↵er by at most 2 GeV,
which we take as a measure of the missing higher order e↵ects. Quite recently, the dominant
three–loop contribution to Mh has been calculated and found to be below 1 GeV [20]. Thus,
the mass of the lightest h boson can be predicted with an accuracy of �Mh ⇠ 3 GeV and this
is the theoretical uncertainty on Mh that we assume.

4

of
f d

ia
go

na
l p

ar
t 

The difference comes from model constraint 
to A parameters 

large stop 
mixing 

12年11月12日月曜日



Higgs mass vs SUSY

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

3.5.4 Impact of the LHC data

Now, it is interesting to perform a first assessment of the compatibility of the LHC and Tevatron
data with the MSSM and analyse the region of parameter favoured by the observed boson mass
and rate pattern (see also [5, 62]). Despite the preliminary character of the results reported
by the LHC collaborations and the limited statistical accuracy of these first results, the study
is a template for future analyses. In this analysis, we computing the �2 probability on the
observable of Table 1 for each accepted pMSSM points. For the bb̄ and ⌧+⌧� channels, in which
no evidence has been obtained at the LHC, we add the channel contribution to the total �2 only
when their respective µ value exceeded 1.5 and the pMSSM point becomes increasingly less
consistent to the limits reported by CMS. In order to investigate the sensitivity to the inputs,
we also compare the results by including or not the bb̄, for which a tension exists between
the CMS limit and Tevatron results, and the ⌧+⌧� rate. Figure 12 shows the region of the
[Xt,m˜t1 ], [Xb,m˜b1

] and [MA, tan �] parameter space where pMSSM points are compatible with
the input h boson mass and observed yields. In particular, we observe an almost complete
suppression for low values of the sbottom mixing parameter Xb.

Figure 12: Distributions of the pMSSM points in the [Xt,m˜t1
] (left), [Xb,m˜b1

] (centre) and [MA,
tan�] (right) parameter space. The black dots show the selected pMSSM points, those in light (dark)
grey the same points compatible at 68% (90%) C.L. with the the Higgs constraints of Table 1.

The distributions for some individual parameters which manifest a sensitivity are pre-
sented in Figure 13, where each pMSSM point enters with a weight equal to its �2 probability.
Points having a probability below 0.15 are not included. The probability weighted distri-
butions obtained from this analysis are compared to the normalised frequency distribution
for the same observables obtained for accepted points within the allowed mass region 122.5
< MH <127.5 GeV. We observe that some variables are significantly a↵ected by the constraints
applied. Not surprisingly, the observable which exhibits the largest e↵ect is the product µ tan �,
for which the data favours large positive values, where the �� branching fraction increases and
the bb̄ decreases as discussed above. On the contrary, it appears di�cult to reconcile an en-
hancement of both µ�� and µb¯b, as would be suggested by the central large value of µb¯b =
1.97±0.72 recently reported by the Tevatron experiments [3]. Such an enhancement is not
observed by the CMS collaboration and the issue is awaiting the first significant evidence of a
boson signal in the bb̄ final state at the LHC and the subsequent rate determination. The tan �
distribution is also shifted towards larger value as an e↵ect of the Higgs mass and rate values.
We also observe a significant suppression of pMSSM points with the pseudo-scalar A boson
mass below ⇠450 GeV. This is due to the combined e↵ect of the A ! ⌧+⌧� direct searches
and Bs ! µ+µ� rate, which constrain the [MA � tan �] plane to low tan � value for light A
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large stop mixing required for 
light stop mass  in model 
independent approach 

large SUSY scale required 
in simple gauge and 
anomaly mediation 
=> Huge  Tension  

with the SUSY–breaking scale or common squark mass MS; the trilinear coupling in the stop
sector At plays also an important role. The leading part of these corrections reads [12]

✏ =
3 m̄4

t

2⇡2v2 sin2 �


log

M2

S

m̄2

t

+
X2

t

2M2

S

✓
1� X2

t

6M2

S

◆�
. (1)

We have defined the SUSY–breaking scale MS to be the geometric average of the two stop
masses (that we take <⇠ 3 TeV not to introduce excessive fine-tuning)

MS =
p
m

˜t1m˜t2 (2)

and introduced the mixing parameter Xt in the stop sector (that we assume <⇠ 3MS),

Xt = At � µ cot �. (3)

The radiative corrections have a much larger impact and maximise the h boson mass in the
so–called “maximal mixing” scenario, where the trilinear stop coupling in the DR scheme is

maximal mixing scenario : Xt =
p
6MS. (4)

In turn, the radiative corrections are much smaller for small values of Xt, i.e. in the

no mixing scenario : Xt = 0. (5)

An intermediate scenario is when Xt is of the same order as MS which is sometimes called the

typical mixing scenario : Xt = MS. (6)

These mixing scenarios have been very often used as benchmarks for the analysis of MSSM
Higgs phenomenology [13]. The maximal mixing scenario has been particularly privileged since
it gives a reasonable estimate of the upper bound on the h boson mass, Mmax

h . We will discuss
these scenarios but, compared to the work of Ref. [13], we choose here to vary the scale MS.
Together with the requirements on Xt in eqs. (4–6), we adopt the following values for the
parameters entering the pMSSM Higgs sector,

At = Ab , M
2

' 2M
1

= |µ| = 1

5
MS , M

3

= 0.8MS , (7)

and vary the basic inputs tan � and MA. For the values tan � = 60 and MA = MS = 3 TeV
and a top quark pole of mass of mt = 173 GeV, we would obtain a maximal Higgs mass value
Mmax

h ⇡ 135 GeV for maximal mixing once the full set of known radiative corrections up to
two loops is implemented [14]. In the no–mixing and typical mixing scenarios, one obtains
much smaller values, Mmax

h ⇡ 120 GeV and Mmax

h ⇡ 125 GeV, respectively. Scanning over the
soft SUSY–breaking parameters, one may increase these Mmax

h values by up to a few GeV.
It is important to note that the dominant two–loop corrections have been calculated in

the DR scheme [15] and implemented in the codes Suspect [16] and SOFTSUSY [17] that we
will use here for the MSSM spectrum, but also in the on–shell scheme [18] as implemented in
FeynHiggs [19]. In general, the results for Mh in the two scheme di↵er by at most 2 GeV,
which we take as a measure of the missing higher order e↵ects. Quite recently, the dominant
three–loop contribution to Mh has been calculated and found to be below 1 GeV [20]. Thus,
the mass of the lightest h boson can be predicted with an accuracy of �Mh ⇠ 3 GeV and this
is the theoretical uncertainty on Mh that we assume.
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limit at 8TeV (from recent ATLAS) 

SUSY > (or maybe >>)  1TeV,  Does this cause fine turning? 

under the assumption of universal SUSY breaking(MSUGRA) , 
sleptons are  much above 300 GeV   
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Basic collider objects and supersymmetry   

DM

DM

New particle

New particle 

Missing PT 
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really SUSY particles are so heavy? 
• Too large fine turning?  Correction to the higgs mass 

exceed higgs mass 

• Is  this such a big problem? GUT/weak scale fine 
turning has been  solved. We have fine turning in 
vacuum energy anyway.. 

• By extending model to Next Minimal SUSY, higgs 
masses upper limit increase→ allowing light SUSY 
particles.  

•   contribution from 4th generation can also 
contribute
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Figure 1: Upper bound on the lightest Higgs mass in the NMSSM for mtop = 178 GeV
(thick full line: mA arbitrary, thick dotted line: mA = 1 TeV) and mtop = 171.4 GeV
(thin full line: mA arbitrary, thick dotted line: mA = 1 TeV) and in the MSSM (with
mA = 1 TeV) for mtop = 178 GeV (thick dashed line) and mtop = 171.4 GeV (thin dashed
line) as obtained with NMHDECAY as a function of tanβ. Squark and gluino masses are
1 TeV and Atop = 2.5 TeV.

fig. 1. Now we get an upper bound of 130.1 GeV for mtop = 178 GeV (resp. 124.7 GeV for

mtop = 171.4 GeV) at tanβ = 10. For larger values of tanβ, the upper bound on mh remains

essentially the same as in the MSSM.

Hence, our main result is that the upper bound on mh is ∼ 12 GeV (for mtop = 178 GeV)

or ∼ 16 GeV (for mtop = 171.4 GeV) larger in the NMSSM as compared to the MSSM, and

is obtained for small tanβ. For very large tanβ, the difference between the upper bound on

mh in NMSSM and in the MSSM vanishes, if mA is assumed to remain smaller than a few

TeV.

Let us compare this bound on mh to earlier work: it is about 6 GeV larger than the

one obtained from fig. 4 in ref. [7] (for the corresponding values for mtop). Also the value of

tanβ, where this bound is reached, is now smaller (∼ 2 compared to ∼ 3 in ref. [7]). These
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Extra Vector-like Matter

• introduce 10 + 10   [10:(Q’,U’,E’)]

• extra ‘top’ couples to Higgs

• Higgs mass raised by U’, Q’ loop

cf. A’ suppressed by RG running and irrelevant for Higgs 
mass. “mh-max” scenario is not realized

[Moroi,Okada]

MSSM

mS(F): vector scalar(fermion) mass

Hu
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Hu

Hu
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T,QT
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Extra Vector-like Matter

• introduce 10 + 10   [10:(Q’,U’,E’)]

• extra ‘top’ couples to Higgs

• Higgs mass raised by U’, Q’ loop

cf. A’ suppressed by RG running and irrelevant for Higgs 
mass. “mh-max” scenario is not realized

[Moroi,Okada]

MSSM

mS(F): vector scalar(fermion) mass
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• muon g-2 is accommodated to 
Higgs mass ~125GeV

• upper bound on gluino mass 
from muon g-2 and stability

• upper bound on vector mass 
from Higgs mass

Extra Vector-like Matter

[ME,Hamaguchi,Iwamoto,Yokozaki]

LHC search!

Vector-like matter で g-2 + 125GeV : GMSB framework 

[44] 
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stop search 

more gain for 
0 lepton channel 

toward low pT 
with a lepton 

2 lepton is 
too small 

to
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Direct search limit are actually not so strong
allows for relatively light stop for NMSSM   
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if light stop is found 

• stop mixing makes the lighter stop 
light

• model is NMSSM so that stop is 
need not to be light. 

• stop mixing → top polarization 
from stop decay(visible at LHC) 
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FIG. 12: The 95% CLs exclusion limits on simplified models assuming direct production of (a) gluino pairs with decoupled
squarks or (b) squark pairs with decoupled gluinos, each decaying to two jets, or one jet, respectively, and a neutralino LSP.
95% Exclusion limits are obtained by using the signal region with the best expected sensitivity at each point. The black dashed
lines show the expected limits, with the light (yellow) bands indicating the 1σ excursions due to experimental uncertainties.
Observed limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit, and the dotted
lines are obtained by varying the cross section by the theoretical scale and PDF uncertainties. The 95% CLs upper limit on
the cross section times branching ratio (in fb) is printed for each model point.

masses below 860 GeV and 1320 GeV respectively are
excluded at the 95% confidence level for squark or gluino
masses below 2 TeV. When assuming their masses to be
equal, squarks and gluinos with masses below 1410 GeV
are excluded. In the MSUGRA/CMSSM case, the limit
onm1/2 reaches 300 GeV at highm0 and 640 GeV for low
values of m0. Squarks and gluinos with equal masses be-
low 1360 GeV are excluded in this scenario. These results
are shown to be relatively insensitive to the assumption
of a light LSP, up to LSP masses of about 400 GeV.
Limits are also placed in the parameter space of a SUSY
model with a compressed mass spectrum.
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Limit for degenerate SUSY   

300 GeV

580GeV

model independent gluino and squark mass could be 
much lighter (stop still needs to be heavy in MSSM)   

The previous plot assumes universal 
scalar and gaugino mass at GUT scale. 

=> large mass splitting between QCD and EW SUSY particles 
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How about the EW SUSYparticle ? 
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Figure 2: The value of RXX for the H → γγ and ZZ final states given by the ATLAS and CMS
collaborations, as well as their combination, compared to the theoretical uncertainty bands.

due to the presently limited statistics, is of the same order of the theory uncertainty in
the best case. We believe that this “paradox” will be resolved if the approach that we
advocate, that is comparing the data for the cross sections including only the experimental
uncertainties to the theoretical prediction with the uncertainty bands.

In conclusion, we have first recalled that there are substantial theoretical uncertainties
in the cross section for the dominant Higgs production channel at the LHC, gluon–gluon
fusion, stemming from the scale dependence, the parton distribution functions and the
use of an effective field theory approach to evaluate some higher order corrections. They
are about 10% each and if they are combined according to the LHCHWG, they reach the
level of 30% when the EFT uncertainty is also included. However, in the experimental
analyses, these theoretical uncertainties in σ(gg → H) are treated as nuisance parameters
rather than a bias. As they are still individually smaller than the experimental (statistical)
errors, the net result is as if they were not included in the total errors given by the ATLAS
and CMS collaborations. If the experimental results for the production cross sections
times decay branching ratios in the various analysed channels are confronted with the
theoretical prediction, including the theoretical uncertainty band, added linearly on top
of the experimental error the discrepancy between the measurements and the prediction
becomes smaller. This is particularly the case for σ(gg → H)× BR(H → γγ), where the
≈ 2σ discrepancy with the SM prediction reduces to the level of ≈ 1σ if the 30% theory
uncertainty is properly considered.

Acknowledgements: AD and RMG thank the CERN theory division for its hospitality
during which this project was completed. RMG acknowledges the project SR/S2/JCB64
DST (India) and JB acknowledges the support from the Deutsche Forschungsgemeinschaft
via the Sonder-forschungsbereich/Transregio SFB/TR-9 Computational Particle Physics.
We thank Marco Battaglia for a discussion on the data.
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the best case. We believe that this “paradox” will be resolved if the approach that we
advocate, that is comparing the data for the cross sections including only the experimental
uncertainties to the theoretical prediction with the uncertainty bands.

In conclusion, we have first recalled that there are substantial theoretical uncertainties
in the cross section for the dominant Higgs production channel at the LHC, gluon–gluon
fusion, stemming from the scale dependence, the parton distribution functions and the
use of an effective field theory approach to evaluate some higher order corrections. They
are about 10% each and if they are combined according to the LHCHWG, they reach the
level of 30% when the EFT uncertainty is also included. However, in the experimental
analyses, these theoretical uncertainties in σ(gg → H) are treated as nuisance parameters
rather than a bias. As they are still individually smaller than the experimental (statistical)
errors, the net result is as if they were not included in the total errors given by the ATLAS
and CMS collaborations. If the experimental results for the production cross sections
times decay branching ratios in the various analysed channels are confronted with the
theoretical prediction, including the theoretical uncertainty band, added linearly on top
of the experimental error the discrepancy between the measurements and the prediction
becomes smaller. This is particularly the case for σ(gg → H)× BR(H → γγ), where the
≈ 2σ discrepancy with the SM prediction reduces to the level of ≈ 1σ if the 30% theory
uncertainty is properly considered.
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Maybe sleptons are light at least?  
muon g-2 

> 3σ deviation

Standard Model Prediction
Exp (E821)Exp (E821) 116 592 089          (63)     [10-11]

QED  (α5)QED  (α5) 116 584 718.962   (0.08)

EW (W/Z/HSM, NLO)EW (W/Z/HSM, NLO)               153.2       (1.8)

Hadronic
(leading)

[HLMNT]            6 949.1       (43)*

           6 923          (42)
Hadronic
(leading) [DHMZ]
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• muon g-2 is enhanced

- small soft mass
- large tanβ

• tension against Higgs mass

Large coupling: SUSY

tanβ = vu/vd = O(1-10)

Today’s Topic
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Fig. 4. The one-loop SUSY diagrams contributing to the muon magnetic moment.

Fig. 5. (a) Sample two-loop supersymmetric diagrams with a closed chargino/neutralino or sfermion loop, contributing to a� ,2L
µ and a f̃ ,2L

µ . Here
V = � , Z , W denotes gauge bosons, H = h0, H0, A0, H± denotes physical MSSM Higgs bosons, and G0,± denotes Goldstone bosons. (b)
Sample two-loop supersymmetric diagrams contributing to the large QED-logarithms in aSUSY,2L(b)

µ . The external photon can be attached to all
charged internal lines.

assumption that all the SUSY particle masses are taken to be m̃ and that M1,2 follow the GUT relation, an approximate
expression for the dominant SUSY one-loop contribution is given by [10]:

aSUSY, 1L
µ ⇡ 13 ⇥ 10�10

✓

100 GeV
m̃

◆2

tan � sign(µM2). (61)

For moderate or large tan �, these contributions can easily be larger than the electroweak SM contributions for values
of m̃ that are not too large.

There are also two classes of MSSM two-loop diagrams: (a) two-loop corrections to the SM one-loop diagram
where the µ-lepton number is carried only by µ or ⌫µ, and (b) two-loop corrections to SUSY one-loop diagrams
where the µ-number is carried by smuon or sneutrino. SUSY contributions for class (a) can further be split into four
parts:

aSUSY,2L(a)
µ = a� ,2L

µ + a f̃ ,2L
µ + aSUSY,ferm,2L

µ + aSUSY,bos,2L
µ . (62)

The first two terms correspond to diagrams involving a closed chargino/neutralino or sfermion loop, as shown in
Fig. 5(a). The dominant contributions from this type of diagram arise from the ones involving a closed chargino or
stop/sbottom loop and a photon and Higgs that are attached to the external muon line. The approximate formulae for
aX� H
µ , X = � , t̃, b̃, are [10]

a�� H
µ ⇡ 11 ⇥ 10�10

✓

tan �

50

◆ ✓

100 GeV
m̃

◆2

sign(µM2), (63)

at̃� H
µ ⇡ �13 ⇥ 10�10

✓

tan �

50

◆ ✓

mt

mt̃

◆ ✓

µ

20MH

◆

sign(Xt ), (64)

ab̃� H
µ ⇡ �3.2 ⇥ 10�10

✓

tan �

50

◆ ✓

mb tan �

mb̃

◆ ✓

Ab

20MH

◆

sign(µ), (65)

where Xt = At �µ cos �. The contributions from loops involving other squarks and sleptons are small due to the small
Yukawa couplings. Such two loop diagrams could become relatively more important when the one-loop contributions
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chargino-sneutrino

neutralino-smuon Figure 3: Contours of the Higgs mass and the muon g� 2 are shown. The Higgs mass are
maximized by choosing A

0

and Au appropriately under the Br(B̄ ! Xs�) constraint in the
CMSSM models (left) and the extension (right), respectively (“mh-max scenario”). In the
dark green region, the Higgs mass is 124 – 126GeV, and it becomes larger than 124GeV in
the light green region once the uncertainties are included. In the orange (yellow) regions,
the muon g � 2 is explained at the 1� (2�) level. The LSP is the (lighter) stau in the
upper-left shaded region, while the lightest neutralino in the rest.
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Appendix

In this appendix we discuss the CMSSM models and their extension. The CMSSM

models have five input parameters, (m
0

,m
1/2, tan �, sign(µ), A0

). We consider an ex-

tended CMSSM framework where the trilinear couplings of the up-type squarks, Au, are
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need light EW SUSY particle 
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Other new physics?  
• Ex Randall Sundrums model 

+mixing between  radion(the  5th direction mode  ) 
 and higgs boson  

huge contribution to gg→h and h→γγ process 

gauge�

higgs�

The���������	
��������������������  far���������	
��������������������  
side 

matters 
in the bulk 

Higgs���������	
��������������������  at���������	
��������������������  
the���������	
��������������������  IR���������	
��������������������  brane���������	
��������������������  ���������	
��������������������  
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degenerate 
SUSY 

Mind of some theorists 

Higgs mass
and MSSM  

current SUSY search 

dev in higgs 
branching ratio 

NMSSM 

extra 
matter 

FCNC 

R parity 
violation 

little hierarchy problem 

muon g-2 

Heavy Supersymmery Light Supersymmetry 

Lot’s of Model building here..  
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“really nothing so far
(except the SM higgs boson )  ” 

“Is this a dead end of particle 
physics?”

My impression is different 
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Hadron collider searches:past and now 
• To calculate SUSY background, we need to know W, t, Z with multiple 

jets in the final state.  In 90’s: we did not know  how to calculate the 
processes appropriately for the hadron collider.   “I do not trust hadron 
collider physics” was typical attitudes in e+e-collider funs.  

• It took very long time to get limit from hadron collider data, and 
there were fake discovery as well (famous SPS1a...)   

• Progress in “Matching” and NLO, 
we have better background 
prediction now.  

• We can “exclude” the model 
parameters rather convincingly , and 
we do not “discover” much unless 
we comes to  the point to discover. 

photo 1972 
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Parton shower and hard process Lecture 1: QCD

Plan of the lectures

Introduction: The
big picture

Infrared Behaviour
of QCD

Jet Definitions

Parton Showers

Parton branchings

Evolution
equations and
parton densities

Logarithmic
resummation

Sudakov form
factors

Angular ordering

NLL Sudakovs

Parton showers in
Monte Carlos

Evolution equations and parton densities

In the relation between the cross-section before and after a splitting is a factor
dt/t =)logarithmic divergence after integration

These divergences can be resummed through evolution equations.

Consider successive small-angle gluon emission in deep inelastic scattering
(hadron-virtual photon collisions):

Assume that the quark is found in the hadron with a initial probability f0 at a
virtuality scale t0 = �p

2
0 > 0. After one gluon emission, the probability to find

the quark at a virtuality t > t0 will be:

f (x , t) = f0(x) +

Z
t

t0

dt

0

t

0
↵

s

2⇡

Z 1

x

dz

z

P̂(z) f0

“
x

z

”

At every gluon emission, the incoming quark moves to higher virtual mass t and
lower momentum fraction x .
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Parton showers in
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Summary of splitting functions

b
P

qq

(z) = C

F

»
1 + z

2

1� z

–
,

b
P

gq

(z) = C

F

»
1 + (1� z)2

z

–
,

b
P

qg

(z) = T

R

ˆ
z

2 + (1� z)2
˜
,

b
P

gg

(z) = C

A

»
1� z

z

+
z

1� z

+ z(1� z)

–

where C

F

= 4
3 , C

A

= 3, T
R

= 1
2 .

Note that these are unregulated splitting probabilities, since they contain
singularities at z = 1 and z = 0.

The cross-sections before and after splitting are related by

d�
n+1 = d�

n

dt

t

dz

↵
s

2⇡
b
P

ba

(z)

after integration over the azimuthal angle �.
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tt 
tt+njet 

• MC simulation for hadron collider roughly 
divided into three parts 

• “hard process”  gg→H,　gg, qq→SUSY..   

• Initial/final  state radiation: multiple emission 
of collinear gluon and quarks. often treated 
by parton shower approximation (multiple 
emission summed. 

• Background: QCD process with multiple hard 
jets.  ex:  process of W+n hard parton:  some 
of the hard partons overlap with parton 
showers.   “double counting problem” 

• “Maching” is a consitent treatment to veto the 
overlap between hard and soft process. 
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W+jets (leading SUSY BG at 7TeV )
Data vs Theory in 2003 

This allows  estimate of background with  “confidence “
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W+jets (leading SUSY BG at 7TeV )
Data vs Theory in 2011

This allows  estimate of background with  “confidence “
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cross section at 13TeV run

S.Asai 2003　JPS meeting

LHC at 13TeV  max total cross section 
is around 
100 fb-1→1000 events 

Max reach will be around 10fb to 1fb 
2.5TeV 

If nature takes supersymmetry, 
significant parameter space will be 
covered by the 13TeV run 

 
Study of Higgs sector is also very 
important O(10%) measurement of 
Branches  
e+e- collider  O(1%)  
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Latest News: XENON100 XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012

Figure from slide by Aprile at DarkAttack, Ascona, July 18, 2012

Direct search will be serious constraint this year
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waiting for new data to decide the direction 

To where? 

 with LHC at 13TeV,  it will  have  a great fall ... 
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