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Disclaimer
These talks are not supposed to be a summary of all of 
the interesting results which we heard about at the 
workshop.

Which is a good thing, because twenty-five minutes is an 
impossibly short time to try to summarize even one of 
the four topics covered here, especially with so many 
great talks.

I’ll cover some of the developments in all of the fields, 
but will necessarily be very personal and incomplete!



Higgs

A linear collider is to a “light” Higgs what 
LEP and SLC were to the Z boson.

Establishing the Higgs properties is 
essential to confirm it as the agent of 
Electroweak breaking.

Is the Higgs the unique quantum of 
mass generation?

Since most of what we don’t like about 
the Standard Model is related to the 
Higgs sector, it is the most natural 
place to look for deviations from SM 
predictions.



Higgs Mass
Precision measurements of its mass 
also empower the precision 
electroweak data to constrain / reveal 
new physics.

For example, a heavy enough Higgs is 
inconsistent with SM EW fits and 
would actually require more new 
physics to fit the data we already have.

A fourth generation is one example, 
but there are many, many, other 
similar ones (e.g., Peskin & Wells ’01)

parameter set mu4
md4

mH ∆Stot ∆Ttot

(a) 310 260 115 0.15 0.19

(b) 320 260 200 0.19 0.20

(c) 330 260 300 0.21 0.22

(d) 400 350 115 0.15 0.19

(e) 400 340 200 0.19 0.20

(f) 400 325 300 0.21 0.25

TABLE I: Examples of the total contributions to ∆S and
∆T from a fourth generation. The lepton masses are fixed
to mν4

= 100 GeV and m"4 = 155 GeV, giving ∆Sν" =
0.00 and ∆Tν" = 0.05. The best fit to data is (S, T ) =
(0.06, 0.11) [35]. The Standard Model is normalized to (0, 0)
for mt = 170.9 GeV and mH = 115 GeV. All points are within
the 68% CL contour defined by the LEP EWWG [35].

latest LEP EWWG fit finds a central value (S, T ) =
(0.06, 0.11) [35] with a 68% contour that is elongated
along the S ! T major axis from (S, T ) = (−0.09,−0.03)
to (0.21, 0.25). By contrast, the PDG find the central
value (S, T ) = (−0.07,−0.02) after adjusting T up by
+0.01 to account for the latest value of mt = 170.9 GeV.

The most precise constraints on S and T arise from
sin2 θeff

lept and MW , used by both groups. The actual nu-
merical constraints derived from these measurements dif-
fer slightly between each group, presumably due to slight
updates of data (the S-T plot generated by the 2006
LEP EWWG is one year newer than the plot included
in the 2006 PDG). A larger difference concerns the use
of the Z partial widths and σh. The LEP EWWG ad-
vocate using just Γ!, since it is insensitive to αs. This
leads to a flatter constraint in the S-T plane. The PDG
include the αs-sensitive quantities ΓZ , σh, Rq as well as
R!, and obtain a less flat, more oval-shaped constraint.
Additional lower–energy data can also be used to (much
more weakly) constrain S and T , although there are sys-
tematic uncertainties (and some persistent discrepancies
in the measurements themselves). The LEP EWWG do
not include lower–energy data in their fit, whereas the
PDG appear to include some of it. In light of these sub-
tleties, we choose to use the LEP EWWG results when
quoting levels of confidence of our calculated shifts in the
S-T plane. We remind the reader, however, that the ac-
tual level of confidence is obviously a sensitive function
of the precise nature of the fit to electroweak data.

In Table I we provide several examples of fourth–
generation fermion masses which yield contributions to
the oblique parameters that are within the 68% CL el-
lipse of the electroweak precision constraints. We illus-
trate the effect of increasing Higgs mass with compen-
sating contributions from a fourth generation in Fig. 2.
More precisely, the fit to electroweak data is in agree-
ment with the existence of a fourth generation and a light
Higgs about as well as the fit to the Standard Model alone
with mH = 115 GeV. Using suitable contributions from
the fourth–generation quarks, heavier Higgs masses up
to 315 GeV remain in agreement with the 68% CL limits
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FIG. 2: The 68% and 95% CL constraints on the (S, T ) pa-
rameters obtained by the LEP Electroweak Working Group
[34, 35]. The shift in (S, T ) resulting from increasing the
Higgs mass is shown in red. The shifts in ∆S and ∆T from a
fourth generation with several of the parameter sets given in
Table I are shown in blue.

derived from electroweak data. Heavier Higgs masses up
to 750 GeV are permitted if the agreement with data is
relaxed to the 95% CL limits.

Until now we have focused on purely Dirac neutri-
nos. However, there is also a possible reduction of Stot

when the fourth–generation neutrino has a Majorana
mass comparable to the Dirac mass [36, 37]. Using the
exact one-loop expressions of Ref. [37], we calculated the
contribution to the electroweak parameters with a Majo-
rana mass. Given the current direct–search bounds from
LEP II on unstable neutral and charged leptons, we find
a Majorana mass is unfortunately not particularly help-
ful in significantly lowering S. A Majorana mass does,
however, enlarge the parameter space where S ! 0. For
example, given the lepton Dirac and Majorana masses
(mD, M44) = (141, 100) GeV, the lepton mass eigen-
states are (mν1

, mν2
, m!) = (100, 200, 200) GeV, and con-

tributions to the oblique parameters of (∆Sν , ∆Tν) =
(0.01, 0.04). It is difficult to find parameter regions with
∆S! < 0 without either contributing to ∆U! ! −∆S!,
contributing significantly more to ∆T!, or taking mν1

<
100 GeV which violates the LEP II bound for unstable
neutrinos.

Let us summarize our results thus far. We have
identified a region of fourth–generation parameter space
in agreement with all experimental constraints and
with minimal contributions to the electroweak precision
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A Chiral Fourth Generation Example
Kribs, Plehn, Spannowsky, TT ‘07



Higgs Mass
Precise measurements of the Higgs mass 
and cross section are a key test of its 
properties.

We just saw how the mass pins down 
the EW fit.

The h-Z-Z coupling is a direct result of 
the fact that the Higgs gave mass to the 
Z boson.  Measuring it through Z h 
production confirms the Higgs as the 
agent of the Electroweak symmetry 
breaking

2008-NOV-18 HENGNE LI @ LALLCWS 2008, CHICAGO

INTRODUCTORY REMARKS
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Reactions Cross Section

Z0h! eeX 6.304 fb

ee !  ee 596 x103 fb

ee !  "+"- !  ee+4# 146 fb

ee! W+W-! ee+2# 181 fb

ee! Z0/$* Z0/$*! eeff 113 fb

- Beamstrahlung, ISR 
and FSR are included

- With only detector 
acceptance cut applied, 
|cos! |<0.983 ; 

- Assume Luminosity to 
be 500 fb-1

Simulation: 
Mokka v06-05, 
LDC01_01Sc

Electron ID:
CutBasedEID
Efficiency > 99.5%
Rejection Rate of Pions > 98% 

Reconstruction: 
MarlinReco v00-04 
(FullLDCTracking)
PandoraPFA v01-01

Selection of e+e- in final state:
Invariant mass nearest to 
the Z0 mass.

- Higgs-Strahlung Process:

- Higgs Recoil Mass:

- Cross Section and Coupling 
Strength Measurement:

g2   = N / L  

m 2
h 0 = s + m 2

Z 0 − 2 E Z 0
√

s

htmp

Entries  5545
Mean    124.8
RMS     4.202
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Higgs Recoil Mass Spectrum htmp

Entries  3724
Mean    124.8
RMS     4.255

 = 230GeVs

 = 250GeVs

 = 230GeVs

 = 250GeVs

√
s = 230 G eV

M h 0 = 120 G eV

230GeV: Recoil Mass has 
better resolution*.

Beam Simulation:
GUINEA-PIG

Event Generator:
PYTHIA 6.3

* François Richard, Philip Bambade: 
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Mass and σ

2008-NOV-18 HENGNE LI @ LALLCWS 2008, CHICAGO

Ecm 
(GeV)

Detector Model Channel
Mrecoil Stat. Err 

(MeV)
Cross Section Stat. Err 

(fb)
Mass Resolution 

(MeV)

250

LDCPrime_02Sc
e 47 0.52 540 ± 25

! 23 0.28 500 ± 12

LDC01_06Sc
e 47 0.49 560 ± 28

! 23 0.27 550 ± 12

LDC_GLD_01Sc
e 51 0.52 490 ± 27

! 29 0.32 530 ± 15
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The “recoil” technique is powerful and fairly model-independent.
Comparable measurements from three different detector models 
provide amazing precision on the Higgs mass and cross section 

measurement at the 5%ish level.

Li, Richard, Poschl



Lost in (SUSY) 
Parameter Space

We all love supersymmetry - it solves the 
electroweak hierarchy problem, leads to 
unification of couplings, contains dark 
matter, and is a integral part of our best 
hope for a theory of quantum gravity.

Supersymmetric theories have many 
parameters and only complicated regions 
of them do the things we want.

If SUSY exists, a linear collider can provide 
very precise measurements of super-
particle masses and couplings.  This may be 
an essential key to take us from 
observation to a model of SUSY breaking.



Understanding SUSY
Just understanding the supersymmetry 
parameter space is a challenge.  Many of 
us have a lot of experience with isolated 
regions of parameter space, but the big 
picture is hard to keep in focus.

Also, though we understand trends, there 
is always the nagging worry that there 
may be interesting regions of parameter 
space which are disconnected from our 
favorite regions.  They may be consistent 
with all data, but they could be easily 
overlooked.
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A recent effort to understand
 a 19 parameter take on the 
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SUSY Parameters
To weed out the models 
inconsistent with what we know, 
constraints from precision 
electroweak, flavor physics, dark 
matter searches, and collider 
bounds were imposed.  

The result is the most complete 
picture of the allowed parameter 
space of the (almost) general MSSM.

We can also look for possibilities 
and trends relevant for future 
searches.
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Effective Searches
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Beyond 
Supersymmetry

Beyond supersymmetry, there is an 
array of interesting theories aiming to 
explain physics beyond the Standard 
Model.

Extra dimensions, new strong 
dynamics, unparticles, Little Higgs, 
Z’s, .... and the list goes on.

The ILC has a take on all of these 
options, either through precision 
measurements of couplings, direct 
production of new states, or high 
energy behavior of cross sections.



The Chiral Square

An interesting 6d UED compactification 
is the chiral square.

The LKP is usually a scalar singlet state.  
It’s relic density points to few hundred 
GeV masses.

Production of KK leptons at a linear 
collider provides an interesting arena to 
test spins and determine the nature of 
the new physics.

2γ + /ET at ILC
(Freitas, Kong, arXiv:0711.4124)

• −R
4 CBεµνρσFµνB

(1)
ρσ B

(1)
H

• −R
4 CBFµνB

(1)
µν B

(1)
H ?

Kong, Freitas, ‘07

Dobrescu, Ponton, ‘04

Dobrescu, Hooper, 
Kong, Mahbubani, ‘07



Spin from Interference
An interesting idea to reconstruct spin 
information makes use of quantum 
mechanical interference between 
different helicity states.

This fact is reflected in the azimuthal 
dependence of decay products.

To illustrate how it works, consider 
production of smuons or KK muons 
decaying into muons and missing ET.

Buckley, Choi, Heinemann, Klem, 
Mawatari, Murayama, Rentala, ’07, ‘08

Spinor-Scalar Measurement
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Buckley, Choi, Matawari, 
Murayama ‘08

e+e− → µ̃+µ̃− → µ+µ−χ̃0χ̃0

500 fb-1

mµ̃ = 200 GeV
mχ̃ = 50 GeV

Spinor-Scalar Measurement

13

0.0 0.5 1.0 1.5 2.0

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

without ! cut

with |!| < 2.5 cut

E
cm

 = 450 GeV

UED

SUSY

"[#]
400 500 600 700 800 900 1000

E
cm

 [GeV]

-0.2

-0.1

0.0

0.1

0.2

A
1
 [KK muon]

A
1
 [smuon]

A1 =
π2m2

µ±R1

8(s + 2m2
µ±R1

)

(1− 2m2
γ1

/m2
µ±R1

1 + 2m2
γ1

/m2
µ±R1

)2

≤ π2/48 ≈ 0.206



KK Parity in RS
A new construction of RS glues two 
copies of the warped space to either 
side of the UV brane.

This results in a KK parity, like UED 
models, and odd KK modes will be 
pair produced, with the lightest one 
stable.

This provides a dark matter candidate 
and collider phenomenology which is a 
hybrid with both UED and RS features.

Open questions about realizing the 
desired spectrum remain... 
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IR Brane IR BraneUV Brane

Agashe, Falkowski, Servant, ‘07

a(y) = e−k|y|

more work for model builders!



Cosmo 
Connection

Finally, the ILC is a window through 
which we can hope to understand the 
early Universe.

To understand high temperatures, we 
need particle physics to provide an 
understanding of the degrees of 
freedom.

The ILC is the perfect machine to 
provide this understanding up to the 
TeV scale.

Detailed understanding of dark 
matter microphysics could confirm 
the picture of a thermal relic.



WIMPs from PAMELA?
Recently, PAMELA has released 
its latest data for the ratio of 
the e+ / (e+ + e-) fluxes as a 
function of energy.

The data shows an unexpected 
(by conventional astro models) 
upturn above around 10 GeV, 
strengthening previous hints 
from HEAT and AMS.

Interesting similarities with the 
ATIC signal.

November 17, 2008 LCWS 2008 - Cosmological Connections

PAMELA satellite (positrons)

arxiv:0810.4995

Data features an abrupt 
rise in positron fraction

arXiv:0810.4994



Dark Annihilation?

PAMELA argues for an 
unaccounted source of positrons.

It could be nearby pulsars.  Fermi/
GLAST should help explore that 
possibility.

It could also be WIMPs 
annihilating in the halo and 
producing energetic positrons!

November 17, 2008 LCWS 2008 - Cosmological Connections

• Need to include soft positrons 
from showering of gauge 
bosons and light quarks

• Enhances softer end of 
spectrum, worsens fit for gauge 
bosons compared to just hard, 
spin-correlated spectrum

• ZZ spectra generally softer than 
WW 

PAMELA and Dark Matter

  v  = 3 × 10 − 26 cm3

s
W W Z Z e + e −

M D M 150 150 150
B e + 359.7 467.1 30.7

 2
P A M E L A ( tot al) 31.7 42.6 5.63

Barger, Keung, Marfatia, Shaughnessy, ‘08

Hooper, Blasi, Serpico. ‘08

Goodenough, Hooper, Simet, Weiner, ’08, Harnik, Kribs, ’08
Bergstrom. Bringmann, Edsjo, ’08, Chen, Takahasi, Yanagida, ’08

Arkani-Hamed, Finkbeiner, Slayter, Weiner, ‘08, Cirelli, Strumia, ’08
Nelson, Spitzer, ’08, Pospelov, Ritz ‘08



WIMPonium?
The large rate at PAMELA may be asking for 
a Sommerfeld enhancement for consistency 
with a thermal relic density.

Independently, it is interesting to ask what if 
WIMPs feel a new not-so-weak, not-so-long 
range force?

The result can be bound states of WIMPs - 
WIMPonium.  In many cases, we can even 
produce these states at colliders!

The ILC is a perfect machine to discover & 
explore these weakly coupled resonances!

Arkani-Hamed, Finkbeiner, Slayter, Weiner, ‘08, Pospelov, Ritz ‘08

Shepherd, TT, Zaharijas, ’08 
(in progress)



Outlook

The physics case for the ILC only gets stronger with time.


