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Abstract: The LHC will explore fundamental physics at a new energy frontier. A spectrum of new particles at the TeV scale is expected on two
theoretical grounds. explaining dark matter and generating the electroweak scale. Understanding the properties of such particles can clarify the
nature of dark matter, the origin of the weak scale, symmetries of nature, and the multiverse. These particles can be discovered by identifying
collision events characteristic of new physicsin LHC data. Their properties can be measured by characterizing such new physics events in terms of
decay modes and basic kinematics. | will describe how this can be accomplished and exciting possibilities for what we may discover.
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T'he LHC — The Larege Hadron Collider

++++

27 km in dimeter

14 TeV center of mass proton-proton collider
12 Tev at FEI'[I]ﬂElb) 2 = 18 Page 3/74
Probing ~ 10~ "°cm
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First LHC Data !!!

LATLAS

* EXPERIMENT

An example of an “event” in early data from ATLAS
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First LHC Data !'!

An example of an “event” in early data from CMS

A process with two muons

W - s

P+ln,) = 3.6 GeV, pu,) = 2.6 GeV, m(uu)= 3.03 GeV R



From Data to Answers

The Central Challenge
What new physical
principles are being revealed
at the TeV scale?

[s nature supersymmetric?

Is the electroweak scale
natural?

What is the origin of dark
matter?

[s something surprisipg

hannenino’)
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Sta:ting With Evidence For New thsics

A kinematic distribution with an “anomaly™ (do you believe i1t?), and
many detailed models that can fit the data —what do we learn?
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How do we characterize models and data
=== to inform theoretical investigation? ™
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From Data to the New Standard Model at the LHC - Outline

® Exploring the TeV scale with the LHC - Intro
® How will LHC data connect to theory?
® Spectroscopy and examples

® How can we determine spectroscopy from data?

® Simplifying field theory at the LHC
— On-Shell Effective Theories (OSET)

® Uses of OSETs at the LHC

® Applications to searches and beyond in CMS

Pirsa: 10020032



What will the LHC provide?
Spectroscopy!

Decay Topology: how does a new particle
decay into Standard Model particles?

Topology information gives your quantum numbers

Masses of new particles
Extremely useful discriminator among the high-scale theones

Ef  Rates of decay topologies:

Gives additional information about quantum numbers and probes
strength of different couplings in the underlying theory

Theoretical Physics starts here!



Spectroscopy and the Underlying Theory
Quantitative Spectroscopy 1s Needed
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Far from obvious that this information can be extracted from hadron
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collider data in a meaningful way!






Spectrosco

No evidence for 3rd
generation partner

Quark Partner
Gluon Partner

Unknown

New physics with quantum
numbers that pair up with Standard

Model gauge boson (a good start)

and the Underlying Theo

Example

Naturalness?
p heavy quark e
. q partner P p
- = /
:‘J q_
\ e only observe (,} = (—n__ (
2 = 4q : |st/2nd generation 2 "-.., ;.
‘\\ eCrEasing Cross-5achon

=> Lower bound on mass of 3rd generation quark partners
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S

ctroscopy and the Underlying Theo Example

Naturalness?

The top/bottom quark in the Standard Model are naively
responsible for the largest UV sensitivity of the Higgs mass

E ¢
top partner related

by symmetry to top
(boson or fermion)

We expect particles with quantum numbers associated with the
top/bottom quarks to cancel the UV sensitivity in some fashion

The presence of top/bottom partners relative the other new

ez physics mass scales is key to assessing naturalness e



Spectroscopy and the Underlying Theory Example
Naturalness?

Without dynamics to protect the Higgs (i.e. weak-scale) from
quantum corrections, how do we explain the low mass of

weak-interactions compared to the Planck scale?

Perhaps there are top/bottom partners. but they are heavy.
so there’s still some apparent fine-tuning

Do we interpret this as evidence for the multiverse, or some
other way of selecting cosmologies with a weak-scale in close
proximity to QCD?

What should we look for in this case?
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Spectroscopy and the Underlying Theo Example
Another example: The Origin of Dark Matter

Mass Spectrum: Decay patterns: Rates:

Quark Partner—— hea")' quark Production Modes
3 partner

Gluon Partner

\ \ :m: 3rd generation ( = ( (

S dominated =
(dark matter?) no lepton-rich cascade -

Spectrum similar to last example, but now there is clear
evidence for top/bottom partner particles

Missing energy in the events is evidence for a stable particle:
Can this be dark matter?
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Spectroscopy and the Underlying Theo Example
Example: The Origin of Dark Matter

Mass Spectrum: Decay patterns: Rates:

Quark Partner—a. ° heavy ql.lark Production Modes
;. partner 4

Gluon Partner

iq 9 _a
; =
\ + J| = - ( _Il_... ( = |
N Ab/t: 3rd generation i = (
: b q
"\‘ L Decreas Ng Cross-secion b
T

bty -
Unknown dominated

(dark matter?) % | —

no lepton-rich cascade

Dark Matter Candidates:

Heavy (~100’s GeV) neutral particles with the same gauge and
global quantum numbers as the photon, W or Z bosons,
neutrinos, or perhaps the Higgs

Use decay rate information to sort these possibilities out
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Spectroscopy and the Underlying Theo Example
Example: The Origin of Dark Matter

Mass Spectrum: Decay patterns: Rates:
heavy quark _
Quark Partner~— Production Modes
: - partner 37
Gluon Partner > (
\ ,;,\+ :E;? 3rd generation ) ( (
o N Ll dominated N SR
GRS am———r) Br  no lepton-rich cascade —_—

Only Photon partner light! sl No b/t decay \4 x

Intermediate charged particle options:

Light W.Z partner? == direct quark partner decay q (hard) x
(< 20%) W
‘\

Higgs partner near 5 Sl:nkmg decay: \. x

lighter photon partner — €T Page 23774
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Spectroscopy and the Underlying Theo Example
Example: The Origin of Dark Matter

Mass Spectrum: Decay patterns: Rates:

Quark Parther— > heavy quark Prudu:ﬁnn Modes

partner ;7
Gluon Partner (
\ \ :b;i‘; 3rd generation 3 ( (
T bjt: dominated =

(dark matter?) no lepton-rich cascade —
Mass Spectrum:

Quark Partner

Gluon Partner T

W. Z. photon, neutrino partners

Higgs partner Not consistent with thermal
Pirsa: 10020032 d—aIk matter! Page 24/74






Obtaining Spectroscopy
The “easy” case: A resonance

Di-Electron Invariant Mass Spectrum

Nr Events / 1 GeV/

Di-Electron Mass (GeV/c’)

Kinematically reconstruct mass and relative rates of
decays
Coupling strengths and spin can be deduced simply
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Theorv interoretation easier for sharo resonances!



Obtaining SEctrosmEx

Complicated structure more common

SM color-
singl

. (stable, neutral)

interacting
partners A new parity symmetry is

- common in new physics models

e (related to dark matter and the need to forbid
S certain dangerous interactions)

New stable particles can (and are expected) to be
produced that make direct reconstruction impossible!
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Obtaining SECU‘OSCOEX

Obtaining spectroscopy is difficult for new physics with stable
particles (a large class of theories!)

It is natural to try and fit parameters in models (Lagrangians)

But Lagrangians contain vastly more information than is directly
observable

Is it possible to describe how a field theory would look in a
hadron collider, but using something simpler?

We want a theory that allows us to turn spectrum pictures into
kinematic distributions and vice versa









T'he Mechanics of Hard Scattering

Hard Scattering (2 to 2 process)

m X1, X2: fraction of beam energy
o E - carried by each parton

e (quark or gluon)

g

P, Energy = E; B P Energy = E>

Common Collider Variables
y)

E +pr
B —py

1
Rapidity: Yy=3 In ( )

Momentum transverse to
the beam: P71

T B RN N N N

=.feconstruct 4-vectors —



Final State Variables: Invariant Mass

A
WM< pair mass resonances
B

m(A.B)

-
count

off-shell 7

' invisible (x2)

m(£y, £3) m(é,,£3)

...many more clever variables, especially for long chains.

To construct invariants, must pair particles.
~J@g=pair, must know decay topology — difficult to use !z



Final State Variables: Transverse Momentum

Useful combinations: H; = |pr|.

1) Hr bump ~ 1-2 x produced particle mass

(depends on decay chain, LSP mass)

Er =) pr

2) Locations of pr bumps ~ relative mass scales

i

HT for Models with
M=650-700 GeV

after cuts)

S SHE

Lepton pr

Leading
jet pr

Hr (GeV)

Q—jet

f +lepton

pr. Hr. Er & counts are search variables — understood early.

They suffice to build good hypotheses for mass spectra, cascades,
themssolate decay modes for precision mass measurement. Page 3374



What to describe accurately?

® The previous distributions are important!

iﬂ':- —+— pseudoData
3 200 P
= i ‘t

ES S

: #
!ﬁ:'— r
‘n: %1ﬁ1ﬁﬁ
Hr (GeV
® Want to understand what features of the matrix element

affect:
® transverse momentum distributions and kinematics
® total production cross-section

@ These are in fact largely determined by particle
masses . and basic nproperties of oo collision.
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The Dznamics of Hard Scattering

&< ™  xi,xz fraction of beam energy

T2 Ey T«—- carried by each parton

o (quark or gluon)

a2 P>, Energy = Es

cattering probability)

dginc / d:rl d$2

dVars rlfg(‘rl-Q)fzfq(l'z*Q)d&(qg — AB)

Xy X9 dVars
- — e === i~ S —
ds parton distribution functions parton cross-section
_§/ PDFs~ (1 —z)Pxr™ 9
Em/cm doost Jdj —>parton luminosity
p(3,Q%) x (3/Stat) ™  (g~1-1.5)
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Production Rates and Kinematics

doinc dz, dz; do(qg — AB)

e x1 fq(T1,Q)x2f(T2,Q) IVaxs

——— — —

g ———

ds PDFs~ (1 —r)?x™9  parton cross-section
S | dij —parton luminosity
p(3,Q?) x (5/Stor) 1
Q? = (500 GeV)2

p(g/Stota Q2)

Rates:
2 q +1
O(pp—XY) ™~ & Stot? /507

100

10

0.1 Kinematics:
- (S(I}*GeV) (1 'l“fV) For slm:-lyl varying M E.
o q
L i LERiE I L i L iiEnd L L & iLig - g G _l)
07 107 10" e —hs 2
& = / Stot — semi-relativistic products!
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Shape Invariance in Hadronic Collisions

~ | M|? ~ (i)m@\f-lndependence of

50 T Shape!
ransverse ape.

'a 7000

- M| 2~

1] =

O 6000 1 C ‘:;_—2 453

()]

-

iy So000

©

-

_':_': 4000

e

—

® 3000

(@ Ezunn
T|T

o~

= 1000 ——

L= ] -

)] e ~—

G e fD = e — _ _ | = _ :
0 0.5 1 1.5 2 2.5 3

irsa: 10020032 2 PT Page 38/74




Shape Invariance in Hadronic Collisions
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Shape Invariance in Hadronic Collisions

~ |M|* ~ (i)m@\f-lndependence of

SO
Transverse Shape!
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Shape Invariance in Hadronic Collisions

~ | M|? ~ _)m@\f -Independence of
Transverse Shape!

j M| 2~

g 0.5 1 1.5 2 2.5 3
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Shape Invariance in Hadronic Collisions

Pt

~ | M2 ~ (i@%g Independence of

—

50 angular shape!
gg Initial States

@ 100000 ‘M| z_
—

o

)] X—Z
:h. 8a0aa -
o x
t} 60000 — %9
Q e

| 5

(14} — X

40000
x/fﬁ_‘xx'x — X'z
e : R \m\\
2 a N
% 53 20000 J///.. = = '\.\\\‘

I SN

= e

0 —_—— =

Pirsa: 10020032 [ T ———

-



0.25
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ShaEe Invariance in Hadronic Collisions

Inclusive P shape invariant under:

[M|* — |M|*¢™

PDF E.mand Yem s

homogeneity

Qperti es

~ |Inclusive ;,; shape invariant under:
MP — M)

e Shape mvariance: a clear guide to information that can
be stripped out & still do meaningful analysis

- Important (approximate) ambiguities to be aware of in any
description of positive signal at LHC

- Allows predictions, MC generation, simulation of detector
response w/o full knowledge of model Lagrangian

- Suggest search/interpretation strategies with wide reach
compared to no. of parameters
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On-Shell Effective Theories: Definition

What’s an OSET?

Simple rules given for these parts

The Basic ldea:

Example: Top Quark

Masses, Rates, and Topology
vs. Amplitudes

Dominant Top Properties:

o(gg — tt)
Br(t — bW)

me, TRW ., Mp
Detailed Top Properties:
do /dt W helicity
t charge
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On-Shell Effective Theories: Definition

Production:

2 — 2 ;ualiy dominates / “Normal” Behavior

M = 4% B (1 - St

S ) “Contact” Operator Behavior

or
M|?=A+B (

can be included
(not usually necessary)

Decay: phase space, with angular correlations as needed

Dominant E correction
= 1)

Sthresh

Hadron collider Monte Carlo for simulating events
according to OSETSs now exists in the Marmoset and
MadGraph packages — can be used in LHC experiments

irsa: 10020032 Page 47/74

See: hep-ph/0703088 for detail...






OSETs for Searches

Simplified Searches

- Optimize sensitivity to general models
- Present results for general models

mSUGRA-based (or other models) searches weak on both
fronts unless it is clear which topologies a given search is

sensitive to.

Solution: design searches around individual topologies
sensitive to a wide range of kinematics
(work in progress with UCSB + Vienna CMS groups)
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OSETSs for Searches: Example
Production modes in a benchmark (LM1):

(after hadronic search cuts: lepton veto, 3 or more jets)

Pirsa: 100200321‘ Page 50/74



OSETs for Searches

Simplified Searches

- Optimize sensitivity to general models
- Present results for general models

mSUGRA-based (or other models) searches weak on both
fronts unless it is clear which topologies a given search is

sensitive to.

Solution: design searches around individual topologies
sensitive to a wide range of kinematics
(work in progress with UCSB + Vienna CMS groups)
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OSETSs for Searches: Example
Production modes in a benchmark (LM1):

(after hadronic search cuts: lepton veto, 3 or more jets)
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OSETs for Searches: General Strate

Topology-Driven Searches

Start with simple OSET approximation to primary/common
topologies, and include variations of topology

®:G>G}L5F‘ \ @:Q:GaC;QP\ @: 51"'~G-C:~LSF‘\

' ' [ E ? :.r"'

gluimo > thbarC-
gliing > ubarsup Ghiing: > tbbarC- ghino > wdberC

sup > ulSP v ::;m G+ > csbariSP

“Three hard jets *“~5 hadronic jets” Even more/softer jets
(Effect of cascade (not visible — ignore for now)
depends on C* mass)

Optimize Jet pr, HT, MET cuts for sensitivity to A/B/C
topologies over wide mass range

Use to evaluate and improve robustness of searches,
~dhd to present results in a model-independent way**"



OSETs for Characterizing Data Example

If new physics 1s seen in search,
What Next?

Crude “Simplified Models™ are a general starting point for
analysis.

Example:
— what do they tell us?
— how do we move beyond them?

A schematic overview of a simplified model and an
Pirsa: 10020032 exaﬂlple Of ltS use-a- Page 55/74



OSETs and Simplified Models Example

A Simplified Model:

Use 2-3 other models to describe
qualitatively different physics

fF or v

Fit branching fractions, mass, cross-sections to data using
simple counting signatures

Example: lepton counts

“:'—
E Lep(G) bewt fit
‘“.+

OSOF OSSF ZCand SSOF  SSSF

irsa: 10020032 Page 56/74

(e'w) (ee) (e'w”) (e7e7)



OSETs and Simplified Models Example

Simplified model fit 1s expected to describe data fairly well

Parameters that fit counts, HT, pr(lepton):

Model / Limit Mg -M-M;-Mysp|o(pb)| By |Buitn (g2)|Brsp| Bw | Bz
Lep(Q) / By, =0 650-440- — -100 | 12.8 | 0.0485 : 0.0 |0.9244| 0.0270
Lep(G) / By, =0 700-440- — -100 | 11.5 | 0.0636 = 0.0 |0.8710| 0.0654
H :m =20 —— Cseucolats
e - fose— 3 A
- H + I Y
1 =
o :‘q S0 -
2 L _ h—. ;F—A—‘—‘—J ******** |
15 15 -
Pirsa: 1!029.032 = ‘ - 3 = 'l ,,,1 _E i <od ’?_ o ';;he —

Number of Jets (pT>30 GaV) n 2-lepton region!



OSETs and Simplified Models Example
Deviations are typically indicative of additional structure

(1-lepton plots) (2-lepton plots)

¥ EvBin

.. —— oscudonata
-

—— LagiG) B_lmu=0
 LepQ Binu=d

Lf:ptonpr
Cannot reproduce the data with these models

(or with tops). Robustly demonstrating this is hard.
but provides STRONG EVIDENCE for more
complex source of soft, flavor-uncorrelated leptons.

Q/G

Q/G

N
weak ‘ LwF&

: E = E \ eak
e LSP

Pirsa: 10020032
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OSETs and Simplified Models Example

® Data consistent with quark and/or gluon partner
production

® Need two-stage cascades to explain data
® [ arge rate of single-lepton cascade (+ precise numbers)

® To reproduce the 2-lepton counts: on-shell lepton partner

and W/Z partners. = _
See if this can be confirmed
from kinematics — dilepton
QG Q/G invariant mass should have
\ an EDGE
weak 9 (this is sub-dominant source

LSP motivates looking harder)

\r_.!l weak or \ ' of 2-lepton events, edge
t \ ' _\ didn’t jump out but thas
LSP
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OSETSs and Simplified Models Example
Deviations are typically indicative of additional structure

(1-lepton plots) (2-lepton plots)

£ —— seudolata
g —— LapiG) B_ =0

 LepiQ) Blmu=d
L

[zptonpr
Cannot reproduce the data with these models

(or with tops). Robustly demonstrating this is hard.
but provides STRONG EVIDENCE for more
complex source of soft, flavor-uncorrelated leptons.

Q/G

QG

\Hm weak ‘ g_wff’k
Ei NS o

Pirsa: 10020032
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OSETSs and Simplified Models Example

® Data consistent with quark and/or gluon partner
production

® Need two-stage cascades to explain data
® [ arge rate of single-lepton cascade (+ precise numbers)
® To reproduce the 2-lepton counts: on-shell lepton partner

wnd WiZ ) = See if this can be confirmed
from kinematics — dilepton
Q/G Q/G invariant mass should have

\ an EDGE

_ weak 9 (this is sub-dominant source
; Lwe‘lk - o \ ' of 2-lepton events, edge
\ S didn’t jump out but this
LSP X motivates looking harder)
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OSETSs and Simplified Models Example

® Data consistent with quark and/or gluon partner
production

® Need two-stage cascades to explain data
® [ arge rate of single-lepton cascade (+ precise numbers)
® To reproduce the 2-lepton counts: on-shell lepton partner

and W/Z partners. = :
See if this can be confirmed
from kinematics — dilepton
QG QG invariant mass should have
\ an EDGE
or weak 9 (this i1s sub-dominant source

;_ Lweak - \ ' of 2-lepton events, edge
\ — r didn’t jump out but this
LSP X LSP motivates looking harder)
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OSETs and Simplified Models Example

® Gluon-partner with ~60% branching fraction to heavy
flavor works well. Neot flavor-universal!

® [epton-rich events have fewer b-quark jets

5 %

- heavy + light flavor

flavor
L LSP gluino —,',— gluino
(G decay could have gluinu Q\ sqmrks
intermediate on-shell Q’s)

three SUSY motivated ideas
squarks

FiLSP
top d l tnpdvummtﬁbeauu top dominates because

s:npisligl’lﬂ.-r it has biggest coupling stop is lighter
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OSETs and Simplified Models Example

A Simplified Model:

Use 2-3 other models to describe
qualitatively different physics

f or v

Fit branching fractions, mass, cross-sections to data using
simple counting signatures

Example: lepton counts

“:_ —+— pseugoData
E LapiG) best fit
-“-+

OSOF OSSF ZCand SSOF  SSSF
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OSETSs and Simplified Models Example
Simplified model fit 1s expected to describe data fairly well

Parameters that fit counts, HT, pr(lepton):

Model / Limit Mg -M-M;-Mysp|o(pb)| Bu |Byien (52t Bw | Bz
Lep(Q) / Bg, =0 650-440- - -100 | 12.8 | 0.0485 : 0.0 |0.9244| 0.0270
Lep(G) / By, =0 700-440- — -100 | 11.5 | 0.0636 - 0.0 |0.8710| 0.0654

—+— pseudolata

= o &30
R T o TEE
= t

= 3
&0 B '
: _I 100 {

5 pufint £

20 s =

3 E, : . = — T =l e " ol
2 —_— 2 HE
- - HE
1 i_l_;'__ ! resl g ':- :
0.5 ‘ 05 : : -
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OSETs and Simplified Models Example
Deviations are typically indicative of additional structure

(1-lepton plots) (2-lepton plots)

# Evis/Blin

Chot sepasdinne: the dute witls fheos sedil OSSF (e*e) invariant mass

(or with tops). Robustly demonstrating this is hard, !
but provides STRONG EVIDENCE for more
complex source of soft, flavor-uncorrelated leptons.

\_ Q/G QG
+ets

\
weak ‘ waél_l‘ :

Pirsa: 10020032 ]..-SP
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OSETSs and Simplified Models Example

® Data consistent with quark and/or gluon partner
production

® Need two-stage cascades to explain data
® [ arge rate of single-lepton cascade (+ precise numbers)
® To reproduce the 2-lepton counts: on-shell lepton partner

and W/Z _— See if this can be confirmed
from kinematics — dilepton
Q/G Q/G invariant mass should have

\ an EDGE

. weak 9 (this is sub-dominant source
; Lwe'lk It Ql' \ 3 of 2-lepton events, edge
\ = didn’t jump out but this
LSP L motivates looking harder)
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OSETs and Simplified Models Example

® Gluon-partner with ~60% branching fraction to heavy
flavor works well. Neot flavor-universal!

® [epton-rich events have fewer b-quark jets

G

- heavy + light flavor

= three SUSY motivated ideas

t squarks
LSP

stop
i —‘,- ino
(G decay could have Er— Q\ glu = g‘.::.:arks

intermediate on-shell Q's) l 5‘°P

FILSP
== l tnpdnmmtubemu top dominates because
mpsmpisﬁghmr it has biggest coupling stop is lighter
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Conclusion and Outlook for the LHC — 11

The exploration of the TeV-scale will start this year!

As new physics is discovered, unless it’s fairly simple,
characterizing its spectroscopy will take ~years

This will require very close theory-experimental collaboration

Out of this process will emerge the next set of exciting
theoretical puzzles!
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T'hanks!
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