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Standard Model Particles

There are 12 fundamental gauge fields:

8 gluons, 3 Wµ’s and Bµ

and 3 gauge couplings g1, g2, g3

The matter fields:

3 families of quarks and leptons with same

quantum numbers under gauge groups

But very different masses!

m3/m2 and m2/m1 � a few tens or hundreds

me = 0.5 10−3 GeV,
mµ

me
� 200, mτ

mµ
� 20

Largest hierarchies

mt � 175 GeV mt/me ∝ 105

neutrino masses smaller than as 10−9

GeV!

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Only left handed fermions transform under the weak SM gauge group

SU(3)× SU(2)L × U(1)Y

Fermion and gauge boson masses forbidden by symmetry
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The Higgs Mechanism and the Origin of Mass

Spontaneous Breakdown  of
the symmetry :
Vacuum becomes a source of
energy =  a source of mass

A scalar (Higgs) field is introduced. The Higgs field acquires a
nonzero value to minimize its energy

A physical state (Higgs boson) appear associated to fluctuations in the
radial direction . Goldstone modes: Longitudinal component of massive
Gauge fields.

Masses of fermions and gauge  bosons proportional to their
couplings to the Higgs field:
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In the Standard Model, explicit masses are forbidden by symmetry
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It will prove that our simplest explanation for the origin of mass is indeed correct.

             Discovering the Higgs will put the final piece

                          of the Standard Model in place

How do we search for the Higgs?

Colliding particles at High Energy Accelarators:

LEP, the Tevatron, the LHC

pp at s  = 1.96 TeV pp at s  =  14 TeVe
+
e

-
 at s  = 210 GeV and
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with  H ! bb, WW    

with H ! WW

Direct Higgs searches at the Tevatron

Tevatron can search for the Higgs in all the mass range preferred by precision data

Press release: 9/08

Tevatron achieves 

sensitivity to exclude

a Higgs with 

mass 170 GeV 

Many Possible 
production 
Processes
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Higgs Searches at the Tevatron

Higgs searches at the Tevatron collider are reaching maturity, both in the high 
mass as well as in the low mass region.

By the end of next year, the luminosity will be high enough to probe the 
existence of the Standard Model Higgs boson on a large range of masses.

The question is what is that range and what kind of sensitivity improvement will 
that demand

Moreover, what would that imply for well motivated models like the MSSM ?

The LHC will eventually surpass the Tevatron capabilities, but in the meantime, 
we should be able to make use of the available data and profit from the 
information we can extract from it.  

Also, the Tevatron is searching for the Higgs in bottom quark decays, something 
that the LHC may  be only able to do applying sophisticated methods.

This also raises the question : Is it worth to continue running the Tevatron after 
its planned shutdown at the end of 2011 ?

See J. Dittmann’s talk
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Interesting enough, if a Higgs were there, one 
would expect, in average                       .          
The excess statistical significance is, however, 

Robs = Rexp + 1

The Tevatron can see evidence of a Higgs

2/Rexp

Conclusions 

03/13/2009 53 Sergo Jindariani, Fermilab Wine and Cheese Seminar 
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•! Great results in both low 
and high mass sectors!

•! SM Higgs exclusion in the 
range 160-170 GeV @95% CL!

•! Stay tuned for further 
Tevatron improvements in 
Higgs searches!

•! Better than 3xSM 
sensitivity at all masses 
below 190 GeV !

•! 2.4*SM @115 GeV!

Tevatron High Mass Combination 

03/13/2009 51 Sergo Jindariani, Fermilab Wine and Cheese Seminar 
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We exclude SM Higgs in mass range 160-170 GeV at 95% CL!
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CDF and D0 combination:!

•! Not just "2 factor, many systematics are correlated 
between experiments !

•! Combined using Bayesian and CLs methods – similar results!

Thank you everyone in TeV !
Higgs combination group! 

http://tevnphwg.fnal.gov/results/SM_Higgs_Winter_09/ 

Very recent news:

Tevatron sets the first
significant bounds on a heavy

Higgs boson

Higgs with SM properties, in mass range

160–170 GeV is excluded at 95% C.L.
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Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

Prospects for Higgs Searches at the Tevatron

P. Draper, T. Liu and C. Wagner’09

Running for two years more, the Tevatron should collect more than 10 fb−1

With expected detector/analysis performance, mH < 185 GeV may be probed.

Thursday, June 3, 2010



                        Run III at the Tevatron: Higgs Sensitivity

Prospects for SM Higgs Searches at the Tevatron

8
CDF+D0 multi-channel combination. WH->bb dominates 
at 115 GeV, gg->H->WW dominates at 160 GeV. Both contribute in 
intermediate range.
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Theory uncertainty
March 2009 mLimit = 163 GeV

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.025 80.378
ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092
mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

March 2009

Tevatron testing the region preferred by SM Precision
Electroweak Data
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Tevatron also testing region of Higgs Masses 
consistent with SM extrapolation until high scales
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Supersymmetry
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fermions                       fermions                       bosonsbosons

SupersymmetrySupersymmetry

electron                        electron                                      sselectronelectron

quark                              quark                                              ssquarkquark

photphotinoino                                                                      photonphoton

gravitgravitinoino                                                              gravitongraviton

Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

Particles and Sparticles share the same couplings to the Higgs. Two superpartners

of  the two quarks (one for each chirality) couple strongly to the Higgs with a 

Yukawa  coupling of order one (same as the top-quark Yukawa coupling)

Two Higgs doublets necessary → tanβ =
v2
v1

Thursday, June 3, 2010



WhyWhy Supersymmetry  Supersymmetry ??

!! Helps to stabilize the weak scaleHelps to stabilize the weak scale——Planck scale hierarchyPlanck scale hierarchy

!! Supersymmetry Supersymmetry algebra contains the generator ofalgebra contains the generator of

         space-time translations.         space-time translations.

                  Necessary ingredient of theory of quantum gravity.Necessary ingredient of theory of quantum gravity.

!! MinimalMinimal supersymmetric  supersymmetric extension of the SM :extension of the SM :

                  Leads to Unification of gauge couplingsLeads to Unification of gauge couplings..

!! Starting from positive masses at high energies, Starting from positive masses at high energies, electroweak symmetry breakingelectroweak symmetry breaking
is inducedis induced radiatively radiatively..

!! If discrete symmetry,  P = (-1)            is imposed,  lightest  SUSYIf discrete symmetry,  P = (-1)            is imposed,  lightest  SUSY

         particle neutral and stable:          particle neutral and stable: Excellent candidate for cold Dark Matter.Excellent candidate for cold Dark Matter.

3B+L+2S

Possible

Quantum corrections induce quadratic divergent result

2

2

2

iiS22

H
16

gn
(-1)m i !"

#
$

Cancelled if particles of different spin with same couplings

 are present. This happens  within the minimal supersymmetric 

extension of the Standard Model

:
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Loop Corrections to Higgs boson massesLoop Corrections to Higgs boson masses

!! Most important corrections come from the stop sector,Most important corrections come from the stop sector,

     where the off-diagonal term depends on the stop-Higgs trilinear     where the off-diagonal term depends on the stop-Higgs trilinear

     couplings,     couplings,

!! For large CP-odd Higgs boson masses, and withFor large CP-odd Higgs boson masses, and with

     dominant one-loop corrections are given by,     dominant one-loop corrections are given by,

!! After two-loop corrections:After two-loop corrections:
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            Okada, Yamaguchi, Yanagida; Ellis et al, Haber et al. ’90

Carena, Espinosa, Quiros, C.W.’95; Haber and Hempling ’96; Heinemeyer, Hollik, Weiglein’98 

M m mS Q U= =

M.Carena, J.R. Espinosa, M. Quiros, C.W. ‘95
M. Carena, M. Quiros, C.W.’95

Mass of the SM-like Higgs h 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.

16

Standard Model-like Higgs Mass

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.’00

Xt = At − µ/ tanβ, Xt = 0 : No mixing; Xt =
√

6MS : Max. Mixing

Long list of two-loop computations:  Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, 
Hempfling, Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, 
Zwirner

For natural 
values of the 
stop mixing,
the Higgs 
remains lighter 
than 120 GeV
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Non-Standard Higgs Production

Associated Production

Gluon Fusion

gAbb � gHbb �
mb tanβ

(1 + ∆b)v
, gAττ � gHττ �

mτ tanβ

v

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, hep-ph/0603112
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σ(bb̄A)×BR(A→ bb̄) � σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) � σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production 
channels associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by 
D. North and M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815
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Combination of  CDF and D0                                         
Non-Standard Higgs Searches
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Relevance of Combination of Channels

As we have seen, the Tevatron has the potential to probe the 
Standard Model in all the allowed region of the lightest MSSM      
CP-even  Higgs mass.

There are regions of parameter space, however, where this Higgs 
boson present significant departures from the SM behavior

In particular either the production cross section or the branching 
ratio into bottom quarks can be suppressed

When this happens, there tend to be other light Higgs bosons which 
can give significant signatures, or alternatively, additional decay 
channels of the same Higgs boson, like the 

In this talk, I will combine in quadrature the significance of different 
channels for the SM-like Higgs.  At some point, we will combine it 
also with non-standard sources,  even when coming from different 
Higgs boson sources. I show the relevance of these combinations.

ττ or W+W− modes

Thursday, June 3, 2010



                        Run III at the Tevatron: Higgs Sensitivity

Minimal Mixing Scenario (SM-like Higgs Searches)

15

relatively 
small SM-
like Higgs 
mass -> 
stronger 
constraints

2011 Run III

Minimal Mixing Scenario (SM-like Higgs mass below 120 GeV)

P. Draper,  T. Liu and C.W. ’09  + M. Carena’10

2011
2014

Even with only SM channels and 2011 run, 2 sigma sensitivity is achieved in 
most parameter space. Evidence may be achieved with further running.  

Thursday, June 3, 2010



Combination with Non-Standard Higgs channels
P. Draper,  T. Liu and C.W. ‘09

                        Run III at the Tevatron: Higgs Sensitivity

Minimal Mixing (Nonstandard + SM-like Higgs Combined Reach)

16

For large mA, the 
production of the 
non-SM higgs is 
suppressed.

2011 Run III

2011

Combination enlarges the region where evidence may be
achieved in a considerable way 

2014

Thursday, June 3, 2010



LHC Higgs Searches
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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

If there is a Higgs boson, with properties similar to those predicted in 
the Standard Model, the high energy/luminosity LHC will find it.

Thursday, June 3, 2010
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Early LHC Searches

V. Sharma ’10
See also E. Berger et al. ’10
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Comparison of Tevatron and Early LHC 
Higgs Searches

• The Tevatron remains superior than the 7 TeV machine in the low 
Higgs mass searches

• It also remains competitive in the high mass Higgs searches,   with 
mass  in the range   140 GeV -- 190 GeV

• Moreover, the Tevatron will probe most of the region consistent with 
an eventual non-standard Higgs signature at the LHC

• Running the Tevatron for a few more years, until the LHC acquires 
its full capabilities makes scientific sense

Thursday, June 3, 2010



Figure 4: Comparison of total cross section comparison between Tevatron and LHC.

measurements of charm mixing parameters and could discover CP violation in charm,

which will be an unambiguous signature of new physics, or exclude it down to the SM

expectation. This program is without competition until well into the superB era, as LHCb

does not allow precision measurements of CPV in the most promising channels.

Therefore, several deviations from the Standard Model have shown up in the DZero and

CDF data. Although it is too early to tell whether they are due to statistical fluctuations

or new physics, exploring these and many other conventional channels, particularly in the

electroweak domain, constitutes a diverse and rich physics program.

4.4 Complementarity with Other Facilities

The LHC is the only accelerator that has a similar physics program to the Tevatron. With

the recent update of the LHC plans, we expect ∼ 1 fb
−1

of integrated luminosity at 7 TeV

center of mass energy collected by each LHC experiment by the end of 2011, followed by

a twelve to eighteen month shutdown. This means that up to late 2013 and into 2014,

when the LHC will have been re-commissioned, the Tevatron will have comparable data

sets for important processes such as top quark, W and Z boson production, and others.

In some physics areas, for example top pair production, proton-antiproton collisions

provide unique information not accessible to the proton-proton collisions at the LHC.

Specialized detectors, like LHCb, are expected to perform better in studies of b quarks,

20

K. Ellis, 2010

Comparison of Tevatron and LHC Cross Sections
Cross sections in most channels become significantly larger at the 7 TeV LHC

Thursday, June 3, 2010



Figure 5: Comparison of Tevatron Run III and LHC at 1 fb
−1

and 7 TeV in the cms.

and ATLAS/CMS will push heavy particle searches beyond 1 TeV due to the higher center

of mass energy of the LHC.

As for the Higgs boson at the LHC operating at 14 TeV, based on the current LHC

projection is, 2σ exclusion of the full mass range down to Mh ≈ 115 GeV requires 1.5

fb
−1

per experiment. Discovery of the Higgs for Mh ≈ 115 GeV requires ∼ 10 fb
−1

per

experiment at 14 TeV [21]. At 14 TeV the Higgs reach is dominated by the decay into

γγ. Detailed predictions are not yet available for 7 TeV, but the Higgs production gluon

fusion cross section is 3.5 times smaller at 7 TeV than at 14 TeV. The Tevatron, however,

will remain the only facility to have a chance to see the Standard Model Higgs through

about 2014. In addition, as noted in the text, discovery of the h→ bb̄ mode at the LHC

will require 30 fb
−1

. Hence the Tevatron results in this channel will be unchallenged until

the end of 2015.

Selecting these most exciting areas of studies, the Tevatron program will continue to

be competitive on the forefront of physics research well beyond 2011.

5 Conclusions

The Tevatron program is still operating at the pinnacle of its performance. The accelera-

tor is delivering luminosity at record levels and the experiment collaborations continue to

make good use of the data – publishing in excess of 100 papers/year and training many

21

Comparison of Number of Events  at the Tevatron and Early LHC

It is clear that low mass Higgs Searches become more 
difficult at the Early LHC than at the Tevatron.

Higher Luminosities compensate for smaller cross sections

K. Ellis, 2010
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Beyond the SM Physics

Thursday, June 3, 2010



LHC is the new Energy Frontier

New particles could appear that are beyond
the Energy Threshold at the Tevatron

A Z’ particle is the most natural new particle, since 
it appears in most gauge extensions of the SM.

Could a Z’ resonance be seen within the current 
Tevatron limits ?

Yes, but the reach will depend on the final LHC 
luminosity
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S. Quackenbush’10
c_q = (q_R^2 + q_L^2) Br(Z' -> ll)

1100 GeV

900 GeV

Tevatron can probe Z’
with masses up to 1.1 TeV
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S. Quackenbush’10
c_q = (q_R^2 + q_L^2) Br(Z' -> ll)

1000 GeV

1200 GeV

1400 GeV

Very Early LHC,
Masses up to 1.5 TeV
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S. Quackenbush’10
c_q = (q_R^2 + q_L^2) Br(Z' -> ll)

1800 GeV

If Luminosity Goal is achieved,
Masses up to 2 TeV can be probed
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LHC is a proton-pronton collider

• In a proton, quarks are prominent at large values of the 
momentum fraction x, while antiquarks are absent

• Similarly, in an anti-proton, antiquarks are prominent at large x, 
while quarks are absent

• To produce a heavy resonant, large values of x of each colliding 
parton is necessary. Indeed,

• Hence, a heavy di-quark resonance may be produced at the 
LHC with very little constraints from the Tevatron.

• Di-quark resonances up to 2.5 TeV in mass may be detected 
with as little as 10/pb of luminosity at the 7 TeV LHC.

sparton � Sx1x2
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FIG. 4: LHC reach for single resonance production as a function of energy and luminosity. As in Fig. 3, the contours show
the production of 10 events for a given resonance mass, the red regions show the Tevatron sensitivity with 10 fb−1, and the
intersection of the dashed lines shows the maximum resonance mass which can be probed by the 7 TeV LHC with 10 pb−1

data. The expected couplings for perturbative new physics in Eq. (5) are included. One sees that the early LHC can exceed
the Tevatron sensitivity for qq̄ and especially for qq resonances.

events at the LHC is greater than that at the Tevatron.
These regions are shaded in Fig. 5. (To include model
specific effects, replace the “100 pb” solid curve by the
100pb/(g2

eff BEffLHC) one.)
At the intersection of a solid and a dashed curve, the

ratio of their labels gives the Tevatron cross section, and
can be used to estimate the Tevatron discovery reach.
The intersection of any “10n+a pb” solid curve with a
“10a” dashed curve corresponds to the same fixed Teva-

tron cross section of 10n pb for arbitrary a. Since the
Tevatron cross section does not depend on the LHC en-
ergy, these intersections lie on a horizontal line. The
corresponding value of the resonance mass is the one for
which the Tevatron with 10 fb−1 data produces 104+n

events. For example, for masses below the straight line
across the intersection of the “100 pb” and the “103”
curves (i.e. n = −3), the Tevatron will also produce at
least 10 events with 10 fb−1 data. While everywhere in

LHC reach (dashed) compared to Tevatron Exclusion (red)

C. Bauer et al’10
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FIG. 3: LHC reach for pair production of a single flavor of
heavy quark as a function of energy and luminosity. Each con-
tour corresponds to the production of 10 events at the LHC
for the indicated quark mass. The red region corresponds to
quark masses which the Tevatron would be able to rule out
with 10 fb−1, because it would produce 10 or more events.
The intersection of the straight dashed lines touches the con-
tour corresponding to the maximum quark mass (∼ 400 GeV)
probed by the 7 TeV LHC with 10 pb−1 of data. One sees
that the early LHC is generically not sensitive to QCD pair
production of quarks with masses beyond the Tevatron reach.

A. QCD pair production?

A simple process initiated by gluons is QCD pair pro-
duction of new colored particles. For not too heavy
states, it can have a cross section above a pb, yielding
O(10) events with 10 pb−1 of LHC data. However, it is
easy to show that such processes are generically not su-
permodels. For concreteness, we study the production of
a color-triplet quark Q. We assume that it always decays
to a highly visible final state, and that reconstruction ef-
ficiencies are perfect. One can then use the standard
QCD diagrams to calculate the largest value of mQ for
which the Tevatron would observe 10 QQ pair production
events with 10 fb−1 of data. In this idealized example,
the hypothetical Tevatron bound is mQ

>∼ 500 GeV. The
same exercise can be repeated for the LHC as a function
of the center of mass energy and integrated luminosity,
and the result is shown in Fig. 3.

To reach the Tevatron sensitivity for QCD pair produc-
tion at a 7 TeV LHC, the required luminosity is about
50 pb−1. While this is likely within the reach of an
early LHC run, the LHC will not easily surpass Teva-
tron bounds in this channel, and it is unlikely that a 5σ
LHC discovery is possible without the Tevatron already

having seen some events. (The same holds for colored
scalar pair production [8, 9, 10].) This conclusion is only
bolstered when realistic branching fractions to visible fi-
nal states and signal efficiencies are taken into account.

The primary reason why QCD pair production is not
a supermodel is that the same final state can also be
produced from the qq̄ initial state, where the LHC has
less of an advantage over the Tevatron. The situation
can be improved if there is a large multiplicity of near-
degenerate new colored states or if the new states are
color octets (like gluinos in supersymmetry). Then the
total cross sections are larger by a multiplicity factor and
the LHC reach can surpass that of the Tevatron (where
the cross section is more strongly suppressed at higher
masses). As an example, leptoquark pair production [11]
yields the easily reconstructable final state of two lep-
tons and two jets, so this could be a supermodel with a
sufficiently large multiplicity of such leptoquarks.

In any case, because QCD pair production is quite
well-studied in specific new physics scenarios and because
the early LHC advantage over the Tevatron can only be
marginal, we will not consider it to be a supermodel in
this paper. In Sec. III E, though, we show that pair pro-
duction through an intermediate resonance can give rise
to supermodels.

B. Resonance production

While pair production of new colored particles is not
a supermodel, production of an s-channel resonance has
the potential to be a supermodel, as long as the reso-
nance has renormalizable couplings to the partonic ini-
tial states. Recall that parametrically the production
cross section for a single resonance is enhanced over pair
production by a phase space factor of 16π2. Moreover,
unlike QCD pair production where SU(3) gauge invari-
ance relates the gg and qq̄ scattering amplitudes, single
resonance production can be dominated by one partonic
initial state.

In the narrow width approximation, we can
parametrize generic single resonance production by

σ(pipj → X) = [g2
eff ]ij δ(ŝ − m2

X) , (2)

where pi,j denote the two partons which participate in the
hard scattering, mX is the mass of the resonance, and
[g2

eff ]ij encodes all information about the production of
resonance X from the two partons, including couplings,
polarization, and color factors. Using the parton lumi-
nosities defined in Eq. (1), the hadronic cross section is

σ(pp → X) =
1

m2
X

∑

ij

[g2
eff ]ij Fij(m

2
X , s) . (3)

For the resonances considered in this paper, one produc-
tion channel dominates, allowing us to drop the ij label
from g2

eff .

The reach for QCD produced heavy quarks is,
instead, not enhanced. Full 1/fb necessary 

C. Bauer et al’10

Tevatron reach (red) compare to early LHC reach (dashed)
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Dark Matter and Electroweak Symmetry 
Breaking
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Physics Beyond the SM ?   Dark Matter 

Cosmological measurements provided “precision tests” of the 
Universe energy density composition, making the case for Dark 
Matter quite compelling.

Today we know that Dark Matter makes most of the matter of 
the Universe and there are experiments looking for its direct 
(and indirect) detection.

The detection of Dark Matter may just be the tip of the Iceberg 
of a whole new world of additional particles

High Energy Physics experiments could provide clues toward the 
understanding of the nature of these particles:  This will depend 
on their energy range and interaction strength with SM particles.  
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The Mystery of Dark Matter

••  Rotation curves from Galaxies.Rotation curves from Galaxies.

Luminous disk        not enough mass to explain rotational

velocities of galaxies      Dark Matter halo around the  galaxies

• Gravitational lensing effects

Measuring the deformations of images of a large number

of galaxies, it is possible to infer the quantity of Dark 

Matter hidden between us and the observed galaxies

•   Structure formation:

Large scale structure   and  CMB Anisotropies

The manner in which structure grows depends on the amount and type of dark matter present. 

All viable models are dominated by cold dark matter.
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Bullet Cluster

Position of X-ray emitting hot gas (red) different from main mass 
concentration detected by lensing (blue) after collision of two clusters 
of galaxies. Clear separation between  the “dark matter” and the gas 

clouds is considered one of the best evidences that dark matter exists.
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Results from WMAP

!0 = 1.02 ± 0.02

!" = 0.73 ± 0.04

!M = 0.27 ± 0.05

    !b = 0.044 ± 0.004

Dark matter is non-baryonic

Universe density

Dark energy density

Total matter density

Baryon matter density

Our Universe:

us

Ωi : Fraction of critical density
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Why do we think that Dark Matter may be 
accessible at high energy physics experiments ?

Dark Matter is most likely associated with new particles

Many dark matter candidates have been proposed. They differ 
in mass and in the range of interaction with SM particles.

However, if the relic density proceeds from the primordial 
thermal bath, there are reasons to believe that it must be 
part of the dynamics leading to an explanation of 
electroweak symmetry breaking. 

It is likely to interact with (annihilate into) ordinary matter at 
an observable rate

The relic density depends on this annihilation rate 
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Dark Matter Annihilation Rate
The main reason why we think there is a chance of observing dark 
matter at colliders is that, when we compute the annihilation rate 
to get the proper relic density, we get a cross section

This is approximately

This suggests that it is probably
mediated by weakly interacting
particles with weak scale masses

Connection of  Thermal Dark Matter to the weak scale and to the 
mechanism of electroweak symmetry breaking 

Dark Matter

Dark
Matter

Dark
Matter

SM

SM

!"DM DM#SM SM $%1 pb

WIMP!

Interaction Rate: just particle physics!

0.094&'dm h
2&0.129To get                           , we need

This is just the Weak Scale, so 
!"DM DM#SM SM $()EW

2 *MEW
2

(A.B., K. Matchev and M. Perelstein, PRD 70:077701, 2004)

σann.(DM DM→ SM SM) � 1 pb

1 pb = 10−36 cm2

σann. �
α2

W

TeV2
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Missing Energy at Colliders

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

χ̃0

χ̃0
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Other WIMP candidates

• For most electroweak symmetry breaking models proposed, a 
possible dark matter candidate has been found. These include

• The Lightest KK particle (LKP) in Universal Extra Dimensions

• The lightest T-odd Particle in little Higgs models 

•  Lightest mirror KK particle in warped extra dimensional models

• Lightest neutral particle in inert doublet models

• The game is quite simple.  If a discrete symmetry exists that ensures 
the stability of a light neutral weakly interacting particle of the 
model, then the numbers will probably work well in certain region of 
parameter space of such a model.
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Searches at Colliders
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SUSY Trileptons

• “Golden” Trilepton Signature

– Chargino-neutralino production

– Low SM backgrounds

• 3 leptons and large Missing ET:

– Neutralino !01 is LSP

• Recent analysis of electroweak

precision and WMAP data (J. Ellis, S.

Heinemeyer, K. Olive, G. Weiglein: hep-ph/0411216)

– Preference for “light SUSY”

– Chargino mass around 200 GeV/c2

• Current DØ analysis:
– 2 l (l=e,µ,") + isolated track or µ±µ±

– Et +topological cuts
– Analysis most sensitive at low tan#

– BG expectation: 2.9±0.8 events
– Observed: 3 events

M(chargino)

Searches at the Tevatron: Trileptons

      
Comment: Preferred region strongly depends on muon 
anomalous magnetic moment, that as we will explain, 

slightly differs from SM prediction
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Result

• No evidence for SUSY observed

! Set limit on production cross sections times branching ratio σ × BR(3")
! 3"–max scenario

" mχ̃±
1

≈ mχ̃0
2
≈ 2mχ̃0

1
and m"̃ slightly heavier than mχ̃0

2

" Maximized branching ratio into three leptons

• Cross section limit σ × BR(3")
! Observed: 0.06–0.12 pb
! Expected: 0.04–0.08 pb

• Mass limits for mχ̃±
1

! Observed: 138 GeV
! Expected: 148 GeV
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Monday, May 24, 2010
Monday, May 24, 2010

Squark and Gluino Limits at the Tevatron (jets plus miss. E)

Masses up to about 400 GeV have been probed
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Mg to 0.75 TeV, Mq to 1.1 TeV~ ~

Monday, May 24, 2010

ATLAS Study of SUSY reach for 10 TeV and 200/pb

Expected reach very similar to 7 TeV and 1/fb

Quark and Gluino Masses up to 750 GeV can be probed
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Monday, May 24, 2010

Observe
that, as

anticipated
Higgs mass

is always small
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Scan of mSUGRA parameter space

~
~

~

1 fb-1

14 TeV

Monday, May 24, 2010

SUSY LHC Reach at 14 TeV and 1/fb

Squark and Gluino Masses up to 1.5 TeV 
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Searches at the LHC

 New particle searches at the LHC are induced by the cascade decay of 
strongly interacting particles.
By studying the kinematic distributions of 
the decay products one can determine the 
masses of produced particles, including the
LSP.
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Are there any Hints of New Physics

Beyond the ones coming from Astrophysics and Cosmology ?
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Some weak scale anomalies
Signals which are two to three standard deviations away from the expected SM predictions.

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

• 115 GeV Higgs signal, seen only by Aleph experiment at LEP.

• DAMA/LIBRA  annual modulation signal, direct DM detection searches (sodium iodide NaI 
scintillation crystal).  COGENT experiment sees an compatible excess, 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 heavy quark events, with mass about 450 GeV.

• CP-violation in the Bs mixing seen by D0 and CDF.  Related dimuon charge asymmetry at D0

• Anomalies observed in                                                                    transitions

• Apparent 214 MeV muon pair resonance in the decay

• Apparent 250 GeV electron pair resonance at CDF                        

Σ→ p µ+µ−
B → Kπ, B → τν and B → Kl+l−
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Forward-Backward Asymmetry 

!  Employ an unfolding 
procedure to go from 
reconstructed to parton 
level: 
!  1. Subtract the background 
!  2.  Unfold for bin-to-bin 

migration effects due to 
detector resolution and event 
selection effects 

01/19/10 Andrew Ivanov ,KSU 

!fb = 19.3% +/- 6.5% (stat) +/- 2.4% (syst) 

!  Systematic uncertainty includes 
various assumptions about the 
shape of  –Ql-Yhad distribution  

7 

Search for t-prime 

!  Signal Region: 

!  Lepton +>=4 jets 

!  Use HT – scalar sum of  all 
transverse momenta 

!  Perform mass reconstruction similar 
to top mass 

!  Excess is larger than due to strong 
production mechanism 

01/19/10 Andrew Ivanov ,KSU 
17 

Dobrescu et al, JHEP 0906, 001 (2009) 

Top Forward Backward Asymmetry and
New Heavy, Top-like Quarks

Production cross section
larger than pure QCD one

Possible Explanations analyzed, for example,
in Q.H. Cao et al’10,    arXiv:1003.3461

See, for example
B. Dobrescu et al,  arXiv:0902.0792
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Most anomalies will be fully tested in the LHC ERA

The current decade will see the completion of the Tevatron and 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.

Missing energy signatures at the LHC may reveal the presence of a dark matter 
candidate which may be the first evidence of a world of new particles.

LHCb and super B-factories will provide accurate information on flavor physics, leading 
possibly to complementary information on new physics.

Search for charged lepton number violation and neutrino double beta decay experiments 
could reveal nature of neutrinos, and new dynamics at the TeV scale. Neutrino oscillation 
experiments may lead to the observation of CP-violation or other surprises.

Direct and indirect Dark Matter detection experiments will reach maturity.   The 
equation of state of the Dark Energy component is expected to be determined.

The next years can mark the termination of the Standard Model Dictatorship and 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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New Physics may appear at the LHC within 
the Next Year !

• It will demand good performance of the detectors and a 
faster luminosity increase

• As I showed, it will also demand some help from Nature

• If that happens, we will celebrate it in the Next Users 
Meeting 

• It may appear just before the SUSY11 Conference, to be 
held at Fermilab  in the Summer of 2011
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Let me conclude by insisting on that the Tevatron can still add very 
interesting information on Higgs searches, both in SM as well as in non-
standard channels.  

There is a clear complementarity with early LHC searches in both the  
high mass region as in non-standard Higgs boson searches. It remains 
superior to the early LHC in the low mass region, where the Higgs 
presence is most likely

An extended Tevatron run, until 2014 will further strengthen these 
capabilities, leading to possibilities of discoveries before the LHC developes 
its full potential.

The Higgs is not yet another particle. It is the “mother” of them all.
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There is also the fact that the Tevatron will remain sensitive 
to many other search channels, beyond the Higgs 

After all,

Life is what happens to you while you are busy 
making other plans

J. Lennon
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Exclusion or Evidence of a
light Higgs is arguably the

main aim of particle physics
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Solution to Anomalies

Solution to all anomalies have been proposed

They are solved by postulating new particles

Difficult to explain more than one anomaly with the same 
particle

Theory that explain all anomalies is probably (or necessarily) 
wrong

Is there any historic precedent for this situation ?
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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)

G. Segre’10
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Constraints on SUSY Breaking Models

M. Carena, P. Draper, T. Liu, C. Wagner and G. Weiglein, in preparation
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Behavior in specific models are governed, by the scale of squark 
masses, the relative values of                ,  as well as by the value of 

In the CMSSM, for instance

Closer to minimal than to maximal mixing unless A0 is large.

Here the top Yukawa factor refers to the ratio with respect to its IR 
fixed point, of order 2/3.  Additional bottom Yukawa factors appear 
at large           .   In addition,       is not small and         diminish for 
large values of 
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                        Run III at the Tevatron: Higgs Sensitivity

Scans in High-Scale Models: CMSSM & GMSB

18

Constrained MSSM: Scan over GUT-scale values for common soft scalar 
mass m0, gaugino mass m1/2, trilinear coupling A0, and tan beta. 

Run to EW scale and look at Higgs sector reach.

Minimal Gauge Mediation: Scan over...
-messenger scale Mmess where SUSY-breaking is communicated to the MSSM  
-SUSY-breaking vev scale Λ~<F>/<S> (soft masses ~ !Λ/4")
-number of messengers Nmess in complete SU(5) 5+5 reps
-tan beta 
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CMSSM

Even for very large values of the squark masses, combining all Higgs 
search channels, the CMSSM  may be probed if Tevatron continues 
running. Evidence found in large regions of parameters

M. Carena, P. Draper, S. Heinemeyer,T. Liu, G. Weiglein, C.W. ’10
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Minimal Gauge Mediation

Results in Minimal Gauge Mediation similar to the case of the 
MSSM.  Complete coverage at the 2 sigma level for  the case of 
continuous Tevatron running. 

M. Carena, P. Draper, S. Heinemeyer,T. Liu, G. Weiglein, C.W. ’10
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Evolution of Dark Matter Density

m/T)exp( n       , )nn(vn H3
dt

n d
eq

2

eq

2

eff !"!><!!= #

><   v  
eff

! Thermal average of (co-)annihilation cross section

Weak-scale size cross sections and masses give the right dark-matter density

s

n
  Y =

3

*
Tgs !

Ω � 2 10−10GeV−2

σeffv
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