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Outline

What early data means to me.

Potential for new physics?

Some interesting signals.

Outlook



The Search for 
New Physics

Looking for physics 
beyond the SM gives us 
something to do while 
we collect enough anti-

matter to terrorize     
the Vatican... (Not to scale)



“Early”
Early is a relative concept.  

For the purposes of this talk, early means:

Center of mass energy of initially 10 TeV.  

Many studies still only exist for 14 TeV.

Lower energy is not always worse for new 
physics!

Data sets below about one inverse fb.



Ten Versus Fourteen
At 10 TeV collision energy,  signals 
involving high energy physics are 
always smaller.

Rare, low background signals almost 
always lose compared to 14 TeV.

Unless the reaction itself grows 
with energy, other cases are 
controlled by the parton flux.

Electroweak signals, with significant 
top backgrounds can actually gain 
ground - high energy quark initial 
states lose less than gluon initial 
states.
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Cross Sections
With Luminosities of order inverse fb, 
we will collect unparalleled statistics for 
interesting SM processes:

High energy jets

Top quarks

Cross sections of order fb can include 
many interesting search processes:

Higgs (sometimes)

Colored super-particles (light ones)

Z-primes

Aspen Winter Conference 2009Norbert Neumeister, Purdue University
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LHC Numbers

Typical Standard Model processes

LHC is a W, Z, top factory
! Small statistical errors in precision measurements
! Can search for rare processes
! Large samples for studies of systematic effects

Process ! (nb) Events

(!Ldt = 100 pb-1) 

Min bias 108 ~1013

bb 5!105 ~1012

Inclusive jets

pT > 200 GeV

100 ~107

W " e#, µ" 15 ~106

Z " ee, µµ 1.5 ~105

tt 0.8 ~104

6

top

jets



Early New Physics at LHC
So where does the LHC have a shot at an early 
discovery?                             (Besides elevator shafts...)

Some properties of the new physics would help a lot:

High cross sections (strongly interacting).

Strong energy dependence of signal.

Low background / Striking morphology.

There is tension between early discovery at the LHC 
and not already being ruled out by Tevatron/LEP.



Strongly Interacting 
Particles



Top Decays
With 1 fb-1, LHC will produce 
about 106 top pairs.

Such a large sample allows one to 
search for rare decays, such as into 
Zq or γq where q = u or c.

SM BRs are expected to be around 
10-9.  An early observation would 
be a clear sign of BSM physics.

Large enhancements over the SM 
are possible from loops of i.e. 
MSSM particles.

!"

#$%&'()*'+&,$-.#$%&'()*'+&,$-.

! /0$1)%2,3$45645'4&7(%$0',7%%&4(.8
! $%6.&'64'9$4-':;<'9)+&0.'

!7.7$00-='0$%5&.('>%$4,3645'%$(6).''
$%)74+''?"2@

! ABCA;8'0))D'E)%'()*'*$6%.'F6(3'
)4&'%$%&'+&,$-
!>$,D5%)74+.'$%&'!! ='"#$ G'H&(.

!;&0&,(8'I'?J"'&1&4(.KE>2? 64',0&$4&.('
LMNO',3$44&0'! %&E64&'7.645'06D&063))+'
$4$0-.6.

ABCA;'8'69*%)1&'!" 0696('()'P'Q'?"2@'F6(3'?'E>2?
Ayana Arce, Aspen Winter ‘09



Single Top
1 fb-1 results in hundreds of single 
top events, and should allow 
observation of s-, t-, and tW 
modes.

Interesting deviations can be signs 
of new physics!

LHC is the first opportunity to 
observe the tW associated mode, 
which is possible with 1 fb-1 !

LHC

Systematics dominated

TT,  Yuan ‘01

TT ‘99



New Quarks?
New quarks can be produced in pairs 
through the strong interaction.

Chiral fourth generation quarks decay 
through W’s into lighter quarks.

Precision electroweak 
measurements limit their masses 
to below about 500 GeV.

Six W’s and 2 b’s!  Wow!

Vector-like quarks can have FCNC 
decays involving Z or Higgses.

Beautiful Mirrors - AbFB!

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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Choudhury,  TT,  Wagner ‘01

Kribs, Plehn, Spannowsky, TT ‘06
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

Pair production

Servant, Contino ‘08

Pair production results in appreciable 
events up to masses of around 1 TeV.



``Cold Dark Matter - an Exploded View”
Cornelia Parker

Missing Energy

The cosmological existence of dark 
matter is strong motivation to search for 
new forms of missing energy.

Nowadays almost any vision of BSM 
physics has or can be extended to include 
a dark matter candidate

Lots of examples yesterday...

Missing energy is a calibration-intensive 
observable. 

There is Tension between large missing 
ET and low production of heavy mass 
states.



Early SUSY Searches

Provided the colored states 
are not too heavy, there can 
be enough rate.

Decays involving charged 
leptons help a lot.

Generic SUSY models may 
take quite a bit longer.

!"!#$!%&'()%*!"!#$!%&'()%*!"!#$!%&'()%*!"!#$!%&'()%*

+%&()$,-'$%./&0$!./&'12 30/45-$6&**%*7$

89:$,;2: ! <$=$$$$>?8$3%@$

: ,;2: ! < :A?8 3%@:$,; : ! <$=$$:A?8$3%@

:8$,;2: ! <$=$$:B88$3%@

C&5"DE"
68D:88F$6:GHDA88

I8D2A88F$$#DJ$

K%L4&C4-5*$,'-6$!C&5M&'M$<-M%0$

M/%$C-$!"!#$&C$N%@$*(&0%$(&5$;% $%&'
O

P%CQQ<
IL%'&R%$<%,, (-''%0&C%M$S4C)

TUVWX$H88YF$ :AG8?F$H88Y$2 A>ZU[$I04L%\F Mónica L. Vázquez Acosta (Imperial College London)

-;*%'L%M$,&*C$\$
$%&'
:

CC%,, QQ<
6&**$-,$*C'-5R$45C%'&(C45R$

!"!#$Q&'C4(0%*



Model Discrimination

At one inverse fb, we begin 
to be able to to distinguish 
some models from another.

This study considers a 
CMS-like detector and 
compares the spectrum of 
missing energy resulting 
from three different SUSY 
models.
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FIG. 10: Comparison of the Meff distributions for Group
1 MSSM models LM2p (solid red line), CS4d (dashed blue
line) and CS6 (dotted magenta line). For each model 100,000
events were generated then rescaled to 1000 pb−1.
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FIG. 11: Comparison of the HT distributions for Group 1
MSSM models LM2p (solid red line), CS4d (dashed blue
line) and CS6 (dotted magenta line). For each model 100,000
events were generated then rescaled to 1000 pb−1.

• N(M1400) the number of events after selection with
M > 1400 GeV/c2;

• N(M1800) the number of events after selection with
M > 1800 GeV/c2;

For Emiss
T we define four bins and three new inclusive

counts:

• N(MET320), the number of events after selection
having Emiss

T > 320 GeV.
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FIG. 12: Comparison of the distributions of the total invari-
ant mass of jets and muons per event for Group 1 MSSM
models LM2p (solid red line), CS4d (dashed blue line) and
CS6 (dotted magenta line). For each model 100,000 events
were generated then rescaled to 1000 pb−1.
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FIG. 13: Comparison of the Emiss
T distributions for Group

1 MSSM models LM2p (solid red line), CS4d (dashed blue
line) and CS6 (dotted magenta line). For each model 100,000
events were generated then rescaled to 1000 pb−1.

• N(MET420), the number of events after selection
having Emiss

T > 420 GeV.

• N(MET520), the number of events after selection
having Emiss

T > 520 GeV.

Note that the Emiss
T selection already required Emiss

T >
220 GeV.

Three different 
SUSY models

Hubisz, Lykken, 
Pierini, Spiropulu ‘08

1 fb-1



Strong Energy 
Dependence



Compositeness
Compositeness is modeled using 
effective field theory, by adding 
higher dimensional operators to 
the SM Lagrangian.

(In fact, this is model-independent 
description of heavy physics as 
seen at low energies)

Tevatron limits (real analyses only 
exist from run I data) can be 
guestimated to bound the scale Λ 
to be greater than around 2-3 TeV.

g2

Λ2
[q̄γµq] [q̄γµq]



Compositeness
Higher dimensional operators 
produce cross sections which 
grow with energy!  

Going from 2 to 10 TeV can 
produce huge effects!

CMS

cos θ*

QCD Background

Signal

0 1

dN
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dc
os

 θ
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T LeCompte Pheno ‘07



Striking Signals



Higgs at the LHC



Higgs
With small data sets, Higgs is a 
challenge.

There is rate for gluon fusion 
production modes, but it must be 
paired with an observable decay 
mode.

Low mass Higgs decays are not 
always ‘striking’.

WBF has more handles, but with 
smaller rates.  It is probably tough 
to take advantage of with 1 fb-1.

SSI 2006, Tully 13 0.2 Standard Model Higgs Search

0.2. Standard Model Higgs Search

The Standard Model Higgs production cross sections at the LHC and branching
fractions are plotted in Figures 8 and 9, respectively.
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Figure 8: Standard Model Higgs
Production Cross Sections.

Figure 9: Standard Model Higgs
Decay Branching Fractions.

SSI 2006, Tully 14 0.2 Standard Model Higgs Search

At low Higgs mass, mH ≈ 115 GeV/c2, the dominant production process is gluon-
gluon fusion with a cross section ×1000 times larger than the corresponding LEP
Higgs search. The WW fusion process is much stronger at the LHC due to the
relatively low mass scale of the Higgs boson relative to the proton beam energy.
The smallest relevant production rates are due to Higgsstrahlung processes from the
heaviest known elementary particles WH, ZH and tt̄H. The most dramatic aspect of
the LHC Higgs searches is the transition in branching fractions from 3rd generation
fermion dominated decays to diboson dominated decays.

Folding the Higgs production cross sections and branching fractions (Figs. 8 and
9) against the trigger and selection efficiencies, a preliminary list of relevant search
channels for a low mass Higgs search can be formed. This is given in Table 1. Of
the channels in the left-most column, only the diboson decays of the Higgs are suf-
ficiently clean to be detected inclusively within corresponding specific trigger paths.
The columns to the right are a set of exclusive decay channels where identification
of associated production particles give at least an order of magnitude improvement
in signal to background separation, relative to the inclusive searches. The exclusive
channels have unique sensitivities to 3rd generation Higgs couplings, tree-level elec-
troweak couplings and more precise mass and partial decay width measurements.

SSI 2006, Tully 15 0.2 Standard Model Higgs Search

Table 1: The most important SM Higgs channels for mH below the WW-threshold.

In the 20 GeV mass range between the WW and ZZ-thresholds, the inclusive WW
channel is the dominant decay mode with substantial statistics to form a transverse
mass measurement of the Higgs. Above the ZZ-threshold, the four-lepton decay is
the golden channel for Higgs discovery with low backgrounds and high resolution
mass reconstruction in a mixture of pairs of dielectron and dimuon decays.

At the highest masses, the dropping production cross sections are compensated by
the addition of hadronic W and Z decay modes. The high pT boson signature has
lower backgrounds and the dijets begin to merge, providing a clear massive monojet
signature. Similarly, the neutrino decays of high pT Z bosons provide a substan-

SSI 2006, Tully 16 0.2 Standard Model Higgs Search

tial transverse missing energy. These highly boosted diboson decays provide Higgs
boson search coverage up through 1 TeV/c2 where the width of the Higgs becomes
comparable to its mass and the electroweak scattering of massive weak bosons will
begin to form resonances in a semi-strong coupling regime. Thus, 1 TeV/c2 marks
the upper limit to the production of a meaningful particle excitation of the Standard
Model Higgs field.

0.2.1. High Mass Resolution Search Channels

The sub-threshold decay of the Higgs boson to ZZ∗ is kinematically similar to a
semileptonic b-quark decay in that dominantly one Z boson is nearly on-shell and
the second Z boson has a mass corresponding to the remaining Q2 of the decay.
Therefore, a 130 GeV/c2 Higgs boson will decay into a ∼ 90 GeV/c2 and a less than
40 GeV/c2 pair of Z bosons. The soft Z boson decay into leptons is problematic
in terms of lepton backgrounds and reconstruction efficiency. Ultimately, low pT

lepton detection and diminishing ZZ∗ branching fraction limit this channel to above
130 GeV/c2.

Background to H → 4! comes from tt̄ dilepton decays with both b-jets producing

HDecay
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With 1 fb-1, heavier Higgs masses 
can be discovered, decaying into 
weak bosons.

This would already be a hint of 
things to come - precision 
electroweak tells us such a heavy 
Higgs will come with some other 
kind of new physics.

Something to discover 
alongside the Higgs, or 
something to look forward to...

Heavy Higgs



Z-prime
I left the most obvious example for 
last.  A high mass resonance in lepton 
pairs is a striking signal, with low (EW) 
background.

Z’s occur in extended GUT models, 
topcolor, little Higgs models, EFT of 
extra dimensions, WIMPonium...

Tevatron is unable to get much past 
masses of 1 TeV, because the parton 
flux just gives out too fast.

A Z’ could be an early discovery, and 
would leave a lot left for us to do to fit 
it into the big picture!
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Seth Quackenbush told us about this on Monday!



Outlook
There is a lot of potential for early discoveries with the LHC.

But we do need to get a break with the new physics!

Signals for an early discovery not already ruled out by earlier experiments 
will either:

Involve low mass strongly interacting particles

Have cross sections which grow with energy

Have striking signals involving small and easily understood backgrounds.

Any of these options are motivated, would be exciting, and raise a lot       
of new questions we will have more fun answering!


