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Goals

® For theorists:

® What 1s it these experimenters do?

® (Except for using fancy equipment to build fancy detectors...)
® How come it takes them forever to release a result?

® Why can’t they just give us the 4-vectors as they record
the data?

® What can(’t) they look for?
® [or experimenters:

® Why does it take so many layers of review to get a result
out? My analysis seems pretty simple at first sight....
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Masses are in MeV

HEP in 2009

CKM clements:

Observable Centralx 1o
IV 4l 0.97430 [+0.00019 -0.00019]
v | 0.22521 [+0.00082 -0.00082]
IVubI 0.00350 [+0.00015 -0.00014]
IVCbI 0.04117 [+0.00038 -0.00115]

IVu dI (meas. not in the fit)

0.97444 [+0.00028 -0.00028]

IVUSI (meas. not in the fit)

0.2257 [+0.0011 -0.0011]

IVubI (meas. not in the fit)

0.00350 [+0.00015 -0.00016]

chl (meas. not in the fit)

0.04399 [+0.00069 -0.00397]

V_| 0.22508 [+0.00082 -0.00082]
V| 0.97347 [+0.00019 -0.00019]
IV, 0.00859 [+0.00027 -0.00029]
IV, 0.04041 [+0.00038 -0.00115]
IV, 0.999146 [+0.000047 -0.000016]
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In Words

Matter 1s built of spin 1/2 particles that interact by
exchanging 3 different kinds of spin 1 particles
corresponding to 3 different (gauge) interactions

There appear to be 3 generations of matter particles

I

I'he 4 different matter particles in each generation carry
different combinations of quantized charges characterizing
their couplings to the interaction bosons

The matter fermions and the weak bosons have “mass”
Gravitation 1s presumably mediated by spin 2 gravitons
Gravitation 1s extremely weak for typical particle masses

There appear to be 3 macroscopic dimensions
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About the Standard Model

® [t’s a theory of interactions:
® Properties of fermions are inputs

® Properties of interaction bosons in terms of couplings,
propagations, masses are linked:

® Measuring a few allows us to predict the rest, then measure and
compare with expectation

® [t’s remarkably successful:

® Predictions verified to be correct at sometimes incredible
levels of precision

® After ~30 years, still no serious cracks
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Precision Results
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Many Fundamental Questions

What exactly is spin? Or color? Or electric charge?
Why are they quantified?

Are there only 3 generations? If so, why?

Why are there e.g. no neutral, colored fermions?
What 1s mass? Why are particles so light?

Is there a link between particle and nucleon masses?

How does all of this reconcile with gravitation?
How many space-time dimensions are there really?
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The Plot
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Vector Boson Scattering

® There 1s in fact one known problem with the
standard model:

® If we collide W’s and/or Z’s (not so easy...), the scattering
cross-section grows with the center of mass energy, and
gets out of control at about 1.7 TeV

® This is similar to “low” energy neutrino scattering:

® If g2 << (Mw)2, looks like a “contact e
interaction”, and cross-section grows
with center of mass energy

® But when g?= (Mw)?, W-boson ' e &
propagation becomes visible, and “cures” this problem

B @
~
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The Higgs Boson

® One way to solve this, is to introduce a massive,
spinless particle (of mass < ~1 TeV)

® Couplings to W and Z are fixed, quantum numbers are

known...
® ....to be those of the vacuum

® [ts mass 1s unknown, and its couplings to the fermions are
unknown.... well, maybe

® Fermions can acquire mass by coupling to this Higgs boson, so
their couplings could be proportional to their masses. This is

called the “standard model Higgs” r

A
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Precision Measurements

® In fact, we can say something e o
about the standard model NARARINL. T
. N VOV VWV \ 1
Higgs mass / N
\
® [f the fermions get their masses g e = 169 GV
from the Higgs, we know all g PR B
couplings and can infer the | WAL oozrsioooors
Higgs mass from precision 41 W i inohlow O data -
measurements Né 3 i
® Result 1s very sensitive to 2 g
measured top quark, W boson ;- |
masses 0 | Excluded N\& /£ Prelilminary_
30 100 300

® Really wants a “light” Higgs boson m,, [GeV]
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Higgs Drawbacks

® In principle, with the addition of a Higgs boson

arou

nd 150 GeV particle physics could be

“complete”

® [ike Mendeleev’s table for chemistry

® But by 1tself, the Higgs 1s very unsatisftactory:

® Why are the couplings to the fermions what they are?

® Dumb luck (aka landscape)?

® What is the link to gravity?

® Why does the Higgs break the symmetry?

® Why are there 3....7
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The Plot Thickens
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® Higgs, in fact, also
acquires mass from
coupling to W's,
fermions, and itself!

® These “mass terms” are
quadratically divergent

® Drive mass to limit of
validity of the theory

® So we expect the Higgs
mass to be close to the
scale where new physics
comes 1in....
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Unravelling the Mystery
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Hunting for Answers

® (Get more information
® Measure particles and their interactions 1n detail
® Precision measurements

® (bserve new particles or interactions

® Secarch in new areas in “phase space”
® Find the underlying pattern(s)
® Hypothesize, build models

® (Consistent? Consistent with data?

® Suggestions on where to look

JuswiIadx3

A1ody |
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Where to Start?

® BSM physics must couple to SM (weakly), but 1s 1t

® “SM-like™?

® Does it have new massive particles decaying to electrons,
muons, quarks,...”?

® (Quasi “SM-like”?

® Same but includes some new long-lived particles in the decay
chain...

® No new “particles” in reach

® Hidden or too heavy or.... don’t exist

® Are there new interactions?

Gustaaf Brooijmans Cargese 2010



SO 0000
® Go look where the SM breaks down (high energy)...

® ... or for subtle anomalies

® Assume new physics manifestations lead to
anomalous production of SM particles

® Resonant or not (and maybe in loops only)
® Short-lived or less so
® Rely on guidance from models to some extent

® What are implications of known constraints? What
signatures are “allowed”?

® Some scenarios do require new approach

Gustaaf Brooijmans Cargese 2010



The Tools
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Colliders

® Currently, hadron colliders:

® High energy implies probing of short distances, and
production of other, massive particles

2 TeV. center of mass 7 - 14(?) TeV. center of mass
e

N 'k BN 5

Main InjectoT
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Hadron Colliders

® Incoming longitudinal momentum not known:

® “Hard interaction” 1s between one of the quarks and/or gluons
from each proton, other quarks/gluons are “spectators”

® [ongitudinal boost “flattens” event to a pancake

® We usually work in the plane transverse to the beam

A

|

X-Pp > - X P
|

X1

%P > <t %P
|

N

- Xcl"

Y
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ATLAS

® Make best possible measurement of all particles
Comlng OUt Of COIIISIOHS A detector cross-section, showing particle paths

> ATL AS Muon Detectors Electromagnetic Calorimeters [] Beam Pipe
8 \ {center)
Tracking

EXPERIMENT ' Solenoid Forward C- Chamber

B Magnet Coil
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| — _!.—'. [ Hadron
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sl i Calorimeter
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Nt
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Shielding

rrel Toroi Inner Detector ‘ ‘
Geeioioe Hadronic Calorimeters
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Tracking

® Combination of pixels, silicon strips (“SCT”’) and
straw tube transition radiation tracker (TRT)

\ / ....... 0 BEEE
Q’ P, ) . P - ohr B o i e B B0 ER AR RN ER .
\ \ A - Sy v —— ' x - .'
\~ / _Gf_/:" - N —"
0 / -7
\ \K .‘l"" )N,, '
i

A EXPERIM

Run Number: 152777, Event Number: 327603 -2

Date: 2010-04-10 12:07:39 CEST
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Calorimetry

® [iquid Argon & Pb accordion
(EM & forward)

® Scintillator & Pb (hadronic)

15 E; (GeV)
Run Number: 154817, Event Number: 968871 ' E, (€)= 45GeV E, (€*) = 40GeV

‘ AT LAS Date: 2010-05-09 09:41:40 CEST ()= 021 (€)= 0.38
(¢ M, =89 GeV

-D— EXPERIMENT Z-ee candidate in 7 TeV collisions
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® Air-core toroids

® Makes ATLAS big
| s QATLAS
WWAAAR e

— C— S— n(p-) = 20

E™s=41 GeV
M, =83 GeV

§ -s
W-pv candidate
in 7 TeV collisions
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Neutrinos®

"(100% acceptance)
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Detecting Particles

3 Generations of Fexrmions Force Camiexs

=
-1/3 -173 -173 5

Electro-

=
% 0

)

Interactions
Yil,, VII. Y .
“ 105.66 17772 g%

vV : Detect with high efficiency

wigEmedld

aPe~go ™

vV : Detect by missing
transverse energy

vV': Detect through decays: t—=Wb,W/Z — leptons
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Anecdotes From the Field (1

® D@’s “ring of fire”

IETA | TPAI ] ==

® Noise in a few “eta rings” sooof | ol | ||| H
ol A | A ’
||

|

l

4o0of- |l M
..ooo,|

® (ccurred on rare OCCasionNS (\

® Originally thoughttobea %‘HL

1000 ] ‘"E
ground faU.lt ln HV 040 30 B0 10 0 10 20 36 40 1102'035459'06'070
dlStI'lbllthIl LolCell E PHIvsl IETA) | ,..ml- ESumvs IETA |

® Found to be concurrent " AT
with welding in building ) il ShF

® Finally traced to liquid .. |

Argon purity & temperature a8
monitoring
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The Work
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Steps in a Physics Search

® What 1s the final state? = “Preselection”

® Sufficiently loose to be signal-poor

® Prove you understand the detector response, physics processes
contributing

® But sufficiently tight to have a manageable data volume
® ATLAS/CMS write ~200 Hz x 1+ MB/event = 200+ MB/s
® “4-vectors” 1s not enough, need some amount of detector info

® In practice, often have preselected sample for frequent analysis,
+ looser sample for multijet background with rare passes

e Note that data volume ~ running time, not J&£
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Steps (11)

® Dectermine preselected sample’s composition

® MC and data to understand each contribution

® (QCD multijet background to leptons often extracted from data:
rejection factor ~10-4, difficult for simulation to be that accurate

® MC for most other processes, with corrections from data, since
generators are LO or NLO

® Also need to correct MC for real-life data conditions

® Different alignment, small fraction of dead channels etc.

® As statistics increase, more difficult, since mis-modelings
not hidden by large statistical uncertainties anymore

Gustaaf Brooijmans Cargese 2010
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“Simple’ Stuff
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LHC Reality

® Rather slow start

® But use first data to test
detector performance
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ets

® No lack of jets at LHC!

pr(r—Ar/2,r+Ar/2)
0<r<R
® Jet shape: rC MW,; - 05 0<r<
AJet S
Z ; ATLAS Preliminary antilq jets R =06

jet

p'f‘>3oeev.|y |<2.8

\s=7TeV

Statistical errors only

@ Data J.L dt=1 nb’

— PYTHIA

40 GeV < pj:t < 60 GeV

cnflannadflaaaadlinaaalinnnnibnrandlannslian e allinnnaliananlbnnan{banns
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
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® Charged particle flow:<—-—
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Jet Energy Scale

® Calorimeters are calibrated to electromagnetic scale

® Established using test-beam measurements, cosmics, and
soon Z — ee samples

® But calorimeter is
® Non-compensating
® Doesn’t measure energy in dead material
® or leaking out
® And there are some inefficiencies
® Want reconstructed jet energy = truth jet energy

® Jets don’t exist outside an algorithm

Gustaaf Brooijmans Cargese 2010

36



Riddle Me This

® In Run I, the D@ calorimeter was (very close to)
compensating

® A benefit of Uranium...

® We did not change the calorimeter between Run I
and Run II...

® ... butin Run II, it 1s compensating no more!

277
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Truth vs Reconstructed Jets

® “Truth jets” are made of MC hadrons, both charged &
neutral, clustered with your algorithm of choice

® Reconstructed jets are made of visible things

® Energy deposits in calorimeters, but jets deposit energy
through strong interactions — large invisible fraction (in
nuclei)

® Charged particle tracks: can have “track jets”, or use to
improve calorimeter energy measurement

® Intrinsically, jet energy resolution is limited by fraction
of neutral hadrons depositing “invisible” energy
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JES in ATLAS

® Jet-by-jet MC correction

® Function of pr, 1

Average JES correction

jetcalib o ,pEM/ Jet,EM __ . jet, EM
pr = 1/R (pr T n) - pr
' pEM ¢ jeLEM
/R (pr",1m)
: . T T T T T T T T T T T 1= 'zl l: _A 1 .1 B T T T LB | T T T T T T
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14, AntiKy, R=0.6 jets = § 108 e Aéditional Dead Material -
n . O Shifted Beam Spot N
B . e 03< nl < 0.8 | gd- 106 4 10% Higher Topo-cluster Thresholds ]
1.35— - . =] 5. " F 4 10% Lower Topo-cluster Thresholds o
E F x 21<hn<28 ; ¢ 104 R —
1.3 . - B e .
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E : ° & 0 98: _+'_ * +—A—_’_ _—:—_++_—:__+ ]
u A O - . — —— ——_o— —
1.2 ATLAS Preliminary o = - ' 3
u : B ° ] 0.96— v
s l\lﬁontelCarI'O (.)C.D.’?t?. Y o ~ ATLAS Preliminary Monte Carlo QCD jets 3
. 2 4 2 L L 1 L L= 3 0-94— 1 1 1 1 1 11 1 I 1 1 1 1 1 11 l_l
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Quarks and Gluons

® (Quark- vs gluon-initiated jets 5% 55 <pige0 <100 GeV |
| § K n(iet)| < 0.5
® “Gluon jet” energy spread over Bosl - DO data

more particles . " Gluon jets

o Quark jets |

L . =
: 0.2 -
® Standard JES correction based _ Phys.Rev.D65:052008.2002.
[ ] L] s Cl -
on certain mixture
0% 4 & 8

® For different mixture, need to Subjet multiplicity M
A 1Ap —————ry ——————
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=~ 1.04F ——i g i
® Then worry about plle -up e o :
z 004 Y 102E ey .
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® Not many W’s

® Plenty of b’s producing electrons

Electrons

,handful of Z’s in 15 nb-!

® (Can we look at characteristic variables?

14 . 99 .
Medium” selection cuts
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Some Distributions
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“Simple” and Effective

® “Matrix Method”: use TRirac and number of hits 1n
first pixel layer to derive components in data:

N 1 1 1 N
hY. — h Y Q T
A Rl W PR A P A
N 1 i 7
NpLTR €BLETR €BLETR €BLETR N

® Get ¢ and ¢, fromdata  smcprrzremmmmmr s

Lsoonor S

® Hadron-enriched sample 0 o000 Dlronetamcuons 3
300005— 1 s 3

® Other ¢’s from MC o Ju=138m E

. 10000% . _é

® All as functions of pr, 1 e

T ) F T SIS T S B R S T

nBL
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Result

® Can look at any variable now
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Muons

® In the muon system, most tracks are true muons

® At low pT, fair fraction comes from 1, K decays

N 40lllllIlllllllIl_llllllllllllllllllllllll N sol_lllIllllIIIIlll_lIllllllllllllllllllllll_
Q ® Data20100Ns=7TeV) 8 B Data2010 f s =7 TeV) :
2 35 — Prompt MC template e - —— Pion MC template .
8 2 = :
30 o) E |
:>3 \ o F 1
25 a2 =
20 ‘ a0k =
15 E 4
i 20— =
10 [ X
| 10- =
5 ‘ B i
| I
o H o LI ] I-... . an | l+

‘2 ' ’ L [ A
08 -0b -04 -0. 0 0. J4 00 0.8 1 0 02 04 6 .

(p 0 Pus™P, param)/ Pp (pID-p ms P, param) 'p ID

Data control samples selected from J/y, Ks decays
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® Heavy flavor likes the forward direction!

® [LHChb...

-—h
T
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0.8
0.7
8 06
0.5
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0.1
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llllllllllllllllllllllllllllllllllllllllllllllll
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+++1|L

IIIIIlllIIIIllllllllllllllllllllll—

(
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Total uncertainty
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Anecdotes From the Field (11)

® LEverybody wants experimenters to produce results fast

® [ ots of pressure in the early days of LHC...

=LIIEUN] 2R B T IR WS IR IR U (LS LT R
ATLAS Preliminary -

—
o
o
T

\s=900 GeV

—
Q
=N
T T 11T

Events / 1 GeV

—
o
w
UL

e Data
[ ] MC MinBias

—
o
™o
L

10E

20 25 30 35 40
EMS [GeV]
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Anecdotes From the Field (11)

® Everybody wants experimenters to produce results fast

® [ ots of pressure in the early days of LHC...

GEANT bug <

T I S R | I L L [ lllllllllllllllll

> [ | |
S 1oL ATLAS Preliminary
~ \'$=900 GeV :
51045 B
e Data

H 103 - [ ] MC MinBias -
10°E =
10 3
168 T + E
B[ | ] I | I | 1 1 1 | [ IIIIIII ,—i | I | [ ] e | -

0 10 15 20 25 ot 35 40

ET™* [GeV]
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Anecdotes From the Field (11)

® Everybody wants experimenters to produce results fast

® [ ots of pressure in the early days of LHC...

> SNERS LN EEECS WEEEN EENN RN BRREN EEES
S 1oL ATLAS Preliminary
E E \ =900 GeV
5108
Lﬁ E e Data
10° [ ] MC MinBias Cosmics
10°E
108
GEANT bug <« :
1E
IIIIIIIIIlIII I|ll||lllllll|

0 5 10 15 20 25 30 35 40

® Sometimes, it’s better to take the appropriate time to
investigate

Gustaaf Brooijmans Cargese 2010 49



A Challenging Search:
The Higgs Hunt at the Tevatron




® (Data taking efficiency 1s ~90%)

SM Higgs production

Producing Higgses

® Tevatron experiments currently have ~8 tb-! of data
on tape

LI I | LI LI I L I | LI I L} L LI I T LI LN B | I LI} LB LI |

03k T Il
. WH
10°F E
b—H =
10 = R qq — ZH -
TeVALHC Higgs working group I
1 11 l 1 1 L1 1 l 1 1 1 1 I L1 1 1 L1 l o | 1
100 120 140 160 180 200

m, [GeV]

8000 events
(x many
efficiency
factors)
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114 GeV/c? 2Mz

(LEP2 limit)/\l |

............................................................
.................................................................
......................................................

-
-------

Branching Ratio (Higgs)

% "'s.,‘é
% 9 ",
P N 2 N

200 300 400 500 1000
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= >
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Search Channels

® Hadron colliders

proton - (anti)proton cross sections

® bb production ~9 orders of
magnitude larger than H

® go — H — bb swamped

= At low mass look for pp — -
WH or ZH — W/Z bb b -

cjm(ETj*‘ > 100 GeV)

® With leptonic W, Z decay, so #
of events /~50!

® At high mass, gg—H — WW

R S|
10 cm”™ s

events/sec for L

accessible 1f at least one W decays
leptonically
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Dilepton + MET

® “Golden” channel:

@ Main background Z — £.2 also a great reference signal

® “Easy” to suppress using MET, angle between leptons, ...

105?"|"'|"'|"'|"'|'"|"'|"'|"'|"g 8 E"'I"']"'I"'I‘"I"'I"'I"'I"'I"'E'
= DO Preliminary 3|7 £ 10°E D3 Preliminary _|
F Runll, 4.2 fb 1| — c B Runll, 42" =
10° H-oWW-oee T3 Zoee 10° H—- WW - ee I
3 B il (] g
10 E? ?§ diboson 103 E:
102 o (mm , T
= Wijets/y 10 = E_
10 EE [ multijet 10 E_ EE
1_? [ | 1E g E—
= ttbar il =
[ — = —I-—|. ]
10" 10‘E ‘H.
e (H+X)%10 M, =165GeV,
E. L o LT | et | L l Sy | L l L _.“ [l L) I Yy l ey l 11 1 l 11 1 I yesy l 1 1 l l 1 1 L L
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 20C

M [GeV] ET**[GeV]

nv
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Angles

e InZ — .2/ (and djjets faking leptons), leptons Spins
AA

preferentially emitted back-to-back
v
® In Higgs decays, W+W- spins back-to back, so charged 4
leptons 1n similar direction! (One LH, other RH) \A

® In Z, smallest transverse mass tends to be small

— T I | I T T T T | T T T T | T T T T I — : 5 I I ! ] ! 8 ! I ! . ! I i ) y
E | - data | 10
10° = = [ — ;
E S (] 2—>ee 10
104 — = [ | biboson \
= 3 10
103;_ _; w_enu
= El | [ QCD 102
102 - | —
E E _ttbar 10
10 __[:_—'_'_ H,go ZHx 10
1 w = Higy WHx 10 L
o ;g Hyep VBFx 10 10"
E | | | | | | — Hygg = WWx 10
0 05 1 15 2 2.5 3
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Preselection

Final state

Cip,

[

fif

lepton 1D, leptons with opposite charge
and ph. > 10 GeV and p7 > 15 GeV

. Pre- . : R
Cut 0 ~ i s invariant mass Mg > 15 GeV
sele ) : D . . . y
pp: njer < 2 for pip > 15 GeV, AR(u, jet) > 0.1
and ph. > 15 GeV for the leading pu
Cut 1 Missing Transverse Energy K, (GeV) > 20 > 20
< ) Sceled - -
Cut2 KE_ > 6 > 6
Cut 3 M/ ((ET) (GeV) = 20 > 30
Cut 4 Py (GeV) for njee =0 > 20
B (GeV) for njee = 1 > 20
Cut 5 Ag(L, 1) < 2.0 2.0 2.5
. _ eu, all cuts
2 B 1 1 | T T 1 ] @ SRS B LY HEREE s N
= —e— data 5 102 exce t A .| data
50E ee, all cuts F|[z-ee i f P | ez
K except MET J/Eoesr o S| il
10— — w_enu 10 o] | s H,g — WWx 10
B ] [[Jaco 3 |emms vEE < 10
. jo- | e
g Hygp ZHx 10 . ;7E'Eé DDiboson
J e e HygoWrx10 n = [ wsetsty
107 = Hygo VBFx 10 10" T EIL— DQCD
| _ w— Hygo = WW 10 ! : % Dnbanncl
0 20 40 60 80 100 120 140 160 180 200 0 05 1 15 2 25 3
EM5[GeV] Ad(eq)
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Multivariate Tools

® After preselection, S/B not good (~1/30, 1/50,
1/1000 1n ep, ee and pu final states)

® Use multivariate tools to exploit correlations
between observables for S <= B discrimination

e In the dilepton + MET (H = WW — /v./v), use
neural nets

® MC samples divided in 2 for training/testing

nidden layars

input layer .
@) St ke é,‘_ FENN cuts [: background
perceptron A\ N/ :
A% :: Nk A =
WY m e e \Substltute discrete
PO B 8 RN ; ® selection with a
. = /A U :(> continuous one
o i over multiple vars
¢ “\""r {y -
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Variables

Only accept variables that are well-modeled!

NN Analysis Variables

pr of leading lepton

pr of trailing lepton

Minimum of both lepton qualities

Vector sum of the transverse momenta of the leptons:
Scalar sum of the transverse momenta of the jets:
Invariant mass of both leptons

Minimal transverse mass of one lepton and K.
Missing transverse energy

Scalar transverse energy

Azimuthal angle between selected leptons

Solid angle between selected leptons (e only)
AR between selected leptons (ep only)
Azimuthal angle between leading lepton and F
Azimuthal angle between trailing lepton and ..

pr (1)

pr(l2)

min(qe1, qe2)
pr(l1) + pr(£2)
Hr =), |pr(jet;)|
Alin\f(flf {2)

_,7\[:;17"i"’
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%) B L BLELELE ELELELE BUSS A
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10? 17 3
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E
E
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LA B S e B
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1
N

Events / 0.05

NN Outputs
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L ZRAMNRAANRRARY

)
OO

LT
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AV

lIIIIlI

f

—+- Data - Background
[] Higgs Signal (MH=165 GeV)
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Systematics Profiling

® Systematic uncertainties are propagated through the

ful

1 analysis chain to the NN output distribution

E.g. we repeat the analysis with jet energy scale shifted up
& down by 10

Some systematic uncertainties affect shape (jet
reconstruction efficiency, energy scale and resolution,
boson p! distributions), others only normalization (lepton
reconstruction efficiencies and momentum calibration,
modeling of multijet background, theoretical cross-sections
and luminosity)

Systematic uncertainties are treated as nuisance parameters
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Systematics Profiling

® Nuisance parameters tend to be correlated, but not
100%, among backgrounds

® (an aftect rates, shapes, or both (in any distribution), and
often asymmetric and non-gaussian

% B ¢ Data
L [ Signal
50 [ ] Background 1
C [ ] Background 2
o [oy Example
30—
20—
- slgnal Shape Systematic Bkgd 2 Shape Systematic
i o g 08 N
10 — Positive s F — Positive
s : £ ol ;
_I eyy I Eysyy I 11 1.1 I Jeysy—y I ey I Jeysyey I LIl L I ey I ey I 111 1 I _NegatNe : ~ —Negatlve
% 01 02 03 04 05 06 07 08 09 1 3 02f
Final Variable é C fﬂ
0 N 0 :—_.—
-0.2 0.2 _‘—\_‘_‘_\“_‘_\_
-0.4 0.4
L R % B ¥ S-S Y s 2> xS L e S R ¥ S X B T R A R T
Final Variable Final Variable
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® (Can generate pseudo-experiments (events in bins
according to poisson), then for each experiment vary
nuisance parameters

® Variations in background (& S+B) prediction

® (Compare results to data using log-likelihood ratio

® So we can maximize likelihood ratio as a function of
nuisance parameters — constraint them

® [.c. use full shape of distribution(s) to see which
background uncertainties are over/underestimated

® Of course limited to size of statistical fluctuations

® (Can remove bins with large S/B if needed

® Mostly important if uncertainties lead to similar shape distortions
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® Test example:

® Data constructed to disagree with background-only
hypothesis (wrong estimates for background uncertainties)

® But to agree with background-only better than signal+

background
® Improvement quite spectacular (but by construction)
[(S<BFit Errors | [ Systematic Uncertainties Per Bin (%) |
C o ——
= | — Collie B-Only =
1.1
= | — Collie S+B |- p———
= — MINUIT — 2F  — Bigd-Only Fit
0.9 : I 10 w—— Signal+Bkgd Fit
: e
0.8
E 6 __—a—l_
0.7E 4 U
0sf 2E e
o El T X oo TgRwe  Sgnaw 0 ) X ) L 1 L 1 )
Bin Index
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Dilepton + MET Result

® Present result as a 95% C.L. limit 1n units of the SM
Higgs production x-section

Phys. Rev. Lett. 104, 061804 (2010)

c% ¢) — Observed Limit
= DG 5.4 fb! —-Expected Limit

‘g I Expected +1 s.d.

- Expected £2 s.d.
-

O

N

un

N

Standard Model =

120 130 140 150 160 170 180 190 200
my (GeV)
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http://prl.aps.org/abstract/PRL/v104/i6/e061804
http://prl.aps.org/abstract/PRL/v104/i6/e061804

Wil and the Higgs

® The final state consisting of W + 2 jets 1s critical

® Atlow mass (WH, H—bb), they’re b-jets with mp, = mp

® At high mass (H=WW), mjj; = mw, mww = mny

® But dijet mass resolution 1s so-so:

7
2 [ Le27m w
2 600: D@ Preliminary ata

w B [JW +jets

500 ] multijet
- I3

CJwob

D other

OwHx 10

400

And lots more ¢ o
background! "

2001

100F

00-“ 50 100 150 200 250 300 350 400
DiJet Mass (GeV)
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Sample Composition

® After preselection, low S/B allows to verify shapes of
dominant backgrounds

® For WH, first before b-tagging, then with 1 tag

® Determining the sample’s composition

® [.c. which processes contribute, and how

Increasing difficulty

o
v

Diboson from MC simulation (usually small, + “trust” MC)

Top from simulation (relatively small @ Tevatron)

Z+jets from data & MC (“easy’” to get a clean sample, correct MC)
QCD multijet from data (no choice)

W + jets from MC, but ....

Gustaaf Brooijmans
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Generators Used

® We use four kinds of Monte Carlo generators

® “Calculators” (often NNLO) do not actually generate events,
they just calculate some (limited) distributions, like W pT

® Traditional 2 — 2 generators: LO, e.g. qq —= WZ

® Include parton shower, 1.e. QCD radiation, and hadronization to jets
® “Matrix Element” 2 — n (n<9): LO, e.g. qq — eVjjj]

® Necessary to generate events with multiple hard jets

® Require matching to parton shower to avoid double counting

® NLOWPS 2 — 2 generators: include NLO corrections

® l.c.in asense they are 2 — 2 & 3 with virtual corrections

Gustaaf Brooijmans Cargese 2010
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Correction Factors
® Of course, the ME’s are LO, so “K-factors” needed

® Different ones for heavy flavor etc..... convention to
avoid confusion....

e K-factor i1s pur t‘h theoretical. and denotes a (N)NLO/LO ratio of cross \\cﬂ%

¢ K’-factor is also theoretical, and denotes a (N)NLO/LL rati ﬁ\% sections.
According to Steve, ALPGEN cross ss<mns ‘FN

* S-factor is empirical, and comes on »f I I<” to bring MC in agreement
with data. MC should ke ihi la alized to luminosity, and all
correction (a.k.a. sca s should be applied (trigger, ID..

e HF -factor 1s, 11 Qqﬁ' theoretical, but in practice only theory inspired.
how much heavy flavor production should be increased,

adé- top of K or K’, and possibly S;

\(\ S_HF-factor is empirical, and comes on top of K or K’, S, and HF, to bring MC
in agreement with data, after b-tagging.
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Anecdotes From the Field (111)

® Pile-up events (“minimum bias”)
do produce jets

® At high &£, require that tracks

pointing to jets originate from
same vertex as lepton

® High n excess disappeared!

® FEta-dependence of jet-vertex
match turns out to have shape very
very similar to excess

® After correcting for this, excess 1s
back....

3000

Events

2000

1000

L=1.71fb" W +2jets
. D@ Preliminary e Data

[ W+ jets
Blaco
[ |SM bkgd

n of Leading Jet
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S0...

2 ool L = 1.7 16" W+ 2jets
® After all K/K’/S/HF-factors and 2 | perreliminary Bl
I DW + jets

boson p! reweighing:

Blaco
[ |SM bkgd

2000(—

1000—

® Similar angular differences between
generators: reweigh alpgen to sherpa

n of Leading Jet

04 | | | | | | |
s 03 @ esdmial 1 o Alpgen, MadEvent,
:t; - Al :'5 5 C : I
: °2F Arﬁglgg ______ g o Helac with MLM,
= o+ - .
= oy MadEvent - 1 = 04 1 Sherpa and Ariadne
I Sherpa i l .
A = ———— 83 = with CKKW
:8:% j E :8:3 5 ] ] h_-TFﬁ-'—f;r;—r“! | ] : matChing
2 15 1 05 0 05 1 15 @ 2 15 1 05 0 05 1 15( 2
1 arXiv:0706.2569 N2
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® (Can get a clean sample, check if our simulation reproduces

the data

~expected
deviations

Need
reweighing
of MC

> 15D Run I, L=1.0 fb' B8 Data
(\5 - —— NLO pQCD + corr.
i =i 74

\'8/. T llR"“F‘MZ@pT
N | r 3 86.6M PDF
© -1}— @
B10 = ']

= e @ V4
= "¥'| , @ p;

k CTEQ6.1M PDF

10%F
C ZIy(—= ) +jet+ X
- 65<M,<115GeV, |y|<1.7 R
Cme_o 5 p'e' >20 GeV, |y*|<2.

25 ll L l llllllllllllllllll[lllllll
-‘% ' -+Data/ALPGEN === SHERPA / ALPGEN
C | — NLOpQCD/ALPGEN sssees PYTHIA / ALPGEN

2r X2 Scale and PDF unc.

1.5_—

-—h
AN

-y
o

IIIIIIIIIIIIII

do/dly™| (pb)

— D@ Run II, L=1.0 fb'

]
=
=
-
o

- ZyM (> ) +jet + X

_65<Mlu<115GeV Wi<17 %
coqe_os p""‘>2o GeV w |<2.8

—4— Data
—— NLO pQCD + corr.

Hp=He= M, ® pﬁ

CTEQ6.6M PDF
===+ ALPGEN
Hp=H= M, ® p1z'
CTEQ6.1M PDF

(@)

&
-
@
L]
LS
-y

Ratio

- + Data / ALPGEN
- — NLO pQCD / ALPGEN

Rel) }Q Scale and PDF unc.

=== SHERPA / ALPGEN
PYTHIA / ALPGEN

0.5 ""55""40 60 80 100 120 140 460 180 200 0
p? (GeV)
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WH Before Multivariate

Exactly one electron or muon, p' > 15 GeV
MET > 20 GeV (25 1if “forward” electron)

2 or 3 jets, p! > 20 GeV, leading jet p' > 25 GeV
H' > 60/90 GeV for 2/3 jet events

VeIl

600:— L=27fb" W + 2jets / 1b-tag *2 é L=27fb" W + 2jets / 2b-tag
" D@ Preliminary ® Data ® 9% Dy Preliminary ® Data
500 LW +jets w 80~ [JW +jets

B B muttijet - B muttijet
13 : 70F B
g BSW’B Analyze single o 83%
other - other
Elvxt/Hmo and dOUbIe 505 Elv:/wa
300— -
; tagged samples
200 separately s
- (I tightor2 = b =
‘ loose b-tags) ' £

:| L]y
% 20 40 60 80 100120140160180200
P; of Leading Jet (GeV)

% 50 100 150 200 250 300 350 400
DiJet Mass (GeV)
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Matrix Element Technique

® Currently yields the most precise measurement of
the top quark mass, also

® Major contribution to the observation of single top

® Used in Higgs searches

® Basically unbinned maximum likelihood fits

® LEvent-by-event measured uncertainties

® More weight for more signal-like event . L
Transfer functions:

® Determine event’s “signal probability’”: generated — measured

momenta
b-tag prob matrix element /
- , - — 2
J e (@m) Mg — 1 — ) y .
E Wi / E dqidga f(q1)f(g2) | 5 | dPeW (z,y; JES)
24192S
perm g1.92.Y flavors
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® (Caveats:

® |.O matrix elements:

"g 1042_ L =2.7 fb™ W + 2jets / 2b-tag
Q = S
: - > DJ Preliminary ® Data
® Require exact number of jets g CJw s jots
. . 10° =3 B multijet
® Evaluation of NLO systematic : I
CJwob
not so easy Bl other
10° = CJwH x 10
® Recent development:
replace madevent with oL
MCFM (NLO) :
® Use matrix element output 3

as an extra input for NN 07

® Boosts sensitivity by 1.05
for WH (equiv. to 10% more
data)

O 02 04 06 08 1 1.

ME discriminant

2
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A Comment

® Matrix element technique was designed to extract
maximum information from limited statistics

® Exploit all the features of every event
® Very CPU-intensive

® Well suited to low statistics, OR poor S/B cases

® But probably not necessary/advantageous for top mass @ LHC

Gustaaf Brooijmans Cargese 2010
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Neural Net Outputs (2 Tags)

» 3500 ] o»n 100
= - L=27fb" W + 2jets c - L=27fb" W + 2jets / 2b-tag
Q B T ()] 5 it
S - D@ Preliminary ® Data S . D@ Preliminary ® Data
|.|.|3000 (W +jets L 80— [JW +jets
- B muttijet L B muttijet
2500 I I
E DWbB - DWbB
5 Mother 60— other
<000F i CJwH x 10
40—
20—
- [ 4 :
o= s
02 0 02 04 06 08 1 1.2 02 0 02 04 06 08 1 1.2
2 b-tag NN output 2 b-tag NN output

® As before, use the distribution to constrain systematics

® Sct limit using the full shape of the distribution

® l.c.nocut: NN >x
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10

95% CL Limit/ SM
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All Channels, CDF + DO

Tevatron Run Il Preliminary, L < 6.7 fh!

= Sl e R R RN R NN N MR B
) LEP EXxclusion; i TFevatron
%10 : " Exclusmn
= 5
)
o
52
Hn
o
1
S e Fr TS S B ;....'1“!""."?"."'5”“ """" Y
100 110 120 130 140 150 160 170 180 190 200
H(GeV/c)

® Average luminosity used ~5.5 tb-!

/29 C
® ~6fb-! for H=WW, 5.5 fb'! for WH, ZH nelsy,
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S0, Physic Analysis

® Start from:

® “How well do we understand data and the SM?”

® How confident are we in corrections we apply?
® Given that:
® Which measurements can we make?
® What do we need to do to improve our understanding?
® Balance the work!

® FEarly, low background searches

® Detailed understanding/verification of SM predictions
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Intermission

® There are a pair of olive trees just below the
cantine’s terrace

® How many olives are growing on them?

® | do not know the true answer
® But there 1s one
® What is your best estimate?

® And more importantly, what is the uncertainty on that
estimate?
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Early LHC Physics Analysis

proton - (anti)proton cross sections

® Need nb-level x-sections e e S

e W — /v=10nb (NNLO) Tevatron | LHC

® 6nb W™ e

+FE 10nb
® 4nbW- : L 0 il

2 [$ > v5/20) p — -
0 1= R b / // o~ ——

.:. l ‘,‘3‘/.'“ -
2 10 —_—
® Z—>1L~1nb(NNLO) T 7~
© 10 ; 1 1
| :’r(rlﬂ = 100 GaV) ><‘
1 N

® top pairs = 0.2 nb 0" ~ L

10" sds P y
® Multijet, pr>300GeV=1  w| oemwns’ /
nb 10” 5".1.7-"\'/' = 150 GeV)] j \\,-\

@ HF,pr>15GeV= 105nb @ ===l

cvents/ser for L=10 em' s
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Electrons vs Muons

® Different backgrounds and momentum resolution
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More Variables!

® Experimental physics relies on using multiple
observables!

® At the cost of “freezing” the event topology!!

® [epton + MET when searching for W bosons

Illllllllllllllllllllll_ > T lllllllllllllllllllll
% —e— Data 2010 (VB=7TeV) ] 0’103 —e— Data2010(E=7TeV) 3
O 104 1 :]W—>ev = = :
0 J L=16.9nb" | 0
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g 103 :IHadrona 2 g
E /i 3 UCJ102§
107 = L
10¢
10 = E
1 + E 1
1 I L1111 I L1 I:
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Optimizing for W
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® Most “fake” leptons are leptons from HF decays

® Usually embedded in a jet, smaller event MET
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Correlations!

® Under a given hypothesis, can exploit variable
correlations

® FEasy for signal, but how well known for background?
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Dessert
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NNLO QCD (FEWZ)
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PR

et
1A
"""""""
L A
Ty

gt
gt
""""""
vt
"
ot

'
. .
""""""""
'
||||||
‘‘‘‘‘‘‘
.
W
'
W

'
L
.l
)
W
.
.l
W
.
W
.

e/C

J L=17nb’ m/O

<wxmses W (D)

\AT 7 \
ess—— |‘pC‘

W

AA g \
| e
W (PP) ®

.‘I. ' \
srmamer VY (DD

-t
ave!
o’
-

-----
.............
"
.......

ATLAS data 2010 N/s=7 TeV)

W= (e/u)v
W™= (e*/u*)v

W= (e/p)v

CDF W= I v

DO W— (e/u)v
UATW—=lv

2 4 6 8 10

12 14

\s [TeV]

Gustaaf Brooijmans

Cargese 2010

88



LHC Reality

® Rather slow start

® But use first data to test
detector performance
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Z. Bosons

® Jets have a harder time faking a charged lepton...
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Still Works!

- ATLAS Preliminary NNLO QCD (FEWZ)
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LHC Reality

® Rather slow start

® But use first data to test
detector performance
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The To uark

® A W+jets process with 1000x smaller x-section...
® Many objects = many acceptance and efficiency factors

e Typical (loose) detection € (in .2 + jets) ~ 10-20%

m muon
Jet 1(b)

Vv
@ W+ H neutrino

antiproton beam proton beam

w9
\/
neutrino YL A ) J
wg ? J? b
electron Jet 2 (b)

Back-of-an-envelope:
200 nb! x 160 pb

x (2/9 X 6/9 x 2)=9.5
x (2/9 x 2/9) = 1.6

to be multiplied by
Eytjets, 40
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Top Candidates

® 200 nb!: 6 lepton+jets, 2 dilepton candidates
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A Candidate is But a Candidate
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New Physics @ LHC
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Not SUSY?

® SUSY theories (and others with full or partial set of
SM-partners) have a number of attractive features

® “Explanation” for low Higgs mass (and sometimes EWSB)

® (Gauge coupling unification (often) st AllanacNet al.

hep-ph/04070

® Dark matter candidate (if introduce a new #
parity, natural in UED, ~ad-hoc in SUSY)

® No new interactions (often) i M '
Q [GeV] ‘9
N
® But answering those questions comes at a large cosge

\
O
® Many new particles, with masses and mixing anglgﬁ‘o

® Need to explain why mass scale 1s so low (%@@1) spin’?
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A Simple Observation
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Higgs and Fermion Masses

® Inside a generation, the more a fermion interacts, the
heavier it 1s

® (Of course, we don’t know that the tT-v; lepton generation
doesn’t really match up with the d-u quark generation,
only hint 1s b-t unification I believe)

= Pattern suggests fermion masses might be related to
a more complex mechanism

® Indirect relation to interactions? (“Gauge mediation?”)

® Higgs may then only be relevant for VV scattering,
relaxing mass constraints, existing limits (no bb!)
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Spin & Mass

® Problem with mass 1s that 1t allows a particle to
change helicity

® And, of course, since parity 1s maximally violated in weak
interactions, this “breaks the symmetry”

® Deeper understanding of spin as useful to making
progress as a Higgs observation

= Scenario of restoration of parity might lead to
understanding of fermion masses

® No necessarily strict left-right...
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Parity

(or: Step-By-Step)
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Parity Restoration: Signals

® Primary signals are (right-handed) W’ (+ Z°)

® Dilepton resonances offer clean signals, well-understood
backgrounds

® At LHC, some concern about extrapolation of calibration from Z
to very high energies

® Electron/muon resolution improves/degrades with p’
® (f decays visible (maybe)
® Vg is presumably heavy, W’ may only decay to quarks

® [f vr lighter than W’/Z’, vg decays become important

® Note: many kinds of Z - recent review by Langacker
arXiv:0801.1345
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7.’ Production and Decay

® Production from u, d quarks
1s dominant at Tevatron/LHC

® (Couplings vary by model

® E.g.for LR symmetric models,
% = gr/gL drives production
cross-section (convolute with
PDFs) and branching ratios

® Deccays somewhat similar to
Z. (but almost no BR to light
neutrinos, decays to top open
up), plot assumes vr heavier

Z'15Tev T. Rizzo, hep-ph/0610104
10 . —55M
[ --psl
i ~.ghi
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7’ — ee

® Most promising channel:

® At Z’ masses, energy
resolution dominated by
constant term

® 10 GeV for1.5TeV electron

® (Could measure width!

® Extend Tevatron reach
(~1 TeV) as soon as
understand data

® Backgrounds very low!

® “Self-calibrating”

ATL-PHYS-PUB-2005-010

'SSM Z',~100 fb!

1 ——  With interf.

[ L —— Withoutlinterf.

10

B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I’ 1
600 800 1000 1200 1400 1600 1800 2000
Mll (GeV)

SSM Z, ~1| fb"!
A

10°=

107

10

600 800 1000 1200 1400 1600 1800 2000

My (GeV)
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‘“Look Elsewhere” Effect

CDF Run I Preliminary
® [f search 1s done by counting e o 7w
experiment in a shifting mass 3" i Baoo
. . < gﬂl a [l Other SM
window, need to factor in “look 3; -

elsewhere” effect (# of windows)

S

® Always an excess if look at
sufficient distributions...

S

S

10

700800900 1000
Miee) (GeVic)

. GlObal ﬁt tO the (DY) Spectrum Probability of the Background Fluctuating to > N_, _

z% 1LCDF Run Il Preljminary

100 200 300 400 500 600

1s another approach § ok

. Let ﬁt ﬁnd the maSS E . Expected Range for Min. Obs. Prob.

® Shape analysis more sensitive e N
10-5;[ Ldt=13fb"

® Need to run pseudo-experiments!  ofem ik

1111 1 1 1111
150 200 250 300 350 400 450 500 550
Di-Electron Mass (GeV/c")
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Spin Determination

® [.ook at angle between
lepton and beam direCtiOn B. Allanach et al, JHEP 0009:019,2000

=1.5TeV, 100 fb"!

—r
(=]
L

® Spin 1 particles tend to emit
leptons closer to beam

Events/0.2
=

—t
N
L

® Plot is potentially o)
optimistic: sensitivity is in : .
the forward region where A
lepton identification not | RS Gravitons
nearly as efficient or pure o A "

cbs(@*)
® But for heavy resonances
decay products are central...
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2’/W’/q" — ]]
® In the dijet channel, the backgrounds are obviously

much larger

® But not necessarily unmanageable: D@ published a Run 1
search for resonances in the dijet channel

(PRD Rapid Comm. {69}, 111101 (2004))

o b) GE/E=SO/NE®2% b) OF/E=50/NE®2% o @ee
e Vi .
S | Dijets
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| ot B
f e © 45"
[ . o e
- :..: i
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Angles

875 GeV < m;j< 1020 GeV

CD ¥ q
8 _
©
%02 ¥
10° -
%= L
2 1\,
ATLAS Preliminary ATLAS Preliminary
[ T

L B B S B
i _|11j1|,|1]j2|<2.5 ]
ar - I, 1<1.3
C s Il]j1|,|111.2|<0.8

® High mass object — large
boost — central

___________________________________

® But background dominated by
QCD “elastic” scatters and
larger angle = higher mass e ST I |
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ATLAS Searc

= .
. oo o ATLAS Preliminary
® [.ook for bump in mj; i 1o -
- \s=7 TeV ]
. Data[Ldt=61nb"' -
. . 10% . i =
- > Flt 3
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105— —g
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7’ — VRVR

® If vr 1s lighter than m(Z’)/2,
decay Channel Opens up R N ATL-PHYS-2000-034

—TE 80
® VR subsequently decays to = 20 /

7! — quarks

IWR™ (assuming Wr is N o
heavier than vg), leading to | - —
signature with two leptons |
and 4 jets

00‘ 005 \015 02 025 03 035 04 045 05

® Or other combinations 1f mN/m(z)
m(Vr’) < m(Vr), for example If VR is light, lepton
more leptons and jets collimated

® Since vgis majorana, can get |§ptons eml?edded
same-sign leptons! in merged jets
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7’ — VRVR (2)

® Backgrounds include tt, ZZ, ... + jets, but also Wr!

80
rATL-PHYS-2000-034

Reconstfuction

of VR (ejj) and
Z’ (ee€jjjj) masses

m(N) in TeV/c’

=
n

[

0.5

0

Discovery Potential

\

ATLAS, L., =300 fb™
m(N,) =m(N,) =m(N,)

| NOT ALLOWED

- m(Z') <2m(N,)

2 isolated electrons + 4 jets /

2 jets with EM activity /

ATIT"P\HY‘S‘TZ\OPQTQC}"T A \

1 1.5 2 2.5 3 3.5 4 4.5 5

L
5.5

m(Z') in TeV/c’
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W’ Production

® W’ production rate not very T Rizzo, hep-phi0704.0235
e Y [rrrrr T
dependent on couplings ] e
: : s wF — VA
® But interference with W d
important (and not in most 2
experimental studies)! A "
100 Lo |
® Key in identifying W’ MGV

6000

coupling helicity in fact

® (This plot is for e+MET
transverse mass, which may
not be a signature)

5000 |
4000
3000 [

2000 |

EVENTS/BIN /300 fb~*

1000

1 1 + ]
500 1000 1500 2000
M (GeV)
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, 1 g7 ! P — s
“)‘]’ T !!!1»'(]}2! :ﬁlsﬁﬁﬁ“ww;?/& ;
’ 10" F 3
‘ SSM W o Signal+ i{l
B0 E.... Evsumatar | —z
® “Standard” Mr plot e |
TIRES et
® Discovery reach ~4.5 TeV ﬁgal,:-”;ev; 5
: - [TeV]
with 10 fb-1 CMS TDR ki
® Similar reach with
electrons >
Q)
® Note very different §
resolution effects in Z|2

electrons vs muons

® Decay does not necessarily 10°El .
. 0 1000 2000 3000 4000 5000 6000
exist! M. [GeV]
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W’ — WZ

® Require at least one of the W,
Z. to decay leptonically to
suppress backgrounds

ATL-PHYS-2001-005
300 fb-!

10°

background

signal + background

10 4 M,,=0.5 TeV

103

M,,=1.0 TeV

® Then use mass constraints to
improve S/B further

102

Events/ 3 years / 35 GeV

10 M,,=2.0 TeV

® (Cleanest channel is obviously b
when both decay leptonically ) |
(but BR Only 14%) - 1000 2000 3000

Transverse Mass (GeV)

® LR model study by ATLAS -Trileptons at low mass

® (Also a technicolor signature, -Lepton(s) + jets for
probably at lower mass) high mass reach
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W’ — WZ (2)

ATL-PHYS-2001-005

® [f allow one boson to
decay hadronically,
higher BR (4.6/15%)
but higher
backgrounds

® Hadronically decaying
boson has large boost,
so jets are merged —
rely on jet mass

® W/Z + jets background
not well known

450
400
350
300
250
200
150
100

50

events / 2 GeV

(o)

40

< 2500

& 2250
O 2000
( 1750
0 1500
§ 1250
o 1000

750

500

250 f=rer

60

200

400

‘600
pThdd ( G ev)

>

2 Ge

. 1000 |

800 |

events

400 |

200 |

O 1200 |

600 |-

40 60 80 100 120

M,™(GeV)

(d)

250 500 750 1000 1250
M;*(GeV)
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W —tb

® ATILAS fast stmulation
study

® Use of very high p! b-
tagging

® B meson decays outside fir:

pixel layer!
® High p! top (more later)

® Overall, could already

make a (BR) statement
very early on

® [mportant clue!

events/40 GeV/30 fb ™

ATL-PHYS-PUB-2006-003
W, —1b
|:| signal
[ total backg
[ reducible backg

30 fb!

800

E{I{I 600 800

1000

1200 1400 1600

My

1800
GeV)

Note: This is for WH
from Little Higgs
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E X O ti c u a r k S ATL-PHYS-PUB-2007-012

= SM background
==== Signal 800 GeV

— N\ 21+ 2j+ MET channel
(Z = w)

® In most cases, existence of
a /.’ requires existence of
new fermions to cancel
anomalies 4

Events/100 fb'/20 GeV
(=]

® Exotic leptons or quarks

TS S
00

M,. . GeV

Z,jet

® (Quarks could be pair-

222: - 800 GeV 2222 -
produced, then decay ¥ 20 24 4jchannel 20

2
217.5

P,et>100 GeV

/20 GeV

P.ler>30 GeV

s 15

e D—/d, D—=Wu £12.5 =
a 10 =

. 7.5 =

® Then require one or both "5 3
25 - =

W/Z to decay leptonically

0 500 1000 1500 2000 0 500 1000 1500 2000
Mass (Z(1l) jet), GeV Mass (Z(jj) jet), GeV
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Gravity and Hierarchy

(or: Out of This World?)
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Extra Dimensions

® A promising approach to quantum gravity consists in
adding extra space dimensions: string theory

® Additional space dimensions are hidden, presumably
because they are compactified

Source: PhysicsWorld

® Radius of compactification usually assumed to be at
the scale of gravity,1.e. 1018 GeV

® In 90 Antoniadis realized they may be much larger...

Phys.Lett.B246:377-384,1990
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66ADD99

® “Large extra dimension”
scenario (developed by Arkani-
Hamed, Dimopoulos and

Dvali):

® Standard model fields are ;‘Jj G
confined to a 3+1 dimensional % .................................
subspace (“brane”) 5

® Gravity propagates in all
dimensions Bulk

® GraVity appears Weak on the Drawing by K. Loureiro
brane because only felt when
graviton “goes through”
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ADD Signatures

® Edges of extra dimensions identified

= Boundary conditions
= Momentum along extra dimension is quantified
® [.ooks like mass to us
® Very small separations — looks like continuum

® (alled Kaluza-Klein tower

® Coupling to single graviton very weak, but there are
lots of them!

® [arge phase space — observable cross-section

® Impacts all processes (graviton couples to energy-momentum)

Gustaaf Brooijmans Cargese 2010
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® Consider processes that involve the bulk (1.e. gravitons)

® Translational invariance is broken
= Momentum is not conserved ...
® ... because graviton disappears in bulk right away
® Look for p p — jet/photon + nothing (i.e. Er), or

deviations 1n high mass/angular behavior in
standard model processes

® Graviton has spin 2, couples to
energy-momentum!

® [.imit size of ED at ~1 TeV
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Jet/Photon + Graviton

LI LI L L L L L L LN BN B B
ooils -1 -
ok CDF Run I Prellglyn;i:'\,f.o fb | Jet/PhOtOn + MET
E T Woelut—y ; o o o
c sty Combined Limit
& [ Nc/);-Clollltsu)/n, |
= ~ W/Zy, lost e/u/t |
2 — ROD a0 To (Based on event
O 10
> = 7 °
T - |
: e //// counting only)
: I T T | ]
:_u A |y | o | sy L g e J e | Ho . ]
40 60 80 100 120 140 160 180 »1g0 ~ __ 1:Bp=s==eeeeeees; CEFRun|LFrelmmary” —
Photon E; (GeV) %J I CDF Jetly + 7
e T EERTT FHT N7 FIMES GRS ED HE T t1_4 —CDF“{“'ET(ZOfb)—
102 il CDF Run Il Preliminary, 2.0 fb — - I CDF Jet +E; (1.1 fb ) ]
Zy, Z-vv | e -- LEP Combined -
B Woelu/t—>y ] = 1.2 - -« «ccocacne ]
7y, losty 1 _ i
= I Non-Collision 1 ) i
@ Wizy, lostelws - 3 _
@B — ADD n=4 m=0.8 TeV =
cC - —
e ©F L | £ os
L B / y ’
| T
L / 0.6
Z 2 3 4 5 6

Number of Extra Dimensions

| Lo ferine e
60 80 100 120 140 160 180 >180
Missing E; (GeV)
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Dielectrons and Diphotons

> -
o - g ~Data
o 10° 19) GGG —Total background
RN & --LED: M =1 TeV
g W .,  --LED:M =2TeV
s D@, 1.05 fb 7 Drell-Yan
Diphoton
10 Multijet
. P e R
L SN ———— %- 3
10° =
200 400 600 800 1000 )
di-EM Mass (GeV)
S 9000 = S (a)CC-CC . II\)nata" 2
4 E — Total Background
W 7000 --LED: M, = 1 TeV
6000LE- -.LED: M, = 2 TeV 1.5
5000 1
z DO, 1.05 fb 1
4000
3000
2000
1000
= | | |
% 0.2 04 06 0.8 1
lcos(6 )]

~10% of sensitivity

from angular distribution

IIIIIIIIIIIII

' |DO PRL 86, 1156 (2001)
--expected limit

—observed limit

D@, 1.05 fb'

4 5 6 7
Number of Extra Dimensions (nd)
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Warped Extra Dimensions

® “Simple” Randall-Sundrum model:

® SM confined to a brane, and gravity propagating in an
extra dimension

® As opposed to the original ADD scenario, the metric in
the extra dimension is “warped” by a factor exp(-2kr.})

® (Requires 2 branes)

-
*
-“‘
.

amnm _: &—»

Xz

(<
2 (0(\
o \Y
(\o‘(*‘o o
o\ Drawing by G.
Landsberg
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Graviton Excitations

® In RS, get a few massive graviton excitations

® Widths depend on warp factor k

® Mass separation = zeros of Bessel function

= Smoking gun!

(BRs also different
than Z’:
e.g. vy allowed)

do/dM (pb/GeV)

10~2

104

106

10~8

1010 L

I 1 1 T I T T T T
Davoudiasl et al.

I L
., PRD63

|

075004

I
2
s L

001
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= 10
() —— Data
(3 10° 3 [ ] Instrumental background
; A = Total background
= L\ N — Signal: M=300,450,600 GeV, k/M,,=0.01
s 105
° B DY 5.4 fb”
g 10'E &1|_|_
iz E
10%E ‘ (b)
103:. | T L g rT E o
200 400 600 800 1000
M,, (GeV)

Dielectrons/Diphotons

D@, Phys. Rev. Lett. 104, 241802 (2010)

x 0.1

==

'50.09

0.08
0.07

excluded at 95% CL /
expected limit /
DO PRL 100, 091802 (2008) | r~

0.06
0.05
0.04
0.03
0.02
0.01

P A

I\”lllllllllllllllllllllllllIlllllllllllllllll

DO 5.4 fb

llllllllllllllllllllllllllllllllllllllllllllllll-

0™"300

ol b by v b b v by v by a4
400 500 600 700 800 900 1000 11(
Graviton Mass M, (GeV)

® Scparate dielectrons from diphotons:

® Targeted background rejection yields better limits

® Diphotons more sensitive
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Hierarchies

® Physics on a curved gravitational background:

UV brane — &

L

\

k is the spacetime curvature

.

“=="- IR brane

V

y=20

y=1L

® Scales depend on position along extra dimensions

® UV brane scale is Mp; =2 x 1018 GeV

® IR brane scale is Mpekk ~ 1 TeV if kL ~ 30

® [f were to localize Higgs on IR brane, naturally get
EW scale ~ 1'TeV (from geometry!)

Gustaaf Brooijmans

Cargese

2010

128



Flavor

® Interesting variation has fermions located along the extra
dimension

® Fermion masses generated by geometry

® Heavier fermions are closer to IR brane, and gauge boson
excitations as well

® Gauge boson excitations expected to have masses in the 3-4 TeV range
(bounds from precision measurements)

® Couple mainly to top/W/Z (!)

® Flavor changing determined by overlap of fermion “wave
function” in the ED

® Nice suppression of FCNC etc.
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Gauge Boson Excitations

® Excitations of the gauge
bosons are very promising

B. Lillie et al., JHEP 0709:074,2007

' M | | 2Tev
channels for discovery R
. . . 107° B
® Couplings to light fermions
10 F 0 ERgiade
are small S I
® Small production cross- 10° b
sections ol S 1111 s
1070 |
. Large COUpllng tO top’ WL, 1000 20IOO SOIOO 4OIOO 50I:00 6660 70|00 é8(-)00
ZL M, (GeV)

® [.ook fortt, WW,ZZ
resonances (that can be wide)
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New Experimental Phenomenology

® Possibility to produce heavy
resonances decaying to top
quarks, W and Z bosons

® Heavy objects with momentum >>
mass

® Decay products collimated

® For leptonic W/Z decays, not a big
1ssue since we measure 1solated
tracks very well

® But hadronic decays lead to jets,
which are intrinsically wide

“particle jet”

“calorimeter jet”

“parton jet”

Gustaaf Brooijmans Cargese 2010
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To uark Decavs

| dR b-W vs top pT | drbWvth

Entries 208914
® Simulated d ; " g
imauilate ecays. e RMSx 3039

3 RMSy 0.7763

® dR =V(AN? + Ad?)
2—
® Typical jet radius ~0.5 15
1=
® [HC calorimeters have 05 )

graIlUIaI'ity O 1 X O 1 or G e 'ioooGeV

better | dR qq (from W) vs top pT | Entr;’e':q‘;%‘uﬂ

3.5~ Mean x 470

H Meany  1.171

L RMSx 3045

‘ FOI’ tOp pT > ~3OO GeV 3; RMSy  0.8075

25

® dR (qq’ from W) < 2 Rjet i

1.5

® dR (bW) <2 Riu 1

0.5

Jilllllllllllll 1

® (No i1solated lepton!)

11 I I VRTESE I 11 1 I IS l 1 1 1 I 11 1 I L1 1 l L1 1 I L1 1 I Lol
200 400 600 800 1000 1200 1400 1600 1800 2000
GeV

o
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ATLAS Study

® (Can we distinguish hadronic & semileptonic decays
of high pr top quarks from light/b jets?

® Develop tools and evaluate efficiency/rejection

® Use fully sitmulated samples of:

® 7/ — ttevents withm(Z’) =2 and 3 TeV
® Yields top quarks with 500 GeV < pr < 1500 GeV

® (Not many in “transition region”: 200-600 GeV)

® QCD multyet events with 280 GeV < pr < 2240 GeV

® Generated in 3 bins of pr
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Fully Hadronic Decays

® Decay hadrons reconstructed as a single jet

® But even if 1t looks like a single jet, it originates from a
massive particle decaying to three hard partons, not one

*»_ Drawing by F. Krauss

® [f I measured each of the partons in the jet

CREE e
pertectly, I would be able to: o Toe Wl shpgl
o W X l_ = <K 2
TP 9.99 ° . - e d® e " T L
® Reconstruct the “originator’s” invariant mass_ .o, “\,:,._,- P
pas X P @ e+
. f o
® Reconstruct the direct daughter partons ey, f » ey
o NP | o
.. o - * 8- i
® But S Nt e °
..J..Eé . F st . :‘
® (Quarks hadronize — cross-talk il 5 ‘ -
o\ W
® My detector can’t resolve all individual  Au T e i
hadrons Ty X A
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et Mass

® Jet mass: invariant mass of all jet constituents

® In principle, = top quark mass

Jet Mass vs pT
400

350

300

..........................................
.......
----------
-------------
--------

250

200 cEE e

'
............................
-------------------------

150

100
E' '
5oL ST
gl AR ATLAS Preliminary

lllllllllllllllllllllllllllllllll
. 400 600 800 1000 1200 1400 1600 1800 2000
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Subjets

® Jet mass 1S not sensitive to structure

® Can’t tell whether a jet 1s 1sotropic or not

® Expect “blobs” with higher concentration of energy
for jets from top/W/Z decays

-Small Jets
inside

0.4 Topo

® Multiple ways of exploiting this....

® This study: kr splitting scales
J. M. Butterworth, B. E. Cox, and J. R. Forshaw, Phys. Rev. D65 (2002) 096014

Gustaaf Brooijmans Cargese 2010 136



kt Splitting Scales

® kr jet algorithm i1s much better suited to
understand jet substructure than cone:

® (Cone maximizes energy in an 1 X ¢ cone

® Kkt 1s a “nearest neighbor” clusterer

Cone
yy=min(ELE; )0, [p7 .,
Y scale =\/p,2,(].et)°y2
® Can use the kr algorithm on jet
constituents and get the (y-)scale at which
one switches from 1 — 2 (— 3 etc.) jets %
T

® Scale 1s related to mass of the decaying particle
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Subjets in History

® Ject shapes and number of subjets

~12 T T 1T =
= i Et greit > 8 GeV g >§
1 r Nereit < 1.5 = o \":%
- Y A = |
. . . -
06 E . inclusive k| ]
I e Hidata ]
04 [ 4 — LEPTO (all jets) ]
o --- LEPTO (quark jets)
S A LEPTO (gluon jets)
02 ¢ -+~ LEPTO (all jets before
i hadronization) ]
O 1 | 1 | 1 | 1 | 1 |
0O 02 04 06 08 1
r/R
™ TTTTTTTYT l T™rrry T TTrTT I TrTrryrr—Tr—v I TIro)
- e ZEUS 98-00 vp (a) 4 o
— PYTHIA
ﬁlum s
i - Guarks ]
i e ]
p —-_----~--.. o
B R 1
! E-.if‘ =17 GeV |
! Hadron level |
LA A Aaldad l V.- l AL L l A AL - l AL A
-1 0.5 0 05 1 1.5 2 25
jet

- n”"hjt'l('vrmz 10 ) >

5

Nucl.Phys.B545:3-20,1999.

Nucl.Phys.B700:3-50,2004

1 r 1
L e Hidata
C . — LEPTO (all jets)
- --- LEPTO (quark jets)
: ® LEPTO (gluon jets) .
C ™ --- LEPTO (all jets before]
N 5 hadronization)
g . H1 -
i ® _inclusive k| ]
- . T
r N ® o .V_-
F Mapeit < 1.5 )
- E1geit > 8 GeV
- | ll . , | . . . |
-3 -2 -1
10910 Yeut
3||,.-|||r-||v'|]|"l]"'|
L (b) =
— PYTHIA |
¢solved
-—- direct |
2 %5
L~ \‘.':-\.' - 1
Y L
L e e 1
i‘— —1.—-__'— :.—:_"
| 1<n™<25 :
1 [ BT T T T W T T B .
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® Subjet properties

® LEvents with two subjets

e
w

h
I

(1/6) do/d(E"

(/o) dofdlo™ o™

[ &)

ZEUS Eur.Phys.J .C632527-548.2009
- T : .l ‘I T ll T Ll T T - :A — ] T I T T T T I T T Ll T I T | =
| e ZEUS 82 pb (@) 4 %= , [ (b) 3
[ HHANLO 1 £ - 3
i T i % _ 5
i 1 =15 o =]
- ] E L _
L e —a— 4 = K A
i i 1 g
- 1 o0sF -
1 1 1 I 1 1 1 I 1 1 1 ] 0 -‘ I 1 1 1 1 I 1 1 1 1 I 1 "
0.2 04 0.6 v 0.8 =().5 0 0.5

> et 2 e

E TJIEJT n;bj_np-l
T T T 1 I 1 T 1 I Ll T 1 = 0-6 1 I 1 T 1 1 Ll 1 Ll 1 1 Ll

C I I 3 I I |
N (¢) Q'g L (d) -
— — E N n

B 4 =

- B 2. F T7I877]
i 1 =04 L
B E T g R ==cre_ n
7777 —_ | 77 E E 7 p T i
: - "l . : rﬂ .
B 7 0.2 —

i L1 1 I L1 1 I L1 1 | 1 I d ] 0 L1 1 1 l | | | ot | l L1 1 1 I
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® (Quarks and gluons

D@ Simulation

_p 0.4
83 |
< 03} éﬁ. -
= | .
~; 02} _
z | % (a) gluons

< 014 & -

O N 1 M & N |

- e Extracted

0.3 | é; s Tagged, 1800 GeV-
ol ¥ o Tagged, 630 GeV
'- (b) quarks .
0.1 ' AF' -

| %:I AL 1 |

¢ 4 5 8

Subjet multiplicity M

Phys.Rev.D65:052008.2002. DO Data
0.6
58 | ; 55 < p(jet) < 100 GeV
< | n(jet)| < 0.5
= !
8 04| . DQ® data i
Z .
[ . ® Gluon jets
. 0 Quark jets
0.2 | i
]
0 s 6 . 8
Yeur = 0.001 Subjet multiplicity M
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® Applied to high pr WW scattering:

I Y Scale of Jets w/ Mass Cut at 60GeV |

\ Y Scale vs Jet Mass |

x10°
%005 + QCD Jets (2251) 0 1; —— QCD Jets (401)
= o0 . W Jets (1817) o
;’905 : B QCD (J—5—)- W2Z Z->hadronic (726)
®Wanl i —- I
3 80 = W JetS : ”;5 fa B 5 08—— / —— WW W->hadronic (1641)
> 70 flTEt b W—jet
e : Z— jet
§ e Y i 0.06~ 1
50 =3 b S g L J‘h /
a0 R SR % - 1 - ][ |
QoD Ws) . e i
30 \ cr ok ATARE - _1J'
: r). f ~ 3’ B 1
E gty :»*u‘.uﬁ Faniraas I
20 50 S s% /ﬁ,¢ ™. e SACTR: ST - |
B sy gehiisd T 0.02— -
10? : .’ﬂf:.‘:"f,‘}' ERS - N .I ¥
BTN 5L i |||||.T|l1|||||||1|11|||||||||||1X10 : h
% 10 20 30 40 50 60 70 80 90 100 e i b bvvea v Lo Y l+x103
Single Jet Mass (MeV) 00 10 20 30 40 50 60 70 80 90 100

Y Scale (MeV)

- k; jet algorithm, with R = 0.5
- Cuts applied : py(jet) > 300 GeV,

Techniques also believed to allow recovery
of H — bb at LHC!

Gustaaf Brooijmans Cargese 2010 141



Now Hadronic Top

[ Jet Mass vs pT | Jet MaSS 1 —> 2 Jet Scale

400 = e

E § B ATLAS Preliminary
350 5300

B § e
300 250

- z F TeV
e | A U — TeV
200 =

- 150
150, .

i 100
100E# .

50 50 :—
- ATLAS Prellminary -
0 Col v o ey s by by v e v g by v by v bya g 0‘— L = ULTE
400 600 800 1000 1200 1400 1600 1800 2000 0 S0 100 150 200 250

YScale 1-2 (GeV)

2 — 3 Jet Scale 3 — 4 Jet Scale

» — - e
3350F ATLAS Preliminary T F ATLAS Preliminary
; - P = 5350
p300— 2 =
£ F 2300
2250 Z E
- 250
200 -
- 200
150 =
SOF 150
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50 ;— s0f-
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YScale 2-3 (GeV) ¥YScale 3-4 (GeV)

Slow pt Dependence!

= .
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® (bservations:

® Variables show slow dependence on top (jet) pr

® Only weakly correlated

® For light jets, all the variables drop off exponentially

2

YScale é -2 (GeV)
T

ATLAS Preliminary

sttty by g el aaa sl asaa e e e adoaa sl aalassalangs
% 10 20 30 40 50 60 70 30 90 100
YScale 2-3 (GaV)

= Combine into a likelihood

m(Z’) =2 TeV
m(Z’) =3 TeV
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Hadronic Decays: Result
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Semileptonic Decays: Muons

® Require a good muon, pr > 20 GeV, Inl < 2.5, and a pr
> 200 GeV jet within AR=0.6 (call it “b-jet”)

® Reduce “fakes” from b/c-decays (or other decays in
flight):

® [solation not useful (signal muon close to b from top decay)

® Two new variables (better than increase in muon pr cut):

® 1,=1-—mi/m? fraction of visible top mass carried by muon™

visible

® y,=p.bx AR(u,b) relative p! of muon wrt jet

® (We do not use b-tagging: we assume the jet close to the lepton
comes from a b quark so call it that)

*J. Thaler and L.-T. Wang, JHEP 07 (2008) 092, arXiv:0806.0023 [hep-ph].
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® “Muonic top” efficiency after preselection (1.e. a
g00od muon was found close to a high-pr jet)

® We find @ muon in 88% of events where the W from top
decay yielded a muon of 20 GeV pr or more

[ LS LY BALGE LR PRI La [ | IR ) = LEDS] NN IV Il [ A R I [t N TR IR o N (WL S It UL T R I [y LA L
8 - ++++++**’+*’“ Y, - é 1 3 5o s —— 3
\'m L & - -
T oosf g T = T f +| | ‘ |
B o1 ATLAS Preliminary -
BN A
0.6 —+ . - 107 ‘+“ ‘|’ E
: & —— Signal sel. Efficiency E
04__ ﬂ* —#— fraction of fakes before cut B _+_+ ATLAS Preliminary
. 2: *“4'** —— traction of fakes after cut 102 E g QCD Background E
B 1 1 1 I.* l*.‘:.*.‘:& :*-*l*:‘f‘*- ¢ : X * .* + + B 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
OO 100 200 300 400 500 600 0 100 200 300 400 500 600
pT of u [GeV] pT of u [GeV]
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Semileptonic Decays: Electrons

® Trickier, since electron 1s embedded in the jet, but
candidates can be reconstructed with good efficiency
thanks to fine calorimeter granularity

® 57% of events with top — e have a well-reconstructed electron

® So, require a good electron (pr> 20 GeV, Inl < 2.5,
excluding cracks), and a pr > 300 GeV jet within
AR=0.6 (also require jet’s first kt splitting scale > 10
GeV, 1.e. electron component of jet)

® Subtract the electron 4-momentum from the jet to obtain the
“b-jet” and define xe and y. as in muon case

® Also define . =pe1j x AR(e,j) (1.€. ye but without subtracting
electron 4-momentum from jet), require that y’e > 1
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® For electrons, combinatoric background not an 1ssue

® Harder to see electrons from b decays

® Efficiencies after preselection:
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® Of course, preselection has very large impact on multijet
background!
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7’ Mass Reconstruction

® W mass constraint to determine neutrino p, (take
smallest value, or real part of 1maginary solution)

e Require AR(v,£) < 1.0

® Apply “local” out-of-cone energy correction:
® Use cone 0.7 “topocluster” jets
® Add topoclusters in 0.7 <R < 1.2 to jet

® Reasonable? Look for energy deposits (in a cone of
radius 0.4) far away from top candidates

® 30% of the time, no topoclusters, rest of the time, energy much
lower than the local out-of-cone correction.
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Large peak at O is suppressed
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7’ Peaks
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® Correction helps peak, but does not improve tails!
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7> Mass Resolution

® SSM 7/’ at this mass narrower than detector/method
resolution, but not negligibly so:

1 l 1 1 1
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Also still have a substantial offset!

= work to do!
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Selection Efficiency
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® For multijet background, rate determined by
factorizing leptonic and hadronic rejection

® (Limited MC statistics)
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doldm,, [Ib/GeV]

001

0.001

daldm,, [Ib/Ge V]

001 |

0.001

® ATLAS ./+jets result was used to estimate sensitivity
to a specific RS scenario:

Djouadi, Moreau, Singh: Nucl.Phys.B797:1-26.2008
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Use ATLAS study,
apply efficiencies and
smear resonance

with ATLAS mass

resolution
GB, G. Moreau, R.Singh in

Les Houches 2009: arXiv:1005.1229

| Signal Model | Integrated Luminosity for 95% C.L. Exclusion (fb~1)

El + SM 2.5
E2 + SM 54
E3 + SM 1.8
E4 + SM 6.7
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http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0706.4191
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0706.4191
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:1005.1229
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:1005.1229

Too Short

® Many topics not or barely addressed

® [ong-lived particles, can decay halfway or outside
detector, or get stuck and decay later...

® “Quirks”
® “Lepton jets”
® RPV SUSY

® Model-independent searches

® Many new models have signatures that exist in other
models!
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But...

® We do expect to see something new 1n the next few
years

® [s there a Higgs?

® Does i1t generate fermion masses? Does something “material”
stabilize its mass? Does that something tell us why the fermion
masses are so? Why there are three?

® No Higgs?

® More space? New interactions?

® We can hope for a very rich phenomenology which
will help understand more than the question of mass

® Towards Mendeleev’s table’s physics equivalent
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One of my highlights

Why you should be wary of
existing background estimates...

GB: “l wonder what the cross section
for tt + 6jets is.”

FK: “45 Picobarn!™

GB: Ohl’

To be continued ...

7007

\’\o“c'\\es
\e>

“ see arXiv:0808.3674 [hep-ph]



Thanks

(and mainly: stay critical of what you’re told!
and more important: how many olives on the trees?)
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/7’ — uu: Early Potential

® CMS | TeV Z, study

® Narrower than SSM (7 vs "ot e~ -
31 GeV), but dominated by = "°F “Egmi;'n?zt,,
detector anyway > g 100 pb! -

® Cross-section 2-3 times g A i
smaller than SSM 2 7

® Note: statistics scaled down,
so fluctuations “not to scale”

® (At the Tevatron, not _
competitive due to limited 200 600 800 1000 1200 1400 16C
: wuw mass (GeV)
muon pr resolution)
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Z’%uuR

® 50 discovery reach

>~

® Systematics don’t change o '°F
these results much

® 2-3TeV with 1 fb-!
® 3-4TeV with 10 tb-!

—i
o
N

—h
o
TTTT T TTTTII T

Int. luminosity (fb™)

® Again, assumes no

“exotic” decays L

® Discovery reach about
700 GeV below 95% CL "™ Ei ittt
llmlt at hlgheSt MassScs 7’ mass (TeV)
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Model Determination

® Angular distribution gives
excellent handle on gv, ga

On-peak A>>"™ and o'*°, 1 TeV

I " I TR et =
for various fermions Lam THE M
® Charm may be possible ;% SSM }?
& | . A ST _
® This will come after an Elv M
I : R et _
branching ratios g o |—v—| ............. * ........................ _
(obviously) = A
® Complementary information AILIRTVII IF: | —
in determining nature of 06 04 02 0 02 04 RS
esonAnce CMS Note 2005/022
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Highest Energy Jets Ever
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More W’s
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