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Historical Perspective

   In order to reflect on the future, it is useful to look at the 
      lessons of the past. 

   I will give a few interesting examples, and then speculate   
     on the future.
 

   I will start with the Higgs Boson (thanks to E. Gross)
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Eilam Gross, WIS, Freiburg Jan 2012

A Phenomenological Profile of the Higgs Boson
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It is relatively strongly coupled to those particles which had not been 
discovered at that time

Indeed, the W mass, the Z mass and the top quark masses are all of the 
order of 100 times the proton mass

Some of the authors soon realized that these could be used to produce 
Higgs bosons

It is in processes mediated by these particles that we have searched 
for, and eventually found the Higgs boson !  

But the Higgs is not weakly coupled to all 
fundamental particles !
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Higgs Hunting at the LEP,  Tevatron and the LHC 

LHCb
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LEP almost get it !
LEP lower Higgs mass bound only 10 GeV smaller 

than the Higgs mass

e
+
e
− → Z

∗ → ZH
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The search for the Standard Model Higgs at the LHC

• Low mass range mHSM < 200 GeV

H !"" ,## ,bb,WW ,ZZ

•  High mass range mHSM > 200 GeV

H !WW ,  ZZ

   1 bf-1

 in 2009

14 TeV

Search for the Standard Model Higgs at Proton Colliders  
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Combined Tevatron Result

27 S.Z. Shalhout [UC Davis] ICHEP 2012
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• max significance (local) 3 σ
• max significance (global) 2.5 σ after LEE of 4 

Background p-values 95% CL Upper Limits / SM
Signal Strength

28 S.Z. Shalhout [UC Davis] ICHEP 2012
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2 = 125 GeV/cHm

Combined (68%)

Single Channel

Tevatron Run II Preliminary
-1 10.0 fbL  

June 2012

• Perform fit of S+B model 
to data

• Compare combined best 
fit Higgs production cross 
section to result from 
individual production 
modes

• Consistent with SM 
values within the 
uncertainties

Combination of searches for Higgs decaying into WW and bb
shows a clear excess in the 115 GeV to 135 GeV mass region 

For a Higgs mass of 125 GeV, the combined production rates 
are consistent with the SM ones within 1 σ  

 

Tevatron
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= 8 TeVsData 2012, 
-1 Ldt = 5.9 fb

2011+2012 data 

Excluded (95% CL):  
112-122.5 GeV, 132-143 GeV    
Expected: 110-139.5 GeV  

24 

2012 data 

2011 data 

Taking all di-photon production channels, one can 
exclude the presence of a low mass SM Higgs for a 

large region of masses

Clear Excess observed in the 124 GeV to127 GeV 
mass range in both experiments.

LHC Got it !
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Combination of all channels. 
ATLAS considers 2011+2012 diphoton and ZZ channels and 

all other channels with only 2011 data.
CMS based its analysis on the 2011 + 2012 results  

SM

  Comb. Sign.:  5 σ excess"   Comb. Sign.:  4.9 σ excess"
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Now What?
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  Still much work to do on the Higgs at the LHC

Is this really the Standard Model Higgs ?

What is the spin of the resonance ? 

What are its CP properties ?

Are the couplings proportional to masses, as predicted by 
the SM ?

By the end of the year, we probably have an understanding 
of the first two questions.

The third one will take longer. LHC will provide about 20 
percent precision on couplings.
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Assume Resonance behaves like a  SM Higgs:                                          
What are the implications for the future of High Energy Physics?

Many questions remain unanswered. Just to list some important ones  :

Why is gravity so weak or, equivalently, why is the Planck scale so high compared 
to the weak scale ? (hierarchy problem)

What is the origin of the matter-antimatter asymmetry

What is the origin of Dark Matter ?

Are neutrinos their own antiparticle ?  

Why are there three generations of fermions ?

What is the origin of the hierarchy of fermion masses ?

Do forces unify ?  Is the proton (ordinary matter) stable ?

What about Dark Energy ?
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LHC
 The LHC  has been running since March 2011.

Expected collision energy :  14,000 proton masses (now 8,000)

Heaviest particle known : Top quark.  Mass = 175 proton masses

LHC major goals :  

• Finding the Higgs      (Achieved)

• Looking for Dark Matter particles 

• Looking for particles leading to the solution of the hierarchy problem

• Searching for the Unexpected 

LHC
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Dark Matter :  Missing Energy at Colliders

In general, if the dark matter particle is neutral and weakly 
interacting, it will not be detected at current colliders.

Just like when the neutrino was discovered, evidence of the 
production of such a particle will come from an apparent lack 
of conservation of the energy and momentum in the process.

Missing Energy and (transverse) momentum signatures, beyond 
the ones expected in the Standard Model, should be sizable 
and will be the characteristic signatures of theories with a 
thermal WIMP as a Dark Matter Candidate.
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Supersymmetry at colliders

Gluino production and decay: Missing Energy Signature

Supersymmetric

Particles tend to 

be heavier if they

carry color charges.

Charge-less particles

tend to be the 

lightest ones.

Lightest Supersymmetric Particle: Excellent cold dark matter candidate

d
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Results of Searches for Supersymmetry at the LHC

So far, no evidence of new physics at the LHC.
But these bounds are strongly model dependent. 

Third generation particles may be much lighter and more data coming...  

Masses of squarks and gluinos below about 1 TeV seem to be in conflict with data 
in simple supersymmetry models. 

But Higgs mass already pointing to masses of order 1 TeV... 
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Beyond the Higgs,

Are there any Hints of New Physics 
at Laboratory Experiments ?
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Some weak scale anomalies
Signals which are two to three standard deviations away from the expected SM predictions.

• LEP 100 GeV Higgs signal excess. Rate about one tenth of the corresponding SM Higgs one.

• DAMA/LIBRA  annual modulation signal, direct DM detection searches (sodium iodide NaI 
scintillation crystal).  COGENT experiment sees a compatible signal, disputed by XENON

• Anomalous magnetic moment of the muon.

• Forward-backward asymmetry of the bottom quark at LEP.

• Forward-backward asymmetry of the top quark at the Tevatron.

• Apparent anomalous neutrino results, in MiniBoone, LSND and reactor fluxes.

• Anomalies observed in  B       D τ ν  transitions

• Apparent 214 MeV muon pair resonance in the decay

• Anomalous W + 2 jets events with invariant mass of the 2 jets peaking at 150 GeV at CDF

• Proton radius difference measured in electron or muon hydrogen atoms ?                      

Σ→ p µ+µ−
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appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ! 1,
the supersymmetric contribution is approximately given by

δaµ "
α

8π sin2 θW

m2
µ

m̃2
tan β " 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ! 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ " mt/mb ! 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is

δaχ0

µ =
mµ

16π2

∑

mi




−
mµ

6m2
µ̃m

(1 − xmi)
4

(
NL

miN
L
mi + NR

miN
R
mi

)

×
(
1 − 6xmi + 3x2

mi + 2x3
mi − 6x2

mi ln xmi

)

−
mχ0

i

m2
µ̃m

(1 − xmi)3
NL

miN
R
mi(1 − x2

mi + 2xmi ln xmi)

}

(12)

δaχ+
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mµ

16π2
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k

{
mµ

3m2
ν̃ (1 − xk)

4

(
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k

)

×
(
1 + 1.5xk + 0.5x3

k − 3x2
k + 3xk ln xk

)

−
3mχ±

k

m2
ν̃ (1 − xk)

3 CL
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k

(

1 −
4xk

3
+

x2
k

3
+

2

3
ln xk

)}

(13)

where xmi = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃ ,

NL
mi = −

mµ

v1
UN

3i U
µ̃
Lm +

√
2g1U

N
1i U

µ̃
Rm

NR
mi = −

mµ

v1
UN

3i U
µ̃
Rm −

g2√
2
UN

2i U
µ̃
Lm −

g1√
2
UN

1i U
µ̃
Lm

CL
k =

mµ

v1
Uk2

CR
k = −g2Vk1 (14)
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where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming

July 30, 2010 14:34

Muon Anomalous Magnetic Moment

Present status:  Discrepancy between Theory and 
Experiment  at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !

7

QCD, excellent agreement between data and theory is

found [18].

A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-

order hadronic contributions together yields the estimate

(this and all following numbers in this and the next para-

graph are in units of 10−10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-

specific systematic, the third common systematic, corre-

lated between at least two exclusive channels, and the

fourth and fifth errors stand for the narrow resonance

and QCD uncertainties, respectively. The total error

of 4.2 is dominated by experimental systematic uncer-

tainties. The new result is −3.2 · 10−10 below the pre-

vious one [26]. This shift is composed of −0.7 from

the inclusion of the new, large photon angle data from

KLOE, +0.4 from the use of preliminary BABAR data

in the e+e− → π+π−2π0 mode, −2.4 from the new high-

multiplicity exclusive channels, the re-estimate of the un-

known channels, and the new resonance treatment, −0.5
from mainly the four-loop term in the QCD prediction of

the hadronic cross section that contributes with a nega-

tive sign, as well as smaller other differences. The total

error on ahad,LOµ is slightly larger than that of Ref. [26]

owing to a more conservative evaluation of the inter-

channel correlations.

Adding to the result (12) the contributions from higher

order hadronic loops, −9.79± 0.09 [44], computed using

a similar dispersion relation approach, hadronic light-by-

light scattering (LBLS), 10.5 ± 2.6 [46], estimated from

theoretical model calculations (cf. remark in Footnote 5),

as well as QED (7), and electroweak effects (10), one

obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-

der hadronic, and other contributions, respectively. The

result (13) deviates from the experimental average (4) by

28.7± 8.0 (3.6σ).5

A compilation of recent SM predictions for aµ com-

pared with the experimental result is given in Fig. 7.

Update of τ -based g−2 result. Since the majority

of the analysis in the aµ analysis also affects the τ -based
result from Ref. [22], a reevaluation of the correspond-

ing τ -based hadronic contribution has been performed

in Ref. [18]. In the τ -based analysis [47], the π+π−

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2σ.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10−11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e− based, including
BABAR and KLOE 2010 π+π− data), Davier et al. 09/1 [22]
(τ -based), Davier et al. 09/1 [22] (e+e−-based, not including
BABAR π+π− data), Davier et al. 09/2 [26] (e+e−-based in-
cluding BABAR π+π− data), HMNT 07 [44] and JN 09 [45]
(not including BABAR π+π− data).

cross section is entirely replaced by the average, isospin-

transformed, and isospin-breaking corrected τ → π−π0ντ
spectral function,6 while the four-pion cross sections, ob-

tained from linear combinations of the τ− → π−3π0ντ
and τ− → 2π−π+π0ντ spectral functions, are only eval-

uated up to 1.5 GeV with the τ data. Due to the lack

of statistical precision, the spectrum is completed with

the use of e+e− data between 1.5 and 1.8 GeV. All the

other channels are taken from e+e− data. The complete

lowest-order τ -based result reads [18]

ahad,LOµ [τ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is τ experimental, the second esti-

mates the uncertainty in the isospin-breaking corrections,

the third is e+e− experimental, and the fourth and fifth

stand for the narrow resonance and QCD uncertainties,

respectively. The τ -based hadronic contribution differs
by 9.1 ± 5.0 (1.8σ) from the e+e−-based one, and the

full τ -based SM prediction aSMµ [τ ] = 11 659 189.4 ± 5.4
differs by 19.5±8.3 (2.4σ) from the experimental average.

This τ -based result is also included in the compilation of

Fig. 7.

6 Using published τ → π−π0ντ spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).

287

3.6σ Discrepancy

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tanβ � 10 (50), values of m̃ � 230 (510) GeV would be preferred.
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Reasons for Proposal and Later 
Solutions to 4 Puzzles 
!  1) Klein Paradox --apparent violation of unitarity 

(solution:positron existence- pair production 
possible) 

!  2) Wrong Statistics in Nuclei--N-14 nucleus  
appeared to be bosonic--(solution: neutron not a 
proton-electron bound state) 

!  3) Beta Ray Emission-apparent Energy non 
conservation (solution:neutrino) 

!  4) Energy Generation in Stars (solution: nuclear 
forces, pep chain, carbon cycle etc.----pion) 

(1932)

from G. Segre’10
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.

The Signal strength may be computed in all
different production and decay channels and is consistent with the SM

 However 
A di-photon rate enhancement is the most visible feature at both experiments.

The WW/ZZ rates are, in average, at the SM value 
There is an apparent suppression of tau production in VBF.  

Present experimental uncertainties allow for a wide variety of new physics alternatives.
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Figure 9: The observed (solid) local p0 as a function of mH in the

low mass range. The dashed curve shows the expected local p0 under

the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding

to significances of 1 to 6 σ.

9.3. Characterising the excess

The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for

H→ZZ
(∗)→ 4� and H→ γγ, the two channels with the

highest mass resolution. The signal strength is al-

lowed to vary independently in the two channels, al-

though the result is essentially unchanged when re-

stricted to the SM hypothesis µ = 1. The leading

sources of systematic uncertainty come from the elec-

tron and photon energy scales and resolutions. The re-

sulting estimate for the mass of the observed particle is

126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to

µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent

with the SM Higgs boson hypothesis µ = 1. A sum-

mary of the individual and combined best-fit values of

the strength parameter for a SM Higgs boson mass hy-

pothesis of 126 GeV is shown in Fig. 10, while more

information about the three main channels is provided

in Table 7.

In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-

tent with the data, the profile likelihood ratio λ(µ,mH) is

used. In the presence of a strong signal, it will produce

closed contours around the best-fit point (µ̂, m̂H), while

in the absence of a signal the contours will be upper

limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-

tributed as a χ2
distribution with two degrees of free-

dom. The resulting 68% and 95% CL contours for the

H→ γγ and H→WW
(∗)→ �ν�ν channels are shown in

)µSignal strength (

    
   -1     0     1
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Figure 10: Measurements of the signal strength parameter µ for

mH=126 GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been

validated with ensembles of pseudo-experiments. Sim-

ilar contours for the H→ZZ
(∗)→ 4� channel are also

shown in Fig. 11, although they are only approximate

confidence intervals due to the smaller number of can-

didates in this channel. These contours in the (µ,mH)

plane take into account uncertainties in the energy scale

and resolution.

The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ZZ
(∗)→ 4�

and H→ γγ channels separated by more than the ob-

served mass difference, allowing the signal strengths to

vary independently, is about 20%.

The contributions from the different production

modes in the H→ γγ channel have been studied in order

to assess any tension between the data and the ratios of

the production cross sections predicted in the Standard

Model. A new signal strength parameter µi is introduced

for each production mode, defined by µi = σi/σi,SM. In

order to determine the values of (µi, µ j) that are simul-

taneously consistent with the data, the profile likelihood

ratio λ(µi, µ j) is used with the measured mass treated as

a nuisance parameter.

Since there are four Higgs boson production modes at

the LHC, two-dimensional contours require either some

µi to be fixed, or multiple µi to be related in some way.

Here, µggF and µtt̄H have been grouped together as they

scale with the tt̄H coupling in the SM, and are denoted

by the common parameter µggF+tt̄H . Similarly, µVBF and

µVH have been grouped together as they scale with the

WWH/ZZH coupling in the SM, and are denoted by the

common parameter µVBF+VH . Since the distribution of

signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the

19

More on the Higgs
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Light, Weakly Interacting Charged Particles
If neutral, weakly interacting particles are present (Dark Matter),  

it is probably that charged particles are there, too.

They may contribute to the muon g-2

They may contribute to the enhancement of the rate of the 
Higgs decay to diphotons !

In SUSY, light staus may enhance the Higgs to di-photon rate.  
Or vector like leptons, or charginos of a strongly coupled 
sector...

They are difficult to search for at the LHC

The Linear Collider may complement the LHC efforts to study       
the Higgs and search for these particles 
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  Final update on the ILC discussion in Cracow:  Japan may pay 
    50% of a 500 GeV machine. 

 The 250 GeV machine would cost about 70% of the 500 GeV
    machine, 

  One scenario could be that Japan finances a large part of the 
     Higgs factory 

  Further upgrades to 500 GeV or 1 TeV would have to be financed 
     by external partners. 
     All subject to governmental negotiations, of course !

Presentation at the European Strategy Meeting

International Linear Collider  in Japan ?
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-

ments of Higgs boson couplings. The plot shows (from left to right in each set of error

bars) 1 σ confidence intervals for LHC at 14 TeV with 300 fb
−1

, for ILC at 250 GeV and

250 fb
−1

(‘HLC’), for the full ILC program up to 500 GeV with 500 fb
−1

(‘ILC’), and for a

program with 1000 fb
−1

for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal

band represents a 5% deviation from the Standard Model prediction for the coupling.

9

Capabilities of different colliders to 
determine Higgs boson couplings

M. Peskin, arXiv:1207.2516

14 TeV LHC, 300 fb
−1

250 GeV ILC, 250 fb
−1

500 GeV ILC, 500 fb
−1

1 TeV ILC, 1000 fb
−1

--------
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M.  Yamauchi, European Strategy Meeting, Krakow, September 12,2012
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The Near Future

The current decade will see the full development of the LHC program, which 
will provide detailed information of physics at the TeV scale.

Origin of fermion and gauge boson masses (electroweak symmetry breaking 
dynamics) expected to be revealed by these experiments. Higgs Discovery is 
the first step.

Missing energy signatures at the LHC may reveal one or more dark matter 
candidates. Direct and indirect detection experiments will reach maturity, and 
may lead to additional evidence of Dark Matter. Dark Energy equation of state 
may be determined.

Tevatron, LHC, LHCb and super B-factories will provide accurate information 
on flavor physics, leading to complementary information on new physics.
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The Near Future 

Search for charged lepton number violation, g-2 of the muon and neutrino-less 
double beta decay experiments could shed light on the nature of neutrinos, and 
new dynamics at the TeV scale. 

Neutrino oscillation experiments lead to the observation of CP-violation or, 
indirectly, to the existence of additional sterile neutrinos.

The Linear Collider is built, helping to do precision measurements of the Higgs 
properties and search for weakly interacting particles. 

Muon Collider construction may start at Fermilab.  

The next 10 to 20 years can mark the beginning of a genuine new era in physics, 
similar to the one that led to the successful SMs of particle physics and 

cosmology, which arguably started about 100 years ago.   
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PilcherFest, September 22, 2012

And that’s why these people are smiling ! 
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Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

Higgs Decay into two Photons in the MSSM
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Figure 1. The ratio Rγγ for Y �
c = Y ��

c = 1 as a function of the explicit mass terms m� and me.

The blue shaded region is excluded by the LEP limit of me� > 100.8 GeV on the mass of additional

charge leptons.

Two generic cases: charged states lighter (1) or heavier (2) than neutral states

(2) neutrals can be long lived. Possible signatures: e+1 e−1 production, decay to W+

W- + neutrinos -¿ WW + missing energy

(1) - long lived charged particles (tracks in detector!)

- short lived, decay to SM leptons,

With finite majorana masses, we can also have lepton number violating phenomena,

and same sign lepton production. Wai-Yee was interested in such scenarios!

7 Conclusions
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Model with a four generation leptons and 
their vector pairs. 

to the SM prediction, Scenario II has regions of parameter space where the decay rate can

be enhanced. This will be discussed further in Sec. 4.

The spectrum of the model in Scenario I is can easily be derived from the Lagrangian.

After electroweak symmetry breaking, there are two charged leptons with masses Y �
cv and

Y ��
c v, where v = 174 GeV is the Higgs vacuum expectation value (VEV). In the neutral

sector the two massive neutrino states are further split when the Majorana masses are

nonzero, such that there are four neutrinos with masses ...

Put spectrum here

The spectrum for Scenario II is slightly more complicated, since now there is mixing

between the ordinary and the mirror leptons.

mass term structure

Since this it is of interest for Higgs phenomenology, we will here perform the mass

diagonalization for the charged lepton sector explicitly, and just note that the same can be

done for the neutral lepton sector. The mass term has the form

L ⊃
�
ē�L ē��L

�
M

�
e�R
e��R

�
+ h.c. where M =

�
Y �
cv m�

me Y ��
c v

�
. (2.2)

The matrix can be diagonalized by two unitary matrizes, MD = VLMV †
R. The couplings

of the mass eigenstates to the Higgs boson are then given by the diagonal entries of the

rotated Yukawa coupling matrix Ch = V †
LYcYR:

Ch11 = Y �
cV

∗
L11VR11 + Y ��

c V
∗
L21VR21 , (2.3)

Ch22 = Y �
cV

∗
L12VR12 + Y ��

c V
∗
L22VR22 . (2.4)

3 Experimental constraints

Precision tests -¿ done!

LEP limits

Lepton flavor violation (assume no mixing to avoid problems!)

Lepton number violation (when majoranas are nonzero. Refer to Lenz et al for now)

Comment on the LEP limits: The limit on the mass of additional charged leptons is

me� > 100.8 GeV. As usual, this limit assumes a very specific decay, e� → Wν, where ν is

a SM neutrino. It should be possible to weaken this bound by letting the charged lepton

decay to a new neutral lepton (i.e. the new neutrinos ν �). I don’t have much experience

with analyzing LEP data, and the LEP limit isn’t hurting us, but this might be something

to look at in the future.
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∂ log(DetMf )

∂v
� −2

Y �
CYC”v

mLmE − Y �
CYC”v2

L

E

Model can lead to the presence of Dark Matter and an enhanced diphoton rate

M. Carena, I. Low, C. Wagner’12;    A. Joglekar, P. Schwaller, C.W.’12

Y �
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Figure 2. The ratio Rγγ for Y �
c = Y ��

c = 0.8. Rest as in previous figure.
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Figure 3. Evolution of the Higgs quartic coupling as a function of the scale Λ, for different values
of the charged lepton Yukawa couplings (Y �

c = Y ��
c = Yc), as indicated in the figure. Threshold

were taken as 100 GeV, 173 GeV and 400 GeV for the light charged lepton, top quark, and heavy

charged lepton respectively.
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Y �
C = YC” = 0.8

In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =





m2
11 m2

12

m∗ 2
12 m2

22



 , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known
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