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Early.

• 7 TeV, 

• Estimates at 8 TeV.

• Enhancement in mass reach

• Fixed mass, rate enhanced by

• Higher luminosity, enhanced by   
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Early targets.

• Discoverable. Many possibilities.

• Brief review of some simple criteria. 

• Likely? More theory motivations.

• Our “favorite” scenarios lead to discoverable signals.

Will be subjective, cannot be complete.
Try to emphasize less “well-known” or less “well-mentioned”
but not “strange” channels.
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Early targets.

• Discoverable. Many possibilities.

• Brief review of some simple criteria. 

• Likely? More theory motivations.

• Our “favorite” scenarios lead to discoverable signals.

Will be subjective, cannot be complete.
Try to emphasize less “well-known” or less “well-mentioned”
but not “strange” channels.

In the next year or so, LHC will venture significantly into 
the territories of many interesting new physics scenarios.

Exciting opportunities to make discoveries!
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Two possible ways of early discovery:

• Large rate, necessary condition.

• Final states with more energetic (hard) objects, for 
example:

• Special kinematical features:

SM SM

Resonance

edge
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SM Rates at 7 TeV:

• QCD di-jet:

• Heavy flavor:

• W+... :

• Z + ... : 

one lepton + jets + MET

di-lepton + jets

New Physics: ~ pb
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Rates: phase space
• General phase space factor: 

• One additional particle in production

• For example
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Production rate also depends on

• Initial state parton density.

• Coupling constants

• More final state particles, higher power of coupling 
constants.

• QCD process dominates over weak processes.

• Singularities (enhancements) of matrix elements

• Resonances.

• Collinear and soft regime...
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Winning by rate and topology. 

• Either pair production (colored) or single production of 
weakly coupled states.

• Initial states.

• Mostly dominated by gluon. 

• Valence quark can also be significant.

•  

• Final states. 

• Long, complicated decays. More hard objects, 
preferably leptons.

Interesting exercise:  best discoverable channels based just on these rules.
Answers: “supermodels”, Bauer et. al., arXiv:0909.5213
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Nature may not go out of its way to be kind to us.
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What’s more likely?

Nature may not go out of its way to be kind to us.
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Obviously, the Higgs.
Figure 13 (left) shows the effect of increasing the integrated luminosity from 0.5 fb−1 to 5 fb−1 at

7 TeV. The lower expected exclusion limit reduces by about 7 GeV with each doubling of the integrated
luminosity, meeting the LEP bound for 5 fb−1. The 2 fb−1 line can be taken as indicative of what might
be achieved by combining the results of 1 fb−1 analysed by each of ATLAS and CMS.
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Figure 13: Combined sensitivity for different integrated luminosity scenarios. Left shows the 95% CL
median sensitivities and right gives the 3σ sensitivity. Public limits from LEP [39] and the Tevatron [38]
are shown for comparison.

The 3σ sensitivity is illustrated in Fig. 13 (right). There is a region, extending from Higgs boson
masses of 139 to 180 GeV, where 1 fb−1 would be expected to lead to evidence at this level. If 2 fb−1

becomes available then this region extends down to 131 GeV, and in addition there is close to 50% chance
of 3σ evidence for a Higgs boson with mass between 200 and 430 GeV.

The effect of raising the collision energy to 8 or 9 TeV is shown in Fig. 14, where results at 1 and
2 fb−1 are contrasted. The expected excluded region for 1 fb−1 at 8 TeV is 127 to 525 GeV. There is
a small but significant increase in sensitivity at low mass, while there is a particularly clear gain at the
upper mass limit, because of the increased phase-space for the production of heavy objects. This effect
can be seen in the bottom plot.

The aggressive analyses which have been mentioned with each channel summarise the potential to
make more sensitive searches if various conditions can be met. This has been included by applying
scaling factors to the sensitivity of some of the channels (15% for H → ZZ, 50% for H → γγ, and 30%
for each of H → τ+τ− and H → bb̄.) The H → WW channel has had the systematics decreased to
10% as described in Ref. [1]. The expected limits in this optimistic scenario using 2 fb−1 at 8 TeV are
also shown in Fig. 14, where it can be seen that under these assumptions there is at least 50% exclusion
probability from the LEP bound to well over 500 GeV.

The amount of integrated luminosity at 8 or 9 TeV which gives the same median sensitivity as 1 fb−1

at 7 TeV as a function of Higgs boson mass is shown in Fig 15. This is estimated by first fitting the
gain in sensitivity from 1 to 2 fb−1 to a function of the form σ ∝ 1/Lα. The exponent α would be
0.5 in a background dominated regime with no systematics. In fact it varies from 0.6 to 0.3, with the
minimum at 170 GeV where the systematic errors are important. This expression is used to find the
integrated luminosity at 8 or 9 TeV which matches the sensitivity seen for 1 fb−1 at 7 TeV. For masses
below 200 GeV approximately 750 to 800 pb−1 at 8 TeV or 600 to 650 pb−1 at 9 TeV is as powerful as
1 fb−1 at 7 TeV. The required integrated luminosity is lower for higher mass Higgs bosons.

26

Well studied.

Monday, April 11, 2011



Partners
New particles with similar gauge quantum numbers as 
SM particles.
Motivated by solving hierarchy problem.

Superpartners:  
KK partners:

...
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Production. 
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10 signal events.

1000 signal events

Dominated by the production of colored states.
Similar pattern for other scenarios. Overall rates scaled by spin factors.
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Signature of partners

Decay chain

“Optimal” way of having both large production rate 
and many hard final state objects.
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Signature of partners

• “Well known”, many studies in the past 2 decades.

• If we are reasonably lucky and partners are not too 
heavy, this can lead to  early discovery.

Decay chain

“Optimal” way of having both large production rate 
and many hard final state objects.
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Recent progresses
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Relevant parameters for early LHC

• Masses of color particles. Controlling rates. 

• Electroweak-ino: neutralinos and charginos  
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Relevant parameters

• Ino mass also controls the later stages of decay chain, 
W, Z, leptons. 

•
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Relevant parameters

• Sleptons.    Whether it is “in” the decay chain. Many 
leptons.

• 3rd generation.

• “top-ness” and “bottom-ness” of the events.
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Summary

• Colored.

• Inos.

• Slepton.

• 3rd generation.

• Some others in specific searches

• tau

• Higgs
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Any special channels?
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A promising, and complicated, scenario.

• Better consistency with constraints: 

• flavor, CP, Higgs mass

• A generic feature of large classes of models. 

• Scalar heavier than inos.

• 3rd generation scalar somewhat lighter. (mixing, RGE)

t̃, b̃
ũ, d̃, ...

g̃

Ñ

Heavy squark, and  

Many recent models:  Acharya, et al. 07; Everett, et. al. 08;
Langacker et. al. 07; Heckman et al. 08; Sundrum 09; Barbieri et. al., 10..... 

Light gaugino
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A promising, and complicated, scenario.

• Multiple b, multiple lepton final state. 

• Good early discovery potential. 

• Challenging to interpret: top reconstruction difficult.

t̃, b̃
ũ, d̃, ...

g̃

Ñ

The Dominant channel

Acharya, Grajek, Kane, Kuflik, Suruliz, Wang, arXiv:0901.3367
Kane, Kuflik, Lu, Wang, 1101.1963.

g̃

t, b

t̄, b̄

Ñ

t̃∗, b̃∗
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Reach at 7 TeV and one inverse fb.
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Reach: 

!L, 3 b"

!L, 4 b"
!L, 3 b"

!L, 4 b"

!2 L, 2 b"
!2 L, 3 b"
!2 L, 4 b"

!OS, 3 b"
60 80 100 120 140 160 180

450

500

550

600

MLSP #GeV$

M
g!
#GeV

$

Br%g!"tt Χ10&$Br%g!"bb Χ10&$0.5, Σ$3 and Σ$5 contours

Monday, April 11, 2011



More top-like signal

• top partner, top like heavier quarks.
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T-prime rates, QCD production

Decay from Z’ or colored 
resonances can enhancement rate.

Monday, April 11, 2011



More top-like signal

• top partner, top like heavier quarks.
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T-prime rates, QCD production

Decays signal similar to top, will appear in the ttbar sample. 
Different reconstructed mass.

Decay from Z’ or colored 
resonances can enhancement rate.

For example, Han, Mahbubani, Walker, Wang,  arXiv:0803.3820
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Long lived.

• Charged tracks, decays in outer detectors (HCAL, 
muon)... 

• Very unique signal, rates may not need to be as large.

NP with light (very) weakly coupled particles

Monday, April 11, 2011



Long lived.

• Charged tracks, decays in outer detectors (HCAL, 
muon)... 

• Very unique signal, rates may not need to be as large.
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Figure 5: Discovery potential for Higgsino NLSPs decaying to displaced Z’s (in the final

states discussed in this section) at ATLAS in 1 fb−1 at 7 TeV. Left plot: lines of constant

σ×Br× ε = 5, for different values of cτ , in the Mgluino-Msquark plane. Right plot: Contours

of σ×Br× ε in the Mgluino-cτ plane, for fixed Msquark = 1 TeV. In both plots we have taken

mNLSP = 250 GeV.

the discovery reach in the lifetime and colored cross section plane, we take the following

benchmark scenario: gluinos and squarks decaying directly down to Higgsino NLSPs. We

will fix the NLSP mass at 250 GeV, since the discovery potential does not depend strongly on

it in most of the parameter space. We also assume for simplicity that Br(χ̃0
1 → Z + G̃) = 1.

We expect that the discovery potential is insensitive to the details of the spectrum between

the colored sparticles and the NLSP, because the analyses described above are fully inclusive.

Varying the gluino, common squark mass, and lifetime, we have calculated Npass, the

number of events in 1 fb−1 at 7 TeV passing an OR of all the analyses described above.

Shown on the left in fig. 5 are contours of constant Npass = 5 in the Msquark, Mgluino plane,

for different values of the lifetime. On the right in fig. 5 are contours of constant Npass in

the Mgluino, cτ plane for Msquark = 1 TeV. Note that in the right panel of Figure 5 there

are bands of constant Npass as a function of the gluino mass, centered around cτ ∼ 1 m.

These bands exist because there is still EW production of charginos and neutralinos at the

LHC. Even for a modestly heavy Higgsino NLSP, without having colored particles within

reach, the LHC at 7 TeV still has discovery potential during the first inverse fb. With the

13

Gauge mediation: P.  Meade, D. Shih, M. Reece, arXiv:1006.4575

Higgsino NLSP

GMSB

NP with light (very) weakly coupled particles

5 evt
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Collider Signals of dark matter.

• Basic channel

• Large Standard Model background,  about 10 times the 
signal.

• Challenging.  

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

We have solid evidence that dark matter:

• Exists

• gravitates.

• is dark.

Wednesday, April 7, 2010
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A luckier scenario:

• DM candidate embedded in an extended TeV new 
physics scenario

• Could be early discovery.

DM candidate

Example:  SUSY
Lightest superpartner (LSP)
Neutral and stable. 
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New class of signal: dark Force
• Dark matter self-interaction, mediated by         

DM interpretation of the excesses:

• Correct thermal relic density fixes DM annihilation rate:

• Cosmic ray flux:

• Observed positron and electron excess needs an 
additional O(10s-100) enhancement.

• To preserve the success of relic density prediction, 
change late time physics. 

• Sommerfeld enhancement: 

For example: P. Meade, M. Papucci, A. Strumia, T. Volansky, arXiv:0905.0480 

Arkani-Hamed, Finkbeiner, Slatyer, Weiner 0810.0713
Arkani-Hamed, Weiner 0810.0714
also see Pospelov, Ritz, Voloshin 0711.4866

Thursday, October 1, 2009

To the dark sector and back.

to, and back

SUSY production cascades into the dark sector

MSSM superpartners

dark sector

e+e−
Adark

µ
J

µ

EM

λ1J̃dark

∼ 100 GeV

∼ 1 GeV

and comes back as collimated “lepton jets”.

e+e− in every SUSY event!

Tuesday, December 1, 2009

LSP
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Lepton Jets


• Decay of the dark photon arising from a heavier particle 
(Z boson, MSSM LSP) leads to a highly collimated lepton 
pair.

• Arkani-Hamed, Weiner 0810.0714; Baumgart, Cheung, 
Ruderman, LTW, Yavin 0901.0283; Cheung, Ruderman, 
LTW Yavin 0909.0290

Lepton Jets
Signal of dark sector: lepton-jet

Decay of dark photon leads to highly collimated lepton pair.

“Lepton jet.”

e±, µ± δθ < 0.1 → Lepton Jetγ′

Typical Eγ′ > 10 GeV

mγ′ ∼ GeV
→ δθ ∼ mγ′/Eγ′ < 0.1

Very challenging for electrons.

(Arkani-Hamed, Weiner 0810.0714; Baumgart, Cheung, Ruderman,
Wang, Yavin 0901.0283)

Matthew Reece Secluded GeV-Scale U(1) At Colliders
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Supersymmetric dark force

• Most natural way of generating the GeV scale. 

• Spectacular signal. 

• Early discovery.
Topology of a SUSY Lepton Jet Event

• Baumgart, Cheung, Ruderman, LTW,  and Yavin 
0901.0283

SUSY LSP production event topology

The cleanest channel to produce the dark sector:

p

leptons

leptons

leptons

leptons

χDS

p
hDS

hDS

!ET

!ET

χDS

χ0

χ0

L− Jet

L− Jet

L− Jet

L− Jet

MET

Tuesday, December 1, 2009
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Resonances: 

• Good sensitivity at early LHC.
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Figure 10: Integrated luminosity expected to yield ten signal events or a 5! excess for a Z ′ signal.

6.3 Limits

If no resonance is found in the invariant mass distribution in the data, exclusion limits can be imposed on
the production rate of the SSM Z

′ boson as a function of its mass. The expected 95% CL limits of this
analysis were obtained using the algorithm described in [15], which allows the inclusion of uncorrelated
systematic uncertainties on the expected signal and background rates. To evaluate the effect of correlated
systematic uncertainties, a toy Monte Carlo study was done, in which the above algorithm was used
repeatedly with signal and background values that varied together. Figure 11 shows the amount of
integrated luminosity that is needed to set a 95% CL exclusion limit, as a function of the (SSM) Z ′

mass.
From the plot, it can be easily seen that the effect of systematic uncertainties is relatively small.

The amount of expected background at the luminosity which is sufficient to set the limit is very small
(∼0.05 events in each channel). Therefore, in the majority of the performed experiments, the recorded
background events will be 0. The probability to observe 1 background event instead of 0 (approximately
10% of the cases) will affect the limit as shown by the shaded area in Fig. 11. This fluctuation corresponds
to roughly 2 Gaussian sigmas and is labeled accordingly in the plot; the plot does not show a 1! band
because a statistical fluctuation of the background cannot be less than one event.
Figure 12 shows the rate (cross section times branching ratio) of this channel that is expected to be

excluded for different luminosities. These limits refer to the cross section expected around the resonance.
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Figure 7: The 95% C.L. limit (left) and the discovery potential (right) for second generation leptoquarks as a
function of their branching fraction (β) into a charged lepton for 100 pb−1 of data at 7 TeV.

also taken from the LO generator. The limits and discovery reach are shown in Fig. 8 for the dielectron and in
Fig. 9 for the dimuon channel. Approximately three (ten) times the luminosity of a 10 (14) TeV run is needed to
reach similar sensitivity in a 7 TeV run. The sensitivity of the Tevatron searches [20, 23] will be superseded with
approximately 100 pb−1 of 7 TeV data.
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Figure 8: Discovery potential at 5σ significance (left) and the 95% C.L. limit (right) for the Z ′ and Randall-
Sundrum gravitons in the ee channel at 7 TeV.

The scaling of the search for Heavy Stable Charged Particles (HSCP) [11] was done using LO PYTHIA cross
sections at 7 TeV for the signals. Since the background for this search is negligible, only the signal cross section
matters. The 95% C.L. limits on gluinos and top squarks, as well as the discovery potential based on the observation
of 3 data events, are shown in Fig. 10 as a function of the integrated luminosity. The discovery potential for the
stau is also shown. The reach beyond the Tevatron limits [24] is achieved in the gluino and stop searches with just
a few pb−1 of 7 TeV data. Approximately ten times more data are needed to reach the same sensitivity in a 7 TeV
run as in a 14 TeV run.
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More interesting zprime-like resonances

• Not just an extension of the SM gauge symmetry, but 
also part of the dynamics of electroweak symmetry 
breaking.

• Strongly couples to

•  X can also be Randall-Sundrum KK-gluon, axi-gluon, 
ect., strongly couples to tops. 

X

t̄

t
highly boosted if mX  ~ TeV
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Jet substructure. 

• When produced at TeV-scale energies, they have a large 
boost.

Jets with substructure. 

Challenge: distinguishing them from QCD jets (q and g).

boost
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

W+

b
t

q

E1

E2

Monday, April 11, 2011



Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

Zooming in near the first splitting

Soft radiation:

Top.

Early splittings

QCD.

Decay: 

• QCD: radiation.

•    Top decay:                        3 hard objects.
Basic distinction:

W+

b
t

q

E1

E2
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

Zooming in near the first splitting

Soft radiation:

Top.

Early splittings

Jet mass: 

QCD.

Decay: 

Jet mass:

• QCD: radiation.

•    Top decay:                        3 hard objects.
Basic distinction:

microscope: jet substructure variables
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Many recent activities on jet 
substructures (jet shape). 

• Similar variables have been designed and studied for 
boosted top, W, Z and h, and have been found to be 
effective.

• New jet algorithms have also been proposed.

• Filtering, trimming, pruning. 

• Cleaning out contaminations from additional radiation 
in the event, preserving jet shape.. 

For recent developments
Boost 2010: http://indico.cern.ch/conferenceTimeTable.py?confId=74604#20100622

Monday, April 11, 2011
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Jets with structures at early LHC.

• At least some of them can be studied early on. 

• ~ TeV Z’ or colored resonance decay.

• Part of SUSY decay chain.

• SM background provides large sample of QCD jets. 

• Measure the substructure of QCD jets well.

• Study SM W/Z and tops with moderate boost.
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Boost W at early LHC

5 

Now with filtering 

•! Apply filtering, ycut2 = 0.09 

•! HW/HZ analysis took µ=2/3, here take 1/3 (left) or 1/5 (right) 

•! Naïve significance around 5! with 1fb-1  

Adam Davison, talk at Boost 10
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New method of “cleaning” the event

http://www.physics.uoregon.edu/~soper/Jets2011/Miller.pdf

Jets in ATLAS Jet-vertex association for pile-up filtering

Jet selection using JVF
As instantaneous luminosity increases, pile-up backgrounds increase while rare,
hard-scatter processes remain constant. Jet multiplicity due to the hard scatter

interaction should remain flat as a function of luminosity.

Reconstructed vertex multiplicity
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ATLAS work in progress ATLAS work in progress

Using JVF, we can recover the expected flat jet-multiplicity distribution vs. #
additional interactions increases without raising the pT threshold.

David W. Miller (Stanford, SLAC) ATLAS Jet Physics Results and Jet Substructure February 2, 2011 19 / 35
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What about “known” 
new physics
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Axi-gluon

FIG. 3: Discovery reach in the coupling strength-mass plane for purely vector (axial) coupled color-

octet vector resonances corresponding to the black (red) curves for the integrated luminosities as

indicated for the semi-leptonic channel. The blue curves show the increase in discovery reach when

the hadronic channel is also included.

to be tagged as a top is approximately 2-3%. We roughly estimate the QCD background

using Madgraph to compute the leading order bottom pair production cross-section, then

imposing a 0.6 b-tagging efficiency and a 2% top mistag probability. This suppresses the

QCD background beneath the dominant background of standard model top production. The

resulting effect on the discovery reach by including the hadronic channel is represented in

Fig. 3 by the blue curves. We see that adding this channel increases the reach by roughly

100 GeV, indicating that this resonance search is becoming limited by the kinematics of the

parton distribution functions.

IV. CONTACT OPERATORS

The top-quark pair invariant mass distribution also provides constraints on models which

can generate a large forward-backward asymmetry in the absence of a narrow resonance. In

particular, broad resonances with large couplings can easily generate [22] the magnitude of

14

J. Hewett, J. Shelton, M. Spannowsky, T. Tait, M. Takeuchi, 1103.4618  

Cao, Mckeen, Rosner,  Shaughnessy, Wagner, 1103.3461
Bai, Hewett, Kaplan, Rizzo, 1101.5203
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J. Hewett, J. Shelton, M. Spannowsky, T. Tait, M. Takeuchi, 1103.4618  

“preferred value”: 

Selection Mtt̄ < 450 GeV Mtt̄ > 450 GeV

Parton Level Exp. Data −0.116± 0.146± 0.047 0.475± 0.101± 0.049

Model Prediction 0.10 0.31

Selection |∆y| < 1.0 |∆y| > 1.0

Parton Level Exp. Data 0.026± 0.104± 0.056 0.611± 0.210± 0.147

Model Prediction 0.12 0.40

Table 2: The comparison of theoretic predictions and measured values for the phenomenological model
with MG′ = 2 TeV, gqA = 2.2, gtA = −3.2 and gV = 0. The total χ2 is 5.5.

the mass matrix of the two gauge bosons Gµ
1 and Gµ

2 , we obtain the massless QCD gluon,

Gµ = cos θGµ
1 + sin θGµ

2 , (3)

and the massive axigluon state,

G′µ = − sin θGµ
1 + cos θGµ

2 . (4)

The mixing angle θ is related to the gauge couplings of SU(3)1 × SU(3)2, h1 and h2: tan θ = h1/h2.

The QCD coupling is then given by gs = h1 cos θ = h2 sin θ, and the mass of the axigluon is

MG′ =

√
2 gs√

3 sin 2θ
fΣ . (5)

The other degrees of freedom in Σ are assumed to be heavy for now, so we only have one new particle

G′
µ below the scale ∼ 4πfΣ.

In order to obtain an Att̄
FB with the correct sign, we need opposite signs for the axial-vector

couplings of the axigluon to the light quarks and the top quark. To achieve this goal, we make the

following assignments for the SM quarks under SU(3)1 × SU(3)2: qL, tR, bR as triplets of SU(3)1

and (t, b)L, qR as triplets of SU(3)2 (see Ref. [32] for a similar setup). To cancel the gauge anomalies,

additional colored particles are required and are assumed to be heavy in here. Here, “q” represents

the first two generations of quarks. With these charge assignments, we find the vector and axial-vector

couplings of G′
µ to the SM quarks, re-scaled by the QCD coupling gs, to be

gtV = gqV =
1

tan 2θ
, gtA = −gqA =

1

sin 2θ
. (6)

Neglecting the quark masses (since MG′ will be at or above the TeV scale), the total decay width is

found to be

Γ(G′) =
αsMG′

6

[
4(|gqV |

2 + |gqA|
2) + 2(|gtV |2 + |gtA|2)

]
= αsMG′

(
1

tan2 2θ
+

1

sin2 2θ

)
. (7)

10

Cao, Mckeen, Rosner,  Shaughnessy, Wagner, 1103.3461
Bai, Hewett, Kaplan, Rizzo, 1101.5203
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Or more excitingly
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(b) t-channel
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(d) u-channel

(M=φa only)

Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W ′, Z ′
H , and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].

3

Z’: same sign di-top.  

Now, CDF limit at 6.5 fb-1.  Lighter < 200 GeV borderline allowed.  
Should be able to see it at LHC very quickly, even at ~ 35 pb-1.
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• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed
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either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.
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3

maximal flavor violating

Z’: same sign di-top.  

Now, CDF limit at 6.5 fb-1.  Lighter < 200 GeV borderline allowed.  
Should be able to see it at LHC very quickly, even at ~ 35 pb-1.
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Searches at the LHC
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Figure 9: Reach at the 7 TeV LHC for a W ′ resonance (a), which couples primarily to down-top,

and for a Z ′
H resonance (b) and triplet resonance (c), which couple primarily to up-top. Lines

of constant coupling gR as defined in (1) are shown in gray, assuming 100% branching ratios to

top-jet. Note that the W ′ and Z ′
H couplings to t̄RqR are defined with a factor of 1/

√
2.

Appendix B: χ2 statistic in Semi-leptonic Top Pair System

In the semi-leptonic top decays, all momenta except the neutrino momentum are directly

measured in the detector. For the neutrino, the transverse directional components are

determined by the missing transverse momentum. The longitudinal and time component

must be determined as those giving the best fit value of χ2
tt̄ for Eqs. (A1)–(A5). In this

section, we summarize the definition of χ2
tt̄ in a semi-leptonic top pair system.

The χ2
tt̄ statistic represents the likelihood of the hypotheses, Eqs. (A1)–(A5). It is written

as

χ2
tt̄ = yT · V −1 · y, (B1)
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Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W ′, Z ′
H , and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].

3

Gresham, Kim, Zurek, 1102.0018
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More zprime

• Lepto-phobic. 

•  

• Should have bounds from Tevatron in 

• LHC. Signal rate x 10, background is up at least as much.

4

the number of W± → lν plus two jet events is plotted as a function of the invariant mass of the two jets, mjj , a
broad peak is found at the masses of the W± and the Z. The existence of a Z ′ (or W ′) with significant couplings to
Standard Model quarks could lead to the appearance of an additional peak at the mass of the new boson, through
processes such as those shown in Fig. 2.

FIG. 2: A representative Feynman diagram contributing to events containing a lepton, missing transverse energy, and two jets.
When plotted as a function of the invariant dijet mass, this process will produce a peak at the mass of the Z′.

The recent analysis [12], which makes use of 4.3 fb−1 of data, reports the presence of a feature consistent with such
a peak, consisting of 253 events (156 ± 42 in the electron sample and 97 ± 38 in the muon sample) above expected
backgrounds in the sum of the electron and muon channels. The center of the peak is located at a dijet invariant mass
of 144± 5 GeV. Relative to searches for dijets resulting from s-channel Z ′ exchange, the requirement of an associated
lepton and missing energy (assumed to come from a decaying W±) drastically reduces the background. Indeed, this
channel is exactly where one would expect to see the first indications of a relatively light leptophobic Z ′ (or W ′).

To examine whether the observed excess can be explained by a Z ′ boson, we have performed simulations using
MadGraph/MadEvent, together with Pythia 6 [41] for parton showering and hadronization and Delphes [42] as a
detector simulation. The kinematic cuts described in [12] are applied. For simplicity, we use a generic set of input
parameters for Delphes. That is, we did not implement the actual detector parameters of the CDF experiment, as we
find that using the generic parameters already provides a description of the diboson background that is acceptable
for the purposes of this study, implying that the detector efficiency and energy resolution are adequately modeled.

We find that the observed excess of events can be explained by a Z ′ boson with a mass of ∼ 150 GeV and with
coupling gddZ′ ∼ 0.25 (for guuZ′ = 0) or guuZ′ ∼ 0.25 (for gddZ′ = 0), leading to a cross section σ(pp̄ → Z ′ +W±) ≈
1.8 pb. This is illustrated in Fig. 3, where we compare the prediction of such a Z ′ model to data. Note that for the
events considered here, only couplings to left-handed quarks are relevant due to the presence of a W±.

The W± + dijet cross-section (before cuts) as a function of guuZ′ and gddZ′ is shown in Fig. 4 (as computed using
FeynArts and FormCalc [43]). It should be noted that the cross-section is actually reduced if guuZ′ and gddZ′ are
equal, due to the presence of interference terms between the two diagrams with ūd and d̄u initial states (see Fig. 2).
On the other hand, if the two couplings are taken to have opposite sign, then the interference enhances the W±+dijet
cross-section. The value σ(pp̄ → Z ′ +W±) ≈ 1.8 pb leading to the results shown in Fig. 3 can be obtained with e.g.
guuZ′ = −gddZ′ ∼ 0.13.

We note that evidence of such a Z ′ could also come from other channels including two jets plus missing energy,
two jets plus a photon, or two jets plus two leptons. At the current level of precision, these channels do not yet
impose a strong constraint, but in the future could provide interesting avenues for testing leptophobic Z ′ models. If
the coupling guuZ′ is responsible for the majority of the W± plus dijets signal, however, there may be some tension
in the photon plus dijets channel [44].

IV. MULTI-b EVENTS AT THE TEVATRON

Feynman diagrams similar to those leading to the production ofW±Z ′ at the Tevatron could also provide potentially
observable signals in other channels. In particular, if we allow the Z ′ to have large couplings to b quarks, collisions at
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FIG. 2. (color online). The blue (orange) curves are the 1 (2) σ bounds on gUD coupling for given

Z ′ mass and obtained from matching the observed number of excess events seen at CDF (see text).

The purple (green) vertical lines indicate the 1 (2) σ limits of the Z ′ mass from the Gaussian fit of

mjj performed by CDF. The red curve indicates the extracted limit (at LO) on the coupling gUD

from the UA2 search for SM-like Z ′s decaying to two jets [27] (see text). The Z ′ width is fixed to

be 8 GeV for entire mass range.

stayed below 8 GeV. As a point of comparison, for a Z ′ mass of 145 GeV, gUD = 0.35, the

calculated Z ′ width to quarks is 2.824 GeV. Additional invisible decay modes would need

to added in a full model to account for the remaining Z ′ width.

Our results demonstrate that the CDF anomaly can be favorably fit with a Z ′
UD of mass

between about 140 GeV and 150 GeV and a coupling of 0.30 ! gUD ! 0.36. For a Z ′
UD

width of 8 GeV, however, slightly more than half of this favored region is excluded by UA2.
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Not mentioned

New flavor physics!
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Not mentioned

• R-parity violation. 

• Hidden valley.

• Blackhole.

• Unparticle.

• Classicalization.

• ....

New flavor physics!
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In the next year or so, there are many exciting 
opportunities for making new physics discoveries at the 
LHC.
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New method of “cleaning” the event

http://www.physics.uoregon.edu/~soper/Jets2011/Miller.pdf

Jets in ATLAS Jet-vertex association for pile-up filtering

Jet selection using JVF
As instantaneous luminosity increases, pile-up backgrounds increase while rare,
hard-scatter processes remain constant. Jet multiplicity due to the hard scatter

interaction should remain flat as a function of luminosity.

Reconstructed vertex multiplicity

1 2 3 4 5 >=61 2 3 4 5 >=6

A
v

e
ra

g
e

 j
e

t 
m

u
lt

ip
li

c
it

y

0

2

4

6

8

10

12

14
All jets

JVF > 0.75

L = 1033 cm−2 s−1, 〈NMB〉=2.3 (tt)

Reconstructed vertex multiplicity

1 2 3 4 5 6 7 >=81 2 3 4 5 6 7 >=8

A
v

e
ra

g
e

 j
e

t 
m

u
lt

ip
li

c
it

y

0

2

4

6

8

10

12

14

16 All jets

JVF > 0.75

L = 2 × 1033 cm−2 s−1, 〈NMB〉=4.6 (tt)

ATLAS work in progress ATLAS work in progress

Using JVF, we can recover the expected flat jet-multiplicity distribution vs. #
additional interactions increases without raising the pT threshold.

David W. Miller (Stanford, SLAC) ATLAS Jet Physics Results and Jet Substructure February 2, 2011 19 / 35
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SM rates at 7 TeV

• di-boson:

• top pair:     160 pb! Always has 6 objects. 

• (MET+lepton+Jet 40%, Heavy flavor...)

• Looks like new physics, pair production of a massive 
particle followed by a decay cascade.

di-lepton + MET, ~ 1.2 pb

di-lepton+jet+MET ~ 0.1 pb

tri-lepton + MET ~ 0.1 pb
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Figure 4: Plots of the acceptances for the individual Si, TRT, muon, and jet based analyses

as described in the text, as a function of the NLSP lifetime. These acceptances have all been

normalized to the number of Z → µ+µ− decays. The jet acceptance has been multiplied by

the ratio of the branching fractions Br(Z → jj)/Br(Z → µ+µ−). The different curves (blue,

red, yellow) correspond to different choices of the gluino mass (Mgluino = 600, 800, 1000).

3.4 Results

Now we put together the various analyses described above and estimate the discovery reach

in early LHC running. Simulations in this subsection were performed with Pythia [38].

In Figure 4, we show how the acceptance changes as a function of lifetime, for different

values of the gluino mass. We see that for a given analysis, there is a slow loss of efficiency

at longer lifetimes, as more NLSPs decay at too large a radius to give a signal in the relevant

detector component (as expected from Figure 3). However, we also see that the analyses

using the pixel detector, TRT and muon systems are nicely complementary to one another.

Together, they provide coverage of lifetimes spanning ∼ 6 orders of magnitude, from ∼ 10−1

to 105 mm. This corresponds to slightly more than one order of magnitude in
√
F , from a

few hundred to a few thousand TeV (cf. the left-hand plot of Figure 3).

As mentioned at the beginning of this section, at the LHC we imagine that production of

colored sparticles (gluinos, squarks) is the primary source of neutralino NLSPs. To estimate

12
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Resonances: 
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EWPT vs Tevatron vs LHC

LHC: 5σ discovery reach
assuming: 
only SM DY-background
50-85% acceptance (from pT , rapidity cuts, etc.)
3% energy resolution (Z' width)
(PDFs at NLO)

Villadoro, Moriond 2010
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