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e Jets and MET are a huge topics
e Can not cover all in a single hour

* Thus, | will thus just give a random
smattering, being rather selective!

e Also, | would like to thank the following
people who contributed slides (without
knowing it! :-)

* Nikos Varelas, Seema Sharma, Henning
Flaecher, and many others...



Brief History Hadron Colliders

1931: Cyclotron: 1 - 100 MeV protons & deuteron :
* many isotopes
1954: Bevatron: 1 GeV protons:
 strangeness, Anti-proton, anti-neutron
1960: Alternating Gradient Synchroton: 33 GeV protons
* J/W (charm quark), muon neutrino, CP violation
1972: Stanford Positron Electron Asymmetric Ring: 3 GeV
* J/P (charm quark), tau
1977: Fermilab fixed target: 400 GeV protons
e Upsilon (bottom quark)

1981: Super proton Synchronton: 450 GeV protons & anti-
protons

* W & Z vector bosons (weak nuclear force)

1989: Large Electron Positron Collider: 104 GeV e+ e-
e 3 (light) generations of matter

1992: Tevatron: 980 GeV protons & anti-protons
e Top quark

2008: Large Hadron Collider: 7 TeV protons
¢ ?
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e 1931: Cyclotron: 1 - 100 MeV protons & deuteron :
* manyisotopes €
* 1954: Bevatron: 1 GeV protons:
* strangeness, Anti-proton, anti-neutron <
e 1960: Alternating Gradient Synchroton: 33 GeV protons
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Proton-proton collisions  gicoz

at Chicago

e See Michalangelo (beautiful) lectures
e Or better yet, talk to him here at the conference!

S Detector
e e = psin@
Parton Distribution p J p S Jet f Z,
. Soft” collisions = small p . o’
Functions . . B
) Hard” collisions = large p,
f,/a(X,.Mg): Probability |
function to find a Wi, 5 5
parton of type a inside e Sl ey
hadron A with
et - X a X
momentum fraction x, p=> f a ¢ b f le= p
"\
X,: fraction of hadron’s d ‘\
momentum carried by \ .
parton a v Glab—cd)
P Partonic level cross section

Jet v "\ — ; .
Ug: related to the / / N Vs =10-14 TeV at LHC
“hardness™ of the \
interaction D(z. pg) is the
“Factorization Scale” Fragmentation

function




- 3% Fermilab
aF
Reconstructing Jets UIC ™

e See My Lecture on Monday
* Absolutely no claim to beauty, though!

A |

W

— X7

Stable Particles Genlets: made
from stable MC
"""" WS- - tryth particles

CaloJets: Clusters
of Calorimeter

Towers

and
Modeling \j\f/ Parton Level Jets
/ \l'l

l 5

\
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Reconstruction MET S

at Chicago

e Used to detect weakly interacting particles
e See My Lecture on Monday

Br =— )  (pi+p,)

particles

MET
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Why do we study jets at hadron colliders? ¢ vz

at Chicago

e QCD Studies
e Fragmentation functions

e Parton Distribution Functions / 1
e Color/spin dynamics

proton Jet
remnant

e Quark-gluon jet properties

* Event shapes PP

e Inclusive-and Multi-jet production — tests of the proton
« Rapidity Gaps/Diffraction structure function
e Production of Vector Bosons + jets pp — 2 jets + X

e Study of heavy particles (e.g. top
production)

e Searches for new physics
e usually involve MET
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e QCD Studies
« Fragmentation functions Search for quark substructure:

e Parton Distribution Functions

e Color/spin dynamics Eil/

e Quark-gluon jet properties

e Event shapes 34\

e Inclusive-and Multi-jet production

e Rapidity Gaps/Diffraction — search for quark compositeness

e Production of Vector Bosons + jets PP — 2 jets + X

e Study of heavy particles (e.g. top
production)

e Searches for new physics
e usually involve MET



at Chicago

2= Fermilab
w * “ “ “ a m sz ‘uplc University of lllinois

e QCD Studies
e Fragmentation functions
e Parton Distribution Functions
e Color/spin dynamics
* Quark-gluon jet properties  Study of heavy particles:
e Event shapes
e Inclusive-and Multi-jet production
e Rapidity Gaps/Diffraction
e Production of Vector Bosons + jets

e Study of heavy particles (e.g. top
production)

— measurements of top quark production

e Searches for new physics pp — 6 jets + X

e usually involve MET
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Jet and MET Topologies uic ™

 Final State: A number of Jets + MET

jet
e 2ets + X <
e 3 Jets + X e

e 4 Jets + X

jet

jet

1 Jet+ MET + X
o 2 Jets + MET + X et
e 3 Jets + MET + X el

jet



High pT jet statistics DIC rt

at Chicago

* Inclusive Jets

e From Tevatron sqrt(s) pT > 0.5 TeV

pT > 1 TeV

_1 _

* Njets for 700 pb! |y| < 0.8 2 34 (700 pb -)

6 47 / pb ! 0.3 / pb !

° For LHC T W =
° NiEtS/pb'1 |y| < 1.3 14 865 / pb ! 22 / pbt

e Dijets
e From Tevatron
e ~200 evts for Mj; > 1 TeV
for 700 pb!' & |n1],INn2| < 2.4
e For LHC sqrt(s) Mj; > 1 TeV Mj; > 1.4 TeV
o # evts / Mjj / pb! 2 2 e

for Iml,Inz2l < 1.3 10

M;y > 2 TeV

14




LHC Probes the Terascale

do/dndEyl _, (nb/TeV)

losgl L

10*

QCD-LO, u=E/2
—— CTEQ4M
---- CTEQ4HJ

1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1
0 1 2 3 4 5

E; (TeV)
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Inclusive Jet Production  gic:=

at Chicago

« Contact interactions create large rate at high P; -- quick discovery possible

e Error dominated by jet energy scale (~10%) in early running (10 pb-')
« = AE~ 10% not as big an effect as A+= 3 TeV for P;>1 TeV.

« PDF “errors” and statistical errors (10 pb-') smaller than E scale error
e With 10 pb! LHC can see new physics beyond Tevatron (A+< 2.7 TeV)

CMS SBM-07-001
Rate of QCD and Contact Interactions

% 106 g l T T T l T T T | T T T | T T T I T T T | T T T | T I—E
O E \ [ ) QCD & 10% energy error band E
S10° @ . : N E
g E A L] A" =5 TeV contact interaction S
7 - ] .
s 10° B ® ¢ A¥ =3TeV contact interaction | ]| Contact Interaction
=T E ® =
- . A q q
ok ¢, ldetni<1, 10pb” A
- QcD ‘s, . E
102 0 =
= 30 © 06, = q q
- "] O ¢ O o o ]
- ¢ 00
[ 3 ° 9
10€ — ?iaﬁ=&ﬂ, 3
- CMS Preliminary 0 T
1 Gen-Level Simulation ®e, .
= | | | |

1 1 | | 1 | | | 1
1000 1200 14'00
Jet P; (GeV)

200 400 600 800
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Inclusive Jet Production gic~

at Chicago

« Contact interactions create large rate at high P; -- quick discovery possible

e Error dominated by jet energy scale (~10%) in early running (10 pb-')
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_ CMS SBM-07-001
Rate of QCD and Contact Interactions Sensitivity with 10 pb-!
> 106 g I T T T I T T T | T T T | T T T I T T T | T T T | T I—E D 4: ‘ T T | T T ‘ T T | T T T ‘ T T ‘ 1 T | E
S C° 1 O, | CMS Prelimi :
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Q10° @ . _ _ = - | * QcCD Errors for 10 pb™ -
E o A" =5 TeV contact interaction 3 & 3 .
E - ® - o) C o i Energy Err (10%) ]
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= = ® E 0} - ]
A 4 ] £ o e :
103 ‘ |Jetn|<1, 10pb - O L |=—A=5TeV .
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Dijet Production Uic i

 Measure rate vs. corrected dijet mass and look for
resonances.

 Use a smooth parameterized fit or QCD prediction to model
background

e Strongly produced resonances can be seen

e Convincing signal for a 2 TeV excited quark (E6) in 100 pb!
» Tevatron excluded up to 0.78 TeV. CMS SBM-07-001

QCD Backgound

QC D O Gendets

A Calodets

B T Dijet Resonance

h q,a, | q,a, g
h | Lot nl <1 >_X<
il A-.A-_A-ﬁ?

CMS Preliminary T

| I I 111 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 H'A*-_IS_
0 1000 2000 3000 4000 5000 6000 7000
Dijet Mass (GeV)
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Dijet Production vicTE

 Measure rate vs. corrected dijet mass and look for

resonances.
 Use a smooth parameterized fit or QCD prediction to model
background

e Strongly produced resonances can be seen
« Convincing signal for a 2 TeV excited quark (E6) in 100 pb-

e Tevatron excluded up to 0.78 TeV.
P CMS SBM-07-001
QCD Backgound 1 Resonances with 100 pb-*
§ - g* signals for
QCD O GenJets = 08— M=0.7, 2, & 5TeV
A Calodets § 0.6/
® L
e C tedJet 2 B
orrectedJets § 04 |
s
| Jet 1| <1 EonJL H Jl
® 0:‘.}{1_% HHHTTH {H | —I_—\
§ eI
= © 0.2
R S r -
-A-?_':E-.E- C 04 QCD Statistical ;
A-A-'_%.E.-E_ " Errors for 100 pb
-A-A—:?:_E_ 0.6—
10° - e C
. CMS Preliminary - -0.8~ CMS Preliminary
10 R C
IIIIIII||IIIIIIIIIIIIIIIIIIIIII[I-FA‘-_IS_ 7\\\Illll\‘\\\\‘lllll\\\\‘\||||I||‘\\
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000

Dijet Mass (GeV) Dijet Mass (GeV)
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CMS SBM-07-001

—#— GendJets

-
N
T

CMS Preliminary

—4— CaloJets

—
N\‘ll

—e— Corrected CaloJets

o
©

Ratio=N(|n|<0.7)/N(0.7<n|<1.3)

o
=)

0.4/*

%### =

11 l 111 I 11 1 | 1 11 l 11 1 1 I 11 1| I 1 11 | ‘ 11 1 1
1000 2000 3000 4000 5000 6000 7000 8000
DiJet Mass (GeV)

e Ratios help keep systematics
low

 many effects cancel q CorZaCt q
QCD: roughly no n preference ><
 Expect NP to appear at high pT
hence, central n
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CMS SBM-07-001

B —*— GenJets

B CMS Preliminary Calodet
[ —4&— CaloJets

1.2

—e— Corrected CaloJets

o
©
>
g
u—
g
e

Ratio=N(|n|<0.7)/N(0.7<n|<1.3)

%%ﬁ%# =

11 l 111 I 11 1 | 1 11 l 11 1 1 I 11 1 I 1 11 | ‘ 11 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
DiJet Mass (GeV)

- = QCD GenJets CMS Preliminary
e Ratios help keep systematics g
low

* many effects cancel
QCD: roughly no n preference .}

o Gen-Level Simulation

 Expect NP to appear at high pT _F  “meeme,
hence, central n

Ratio=N([n|<0.7)/N(0.7<[n|<1.3)
N
(%]
T

DiJet Mass (GeV)
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e Ratios help keep systematics
low

 many effects cancel
QCD: roughly no n preference
 Expect NP to appear at high pT
hence, central n

2

Ratio=N(|n|<0.7)/N(0.7<n|<1.3)

Ratio=N([n|<0.7)/N(0.7<[n|<1.3)

1.2

CMS SBM
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CMS Preliminary
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e Corrected CaloJets

%%ﬁ%# =

Illlllllllllllllll\llllll\ll‘lll
0 1000 2000 3000 4000 5000 6000 7000 8000
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- = QCD GenJets CMS Preliminary
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E At=5TeV
3
2.5F 10 pb°?
2F
1.5
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CMS SBM-07-001

L —*— GenlJets

CMS Preliminary Calodet
[ —4&— CaloJets

e Corrected CaloJets

e
©

Ratio=N(|n|<0.7)/N(0.7<n|<1.3)

e
=)

%%ﬁ%# =

11 l 111 I 11 1 | 1 11 l 11 1 1 I 11 1 I 1 11 | ‘ 111
0 1000 2000 3000 4000 5000 6000 7000 8000
DiJet Mass (GeV)

- = QCD GenJets CMS Preliminary
e Ratios help keep systematics g
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Ratio=N([n|<0.7)/N(0.7<[n|<1.3)
N
(%]
T

 many effects cancel

QCD: roughly no n preference .}
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Dijet ¢p decorrelation s Permiab

at Chicago

e QCD 09-003

e leading jets A distribution
sensitive to higher order radiation

 w/o explicitly measuring the
radiated jets -- no jet counting!

e Particle level distributions

e Corrections are dominated by JES
and jet ¢ resolutions

14
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« QCD 09-003 ol 5 = . pT™* = 800 GeV (x10°)
. . . . . © 2- 3 1 o 500 = P,r:ax < 800 GeV (X103) : /
 leading jets A distribution 2 10 300 pP < 500 Gev (x109) 5

o 200< p™™ < 300 GeV (x10)

sensitive to higher order radiation _ I
10°E - 120= p:‘“"szoo GeV

T TTTTTT

e w/o explicitly measuring the
radiated jets -- no jet counting! 10

Sim-Data (L=10pb™)
CMS Preliminary
SISCone R=0.5

T TTTTT

* Particle level distributions 1

= lyl=1.1
e Corrections are dominated by JES ¢
and jet ¢ resolutions 107
10’2? .......... —PYTHIA
e i === HERWIG++
0% Topem MADGRAPH
- e NLOJet++ (CTEQ6.5) ~'~'LO
7 b, =u, =pr” --NLO
AP = A < 10 s B a
Ap
dijet

-5
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e Multijets Event Topology Studies
e Dalitz plots, angular distributions, mass, etc.
 Reduced dependence to jet calibration
« Ratios of n-jet/(n-1)-jet cross sections
* Probes gluon radiation effects, s
e Several systematics are reduced in the ratio

 Asingle vector boson (Y, Z, or W) in association with
0,1, 2, 3, or more jets

e Essentially a study of QCD multijets, using EWK
probes

15
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Example of some V+)ets Diagrams yjco=
qq Drell-Yan: 0 Jets qg s-channel: | Jet  euv
q e, & PN yARY;
2%y
q €, U,V
q & u I q
qg t-channel: | Jet higher order gg channels: 2 Jets
€
gm/q o
I w
Ve, Vy q"\/\/\/\/<
gr'o’b"b’f\q, Ve, Vy
16
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Example of some V+)ets Diagrams yjco-=
qq Drell-Yan: | et qg s-channel: 2 Jets  e.uv
q e, & PN yARY;
2%y
q €, U,V
q & u I q °
8
qg t-channegl: 2 Jets higher order gg channels: 3 Jets
€
gm/q o
q w
Ve, Vyu q
= 1LAR

8

\ﬁ Ve Vu

Initial and Final State Radiation play a big role!
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Higher Orders R

e Leading Order i y
« Next-to-Leading Order >NW'<

e Real Corrections = extra legs

e Virtual Corrections = extra loops

« UV Divergences: Renomalization N | q

e Virtual Graphs >WVW<+>NVw< +
* IR Divergences: BER |

e Real and Virtual Graphs

e Must Cancel Each Other, but non >,\,VW<+ >,\,VW<
Trivial . |

* Loops tend to be ignored in existing i y
Monte Carlos + >VW<

 Pythia, Alpgen, Sherpa, MadGraph, i
etc
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Higher Order Monte Carlos {ic:.

e Matrix Element calculations (AlpGen, MadGraph,
Sherpa, etc):

e Describe well separated jets configurations v

* Are “exact” at a given order

* Run into troubles in the soft and collinear regions
e Can’t describe the internal structure of jets
e Parton Shower calculations (Pythia, Herwig, etc):

* PS is universal; given basic hard process, PS recipe v
will produce reasonable parton configurations ‘

* Form factors ensure controlled behavior in softand !
collinear region; jet evolution is well described

hist_temp_2002 Inin | . ::;Jell’gls -
I

* Cannot steer shower evolution much; some regions . e 068
of phase space not efficiently filled, such as we | stz

separated partons N it
e Current State of the Art: use both! o J Jets

ME to predict hard parton configuration and 10 _
PS to describe evolution of jets, | . ME

space several = several matching methods

L | ——— A " A | deded s
10 100 200 /300 400 500 600 700 @800 900 1000

e Beware double counting and holes in the phase “t PS/

Adequate modeling important for searches involving several high pT jets
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10

10?

Nevents

—_
o

N(Z(uw)+= n jets)
N(Z(uw)+= n+1 jets)

—
(&) B

—
o

N(VB+=z n jets)
N(VB+z n+1 jets)
(&)

? L ..... I CMSIPreIiminary l §

[ T Z(—uu)+= n PF-jets N

E T - \'s=10 TeV, L=100 pb’*

e T .

= . . 13
1 | 1 1]

- ] | | L
1 2 3 4

PF—Jet multiplicity (n)

EX]
Il"‘[‘ IIHTI'] LR
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(ots)" Law of Multijet Production
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(ats)" Law of Multijet Production 5=

at Chicago

CMSI Preliminary I
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Z—uu Standard Candle 5o

at Chicago

CMS PTDR

Z+jets ALPGEN205+Pythia6.335+CKKW matching

 Normalize MC to Data
for low jet multiplicity Jet bins

5555555 .24550e+00

10°

e Assume lepton universality

10?

e For W + n-jets, use CMS

Preliminary

Inclusive Z+jets cross section (pb)

o(pp—W(—pv)+jets)

‘TIIIII| T IIIIIII|

P = Glop—Z(—ptu—)+jets) 05 R = Nevenss _ _Ldo
h ’ d-‘\'jets d-\'jets

Clo o b b bl [|T|||||

0 1 2 3 4 5 Njet 6

 Reduces / Avoids Systematics due to
e QCD Scale, PDFs (possibly), ISR/FSR, etc

e Major Syst. Become
* Luminosity, Measurement of R, Uncertainty on p(Nje:)
 Still requires tuning MC to Data for kinematic dists.

¢ 5% precision (~lumi) expected to be achieved with 1.5 fb™'

21



Z—uu Standard Candle &2

at Chicago

CMS PTDR

2% Hints of New Physics
"~ might first show up
in plots like this...

Normalize MC to Data
for low jet multiplicity Jet bins

e Assume lepton universality

10°

Inclusive W+jets cross section (pb)

e For W + n-jets, use “E CcMms
, » N Preliminary
_ _o(pp—W(—pv)+jets) -
P= olop—Z(=pt ™) +jets) TP R= Qe = N
1-|(I)||||‘||||||£||||:I;|1||‘|1 [|5|N|- IGI

Reduces / Avoids Systematics due to
e QCD Scale, PDFs (possibly), ISR/FSR, etc

Major Syst. Become
e Luminosity, Measurement of R, Uncertainty on p(Njet)
 Still requires tuning MC to Data for kinematic dists.

5% precision (~lumi) expected to be achieved with 1.5 fb-!
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The Method Works...

Used at Tevatron

 Top discovery

(not responsible for
discovery, but

2% Fermilab
Ul

University of lllinois
at Chicago

...and is sometimes known as “Berends scallng

—up) ratio

o W(-uv)/Z(

1
10
o
g

CMS Prellmlnary

\/s=10 TeV, L=100 pb'

A
l
.

— Raw yields n
—&— Eff. corrected

| il

A. i

»

provided additional ewdence) irack-jet mutipliity
. Now adapted to CMS (EWK 09-006)

Neve nts

400

3501

CMS Preliminary
\s=10 TeV, L=100 pb’

' A |
: 1 |

—®— measured

e predicted from lower jet multiplicity bins

300

W(uv)+= 3 calo-jets W(ev)+= 3 calo-jets

<n 450

Neve

400

350

300

‘s
|

| —®— measured
—— predicted from lower jet multiplicity bins !

CMS Preliminary
\s=10 TeV, L=100 pb’

A

W(uv)+2 4 track-jets

W(ev)+2 4 track-jets



s, 2= Fermilab
~ Jet Mismeasurements and MET icr

Corr Jet

e But, life is difficult with MET:

e Catastrophic Jet Energy
mismeasurement

e Large MET in direction
of mismeasured Jet

Corr Jet
 Requiring Large MET

biases one to events with
Jet Energy mismeasurements

* jets are promoted above jet counting
threshold due to non-linear JES corrections

Corr Jet

_Corr Jet

Fake MET

e Leads to deviation from Berend’s scaling 2s



2% Fermilab
m wt UI c University of lllinois

at Chicago

bz”’; IIIIII . MET-lke >0 T
\‘_0.9:_ =
bgo'g; + MET-like >200
T
0.7{ =
0.6F :
o5 - ——
g':g ! | : ‘Solid markers:
“E ! ‘ F T observedyield T
021 ‘ } E " Open markers:
0.1 E e predicted-yield ... _____
R e - B ) L \ L L L | O [ A
AR Number of jets N L T T R R 0 1 2 3 4 5 6 7
N, N;.

e Central Jets should have same Jet Energy Mismeaurements as
Forward Jets (similar Detectors)

e Form ratio Ryj = Nj(Central) / [Nj(Central)+N;(Forward)]

« Mismeasurements cancel in the ratio
 more confident extrapolation from SM region to NP region
« example of “self-healing” type of observable

24



* Naturally leads to Electro-
weak symmetry breaking

e Avoids fine tuning of SM

e Viable Dark Matter
Candidate (R-parity
conservation)

Motivating Themes for SUSY

3% Baryonic Matter

22% Dark
Matter

75% Dark
Energy

2= Fermilab
u Ic Utng/:,_rsity of lllinois
at Chicago
G1

~ ]
E : “"‘\\ '
b - - -~
E \\\\ 4”’/7 E
3 ,,""’\._4/ 1
40 n - - // -~ 7
b — - il S ]
o - £ S~
[ .--"’ // “':
30 b==x -7 :
b -1
F 0 ,’/
b -
20 © e
s P
L /,
10 L=
- O
0 T T S T T S TR

Log,,(Q/1 GeV)
Gauge Coupling Unification
Gravity naturally unifies
(roughly) too

Pre-requisite of String
Theory

Of course, some problems too : No experimental evidence, so far! | 25




2% Fermilab

rsymmet UIC i
at Chicago

A symmetry between fermions and bosons

SM Particles SUSY Particles

quarks: ¢ q squarks: g

leptons: / [ sleptons: /

gluons: g 4 gluino: é

charged weak boson: ' * W Wino: 7 ‘>. ~% |
770 H* charged higgsino: F[i e

Higgs: H nAH 7o N zo

neutral higgsino: h |4 | H higgsino
neutral weak boson: Z° Z° Zino: 7° }10‘23‘4 "eutraling
photon: /4 photino: ¥ By

* Generally assume LSP is stable (R-parity conservation)
e SUSY must be broken!
« mechanism is unknown = many new free parameters!
e CMSSM (basically mSUGRA):
e Supergravity inspired model, 5 free parameters:
e Mgy, M4y, Ay, tan B, Sign(p)
26



Chargino & neutralino Production i

at Chicago

cr u .' (i'
q 7 1 h
ar,

~N— I ~—

q i\?,’ q I.J .’7{';,'
Z ~ |
qL.R |

u i f’l‘ U I.' (N',‘
W+ ~ |
ar, I

(s q % U ff
q ", 7 ; 7 v W
l; q T d 7

e Most involve only weak couplings

Q|

27



2= Fermilab
u Ic :Jtn(i;/:i;igom lllinois

.
g g // q
\\
9:: T
g d gml' ————— i
q p 7
I
~ | ~
q \q, J q ‘ g

@ Involve only the strong coupling

 LHC initial state: quarks and gluons!

e squark & gluino production dominate over
chargino & neutralino production

e Thus: Lots of Jets and MET in final state for SUSY events!!
28




What does SUSY Look like? &z

at Chicago

Mass [GeV]

T4 6 8 10 12 14 16 18
Log,(Q/1 GeV)

« Complex decays chains / 5
» High P jets (q,g) ‘
« Leptons (y, I, W,Z)
. MET (LSP)

| Generic Signature of many New Physics Models! | 29




What does SUSY Look like? &z

at Chicago

Pn =

« Complex decays chains
» High Pjets (q,9)
e Leptons (%, I, W, Z)
e MET (LSP)

| Generic Signature of many New Physics Models! |




o £= Fermilab
Chm% Fae mT :;I University of lllinois

at Chicago

Corr Jet

Corr Jet

‘Corr Jet
- > Real MET :

Corr Jet:

Corr Jet _Corr Jet

_________

y
Fake MET

Corr Jet

* Real MET is typically “isolated”
e i.e. does not point in direction of a jet

e Fake MET typically points in direction of 2nd leading jet a1



Cleaning Fake MET OrC

Multijet background

S

T NG TR T T
W | (rad)

w
S
=
|

Events/hin
~N
o
o

200

150

Multijet background

ol
-

mo:
3

O 20 40 60 B0 100 120 140, 160 180
SHPY ™ jety) (deg) 32



Cleaning Fake MET OrC

¥t 2k
= 3k ) R
E'? o i'? 5
§ 2.5 : 280
e L 2
2 N 2
Multijet background
1.5 1.5»
1 1"
: - Low Mass
05| o5 SUSY Signal
|| PRSP TSRS APSTUAPE SPRTUTIT SRR i L5 0-1 aad oo alaa s oy [T
0 0.5 1 1.5 2 2.5 o '3 0 0.5 1 1.5 2
B4 | (rad)
E 300 {% B
z | -gmoo:
2 250 @ 1100}
200E 1UOOE
- 900
150 . B
: Multijet background soof
o0l 00 Low Mass
B s00f SUSY Signal
: 5008
e E;_L_L Eonalacchlde X,
0

0 20 40 60 BO 100 120 140160 18D

It b 8 s o ol oe s b sl L o
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4 MET Se h & Fermilab
u h Iﬁ I“ + H m UI c University of linois

at Chicago

 Selection Criteria
« MET>200 GeV + Clean-up

CMS ET™* + multijets, 1 fb™

3103—;--- g ~ —— mSUGRA LM1
o E|.|.I' T Zinv+t

* =3jets T SR

e E> 180, 110, 30 GeV % CMS Preliminary
* Indirect lepton veto T L=1fb1
e Cuts on A¢p between jets & MET " g
+ Hy/M=Ep +Ery+Ers+MET>500 GeV i

e Results: 200' 400 600 800 1000 1200 Er}ggl(i;! \ieoo
e LM1 efficiencyis 13%, S/B ~ 26 :
Expected number of events for 1 fb CMS PTDR
Signal | tt | singlet | Z(— vi)+jets | W/ ZWW/ZZ/ZW) +jets | QCD
6319 53.9 2.6 48 33 107

e ~6 pb’ for 50 discovery

33



. .. £k Fermilab
Exclusive dijet + MET UIC i =

at Chicago
T Corr Jet
§OV Y- AR
4
A
g
8 F--- 70
- > Real MET
1 (sum of two
. , , , , neutralinos)
210" =  __ cp
B 1055 — susyLut
c s AY
% 10 = wovizoiitop
3L
102§ CMS preliminary Corr Jet
10° =
10 b
1
1
107 1 2 3 24



: . - £k Fermilab
Exclusive dijets+MET UIC Iz

at Chicago

CMS ET™° + multijets, 1 fb™

« MET = Rubbish bin of detector gwsw’aHl ~ MSUGRA L

7Y e e Zinv+t
3 —— Zinv+t+EWK
 Wrought with pain and ® — +acp

suffering

e ...50, try to avoid using it

1073 Wi

200 400 600 800 1000 1200 1400 1600
|ss(GeV)

—lq.ng_;

35



° o0 JE N
Exclusive dijets+MET Ure i

| Missing ET in MHT30 skim |

:n.ls

o o = 0 MET includes cells with E>0 (no CH
e MET = Rubbish bin of detector & e

[] Badrtuns were removed

) Wrought With pain and 104 _;_ [[] Noisyevents were removed

[ ] Badcells/towers were removed

suffering

10’

e ...50, try to avoid using it

2
10

H S 1
0 50 300 350 400
Missing ET, GeV
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° o0 JE N
Exclusive dijets+MET Ure i

| Missing ET in MHT30 skim |

:n.ls

o o = 0 MET includes cells with E>0 (no CH
e MET = Rubbish bin of detector & e

[] Badrtuns were removed

) Wrought With pain and 104 _;_ [[] Noisyevents were removed

[ ] Badcells/towers were removed

suffering

10’

e ...50, try to avoid using it

. : 10°
E? \ Er/E}r

oT = 1 - G 50 o 300 350 400
\/2E¥ E¥(1 — COS A(])) \/2(1 — COS A‘P) Missing ET, GeV
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: r £ Fermilab
Exclusive dijets+MET e

at Chicago

e MET = Rubbish bin of detector LI — SUSY LM1
c == Z—VV
. o Q
 Wrought with pain and 3 10° T Woleniop
o 103
SUffe” ng 102 CMS preliminary
e ...50, try to avoid using it 10
]
2 [ E1? / pl .
ar = . 1 — ) 1070 0.5 1 1.5 2
V2ERER(1 —cosag)  V2(1—cosAp) O

35



: .- £ Fermilab
Exclusive dijets+MET 3 Fermilab

at Chicago

e MET = Rubbish bin of detector LI — SUSY LM1
c = Z—VV
o o (]
 Wrought with pain and 3 10° T Woleniop
° 103
SUffe” ng 102 CMS preliminary
e ...50, try to avoid using it 10
)
i / +i2 i1
XT = Ell% — Elr /E!r 10-10 . . 2
V2ERER(1 —cosag)  V2(1—cosAp) O
% 10° - —QcD ' E
£ 10%E — SUSY LM1 -
() F = Z—=VV 3
2 10° s — WosvI,Zsll top .
10° = E
10 = E
1 %— E

10-1 Ll -ll :
-4 -2 0 2 14] 35



. . £k Fermilab
Exclusive dijets+MET UIC i =

at Chicago

(] [] ‘Te 106 | _IOCDI
e MET = Rubbish bin of detector LI — SUSY LM1
c == Z—VV
o o o —_— Wl ,Z—
 Wrought with pain and 3 10° Wovlz=ltop
[ ] 103
SUffe” ng 102 CMS preliminary
e ...50, try to avoid using it 10
1
i2 2, il
iy — E1 _ Vh/h 1076 o, 3
V2ERER(1 —cosag)  V2(1—cosAp) %1
- i [ — x10°
2 5 E = G S = l =i SUSY/(LM1)+background events
‘tn 10 F —acb . 4 LO- 0'2;+_' A  background events
£ 10%E — SUSY LMA . o|o ] — = & .
o s ——Z-vwv s AV o —+— b
2 10° — Wosvl,Zslltop . £ 019 .
i ] Zz —— .
10° = E 0.1- E
10 = E L _+— ]
] E_ _ 0.05— CMS Preliminary ]
10'1 f ; ' E -ll f ; . ! . ! :#:;
-4 -2 0 2 % (b 1 2 3

S—
—



. & Fermilab
Exclusive N-Jets + MET UIC Iz

q q q
sy o Lon
q g q

~ Corr Jet
q

gwf--q-ﬁv 7
q

Corr Jet

------- ~ > Real MET

(sum of two

neutralinos)
Corr Jet

Corr Jet
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: £ Fermilab
Exclusive N-Jets + MET  Sicmi

 One can indeed generalize to N-Jets

* basic idea: combine N-Jets into effective 2-Jet system
e Formula looks a little bit different, but idea is same

37



: £ Fermilab
Exclusive N-Jets + MET  Sicmi

 One can indeed generalize to N-Jets

* basic idea: combine N-Jets into effective 2-Jet system
 Formula looks a little bit different, but idea is same

1Hr —AHt Ht — AHTt 1—AHt/Hrt

aT =
2 MT 2 \/ H2 HmISS 2 2 \/ 1 — HmlSS / HT

37



: £ Fermilab
Exclusive N-Jets + MET UIG T

at Chicago

 One can indeed generalize to N-Jets

* basic idea: combine N-Jets into effective 2-Jet system
e Formula looks a little bit different, but idea is same

A 1Hr—AHt _ Ht — AHy 1 — AHt/Hry
T —
2 MT 2 \/ HZ H{plss 2 2 \/ 1 — H%nlss / HT) 2
= e e LM1 o —
210 L e f S 10°k L1
~ o W - "t
§ 105 e Z 5 1045— """"""" w
0 |, —— QCD MadGraph P g v
G 10 C
o o 10°E —— QCD MadGraph
© 10° CMS preliminary -og g
2 102 S 102§
& © - CMS preliminary
2 10 10E
1 | S e 1t
Ll Ei'i bk ‘...5- [ ”n = 1 s. Tt :':E:HEE -
0 500 1000150020002500300035004000 1074 S HEAE R IE ﬂl];L_.Ht .0
H, [GeV/c] . 1.5 20 25 3
Oy
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- £ Fermilab
Testing Robustness T

at Chicago

e Grossly distort Jet energies and see what
happens...

e Effective Mass (MHT) is dramatically affected!

-
o
~

= QCD normal
««xxsx QCD rescaled: .3
o QCD rescaled .5
QCD rescaled 2
wnn QCD rescaled 3

o) .
0.10
S 105
S 10
S——
[72]
-
c

104 L

I IIII s // /// 2
IS Il ]

S e

IS SIS SIS SIS IS O,

S /////
/! //// A

/ ’//
Tiiiizziiizrindiz

200 400 600 800 1000

N\

N\
N\

\\

M:
100

MHT [GeV]
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Testing Robustness

2% Fermilab
Ul

University of lllinois
at Chicago

e Grossly distort Jet energies and see what

happens...

e Effective Mass (MHT) is dramatically affected!
e ot is very robust against badly measured jets!

= QCD normal
««xxsx QCD rescaled: .3
............ QCD rescaled .5
==::ax QCD rescaled 2
............ QCD rescaled 3
S, Im1

Mg

events/100 pb™

MHT [GeV]

Events / 100 pb™

O I R N Y B
- 0 VYIS

QCD normal
QCD rescaled: .3
QCD rescaled .5
QCD rescaled 2
QCD rescaled 3

Im1

A

g

beainimimim
besssuunnng,

I o] P, v b |

16 18 2
Oy
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at Chicago

3& Fermilab
Estimating Backgrounds  {ico~

P a2 0k — LMo
31 — LMo -2 T— LM1
8 105;_ ....... LM1 g 106EE ------- ti
: ? ------- tt : 105_5 """"""""" w
Wqio*e | w S E e Z
S "z S ok ~—— QCD MadGraph
o 10° —— QCD MadGraph -
‘2 10 g achrap § 10° CMS preliminary
s 10°F 2 0
® F CMS preliminary S
109 2 10 13y
1k 1
A min
10 0E ' ﬂ H[LL'JL'L'I]'“H“":; 10 0 500 1000150020002500300035004000
Oy H, [GeV/c]
x10°° x10°°
() E H; > 450 GeV/c T2} ) n .+ H;>450 GeV/c
Bn 02- . H,>350 GeVlo W 02 + H, > 350 GeV/c
° T 0181 3(T)0< < 350 GeV/c < |S 0.18 ’
A:- ;_ 0.16 = } + A, l\l_ \é_ 0.16 & = 300 <H, <350 GeV/c
(S 014 mi J1E o01ab
"1 ~ 012 { CMS preliminary - |~ 012 L CMS preliminary
- |9 ] I IZAK et
- I b -
51 0.1 ! S|s 0.1F
>(S 0.08F —t S|2 o0.08F .
:: O 0.06F SUSY - Qi 006F QCD MUltljetS
*0.04° 1 [ :
VEE I 0.04 -
0.02F +ﬁ—;{-—4% 0.02 & . T
o— - Te T e
0 0 1

2 . .3 2 3
Il leading jet Il leading jet



: £ Fermilab
ABCD/Matrix method serermilab

at Chicago
e Try to estimate bkg from o,
3 O
data: £ =
e Mostsignalis in “C” g E £
. (=T [=] E iéﬁ
* Backgrounds are in S3=zn3 4 nio
= i
i o

UN? UpN? up”
e “A”,“D”, “B

B D
* Assume that for bkg
o U“UA” /"D” =“C” [/ “B” |=——"T =S 9 [~TTSTTTTTTTeTTTTT
/ / _ C A
. H 1 IIIII!III |HHHI\ ‘HHHI 1 |IIII!III |HHIII\ ‘IIHH 1 |IIIIII 1 |\HI
valid if oer & n are UL
o g
bkg = 10°F
Npred(aT > 0.55, |n| < 2) B ol
P CMS preliminary
— RaT(O'557 |77‘ > 2) X PRU=
c b
Np& (ap <055, |n] <2) 3FwF
meas \&T -9, |1 ® o F
data background region estimated measured 1_ """""" w
background 2 <|eta] <3 42+-17 (9 MC) 40 + 6 (4 MC) J0° f_':éc[, MadGraph
background (mad) 2 < |eta] < 3 40 +-15 (9 MC) | 39 + 6 (3) MC 5""(,.'5"";""1[5""5""2_'5""3

nl leading jet



=F ilab
“Non-QCD” Background  {ici~

at Chicago

0.2 InvMassGen
|l — MN_l (generated) Entries 1598
« Large MET and = n Jets 1% v aois
016~ Mpﬁ (reconstructed) .| Underflow 0
expected from oral. -
e Z(—vv) +=njets 0.12 v o078
0.1 , Ondertiow 0
e Can derive from data using 0.08F- overtow 0
Z(—uw) + = n jets i '
Y +=n jets 002
%;) I |7I0 25 2 e A G s Y b= i 01 L 1120

AR I I B I |

N CMS Prellmlnary .

10*E \'s=10 TeV, L=100 pb'  —

- —— Z(—>pup)+> 1 jets data ]

MO3E —o— Z(—vv)+2 1 jets from Z(—puy)+ > Tjets 3

§ s . Z(-v)+21jets MC :

2 [Ty.y. o

Z"’10
ok 190 Z(opu)+2njets EWK 08-006

E LT i

Pl H L _
100 150 200 _ 250 300 Y+2Znjets SUS 08-002
MET (GeV) 41



at Chicago

—— . & Fermilab
Sensitivity to Discover CMSSM ¢+

e Inclusive Jets and MET signature most sensitive at LHC

— 1000
- C ~
= tanf=10,A,=0,u>0
= s00C jets + MET (CMS) — 1/fb @14 TeV
3 - N © 100/pb @ 14 TeV
700
- &\\\\\\ — - 50/pb @ 10 TeV
600 N
=S N
- %\
4005 /\\Q\\ T~ full CMSSM
300" \\\\\\\\ = '~ parameter space
~
200 N~ — — -68%CL
0
100 \\\\ \\\\W
0 lllJlllNoF“{sPI
0
mo [(.(‘\"]

 Recent global fits of CMSSM to all experimental data
indirectly constrain the model

e The CMSSM is an early Discovery / Exclusion Model !



2% Fermilab
Summary NG
at Chicago

 Many very interesting topics | did not cover:

o Extra Dimensions (Monojets)
o Black holes (Jets, MET, leptons, everything)
e Heavy Stable Charged Particles (“Monojet”)

e There is an exciting Menu of Jets & MET physics at the
LHC

o Jets bread & butter physics...lots of QCD!!
e do we understand the SM at Terascale?
o Jets & MET searches not easy...lots of QCD!!
e but most sensitivity to many NP models!

 Early discoveries possible!
(with understood data, of course ;-)
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” . 3¢ Fermilab
Monojets & Single Photons vic ™

 ADD Large Extra Dimensions
e via Real Graviton Production

SN-ATLAS-2001-005

iW(ev), jW(uv)

Events / 20 GeV

o 106_ ‘.‘:.;:
* Very Simple Topology: % ATLAS [ wiew
« monojet / photon back-to-back and balancing MET ol B Prel B 1z
®qq (_) !I(' p ® g9 — g(,‘ ®qg — ([(_; i ,, == total background
{ '\\ 9 g - <9 q - ~4q 104 %

N 9 « IS N 1 7 2 : ® signal 5=2 M, =4 TeV
. Vs ’_Z‘J?A P z[;_“ & t',‘),/‘. [ O signal 5=2 M, =8 TeV
i Selection 7~ TG g™ G g™ 7e 0k A signal =3 M, =5 TeV
F " m signal 5=4 M,=5TeV

e lepton veto, i

* large Jet/Photon pT (> 400 GeV), large MET (> 400 GeV) 107

 MET back-to-back with Jet / photon :
* Main backgrounds (normalize with Standard Candles) ~¢

e W(=2lv)+]et :

o Z(2vv)+]et Yo e swo s too s dso0 1575:0
* Discoverable shortly after 100 pb-1 i
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LHC parton kinematics

= (M/14 TeV) exp(zy)
M M=10TeV
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®  Typically, sea and/or gluon 12
interactions at low-x dominate 3
production rates at the LHC =
S 1
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One of the very first LHC Physics
Opportunities

Centre-of-Mass profile (very rough est.)

| pb-! at 14 TeV:

e ~200 000W's
e ~60000Z’s
| pb-! at 6 TeV:

° ~70 000 W’s
° ~20 000 Z’s

(40 000 ev+pv)
(4 000 eetpp)

(15000 ev+puv)
(I 500 eet+pp)

Luminosity profile (very rough est.)

| pb-' at 10TeV:

e ~|00000W's
e ~40000Z’s
10 nb' at 10 TeV:
° ~1 000 W’s
o ~400 Z’s

(20 000 ev+pv)
(2 000 eetpp)

(200 ev+pv)
(20 eetpp)

o)
£
S

9

10

proton -

(anti)proton cross sections

T

O

0, (E/" > Vs/20)

jet(

Higgs(

T

EFS \/s/4
M =120 GeV

500 GeV

200 GeV §

%

0, (E;"'> 100 GeV)

0.1

|
]
Vs (TeV)

10® cm®s™

events / sec for L
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Supersymmetry Phenomenology

 Supersymmetric particles not observed experimentally
 SUSY must be broken (softly)!

1QQN Ly r T I DD
LMSSM -3 ( Mg + MoWW + M, BB + c.c.)
— (ﬁau QH, — jad QHj—¢ac LHy+ C-C-)
}

. _ -, _ . 1 ~ ~7 - .
—Q'm{Q—L'mi L-umZu' —dm3d —em?

—myy, HyH, — mf; HyHg — (bH, Hy + c.c.) .

Ol

e Mechanism is unknown = many new free parameters
e MSSM: > 100 additional parameters

e Pheno. Viable: < 20 additional parameters

e 3 ﬂaugino masses, 5 squark and slepton masses, 3 tri-linear couplings,
4 higgs masses

* Defined at the Soft Scale!!

e CMSSM: 4 additional parameters (gravity inspired)
* My, My, Ay, tan f, Sign(u)
* Defined at the GUT Scale!!

e Others!
23 April, 2008 R. Cavanaugh, Florida, LANL P25 Seminar 50
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1SS Ly
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—@TWU LL—um d d _Zm2%

@y
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1960

SLAC

1970
ISR

PETRA

1980
SppS

Tevatron
LEP
HERA

1990
DO+CDF

LEP2

2000

LHC
2010

== Introduction of Color and the Quark Model

<~ Experimental evidence of quarks in DIS scattering
Bjorken scaling

«— Birth of QCD
Renormalizability. Asymptotic Freedom. Confinement
«— Discovery of the c-quark (SLAC. BNL)
«— Experimental evidence of jets in ee” annihilations
as manifestation of quarks (1975) and gluons (1979)
«— Discovery of the b-quark (Fermilab)
«— Violation of Bjorken scaling, Evolution of Parton
Distribution and Parton Fragmentation Functions
«— Computation of higher-order effects in pQCD
for many processes

«— Discovery of W and Z — Confirmation of
Standard Model

«== Next to Leading Order pQCD predictions for jet
production

«— Discovery of the t-quark (Fermilab)
+=—= Precision EW Data — LEP 2

«— Tevatron Upgrade, Run Ila
«— CTEQ6 PDFs + Errors

<+ Tevatron Run IIb

«— LHC Startup
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. B University of
Background Est. via QCD Template Events BRIS_TBbL
aF rermiia

U I University of lllinois
at Chicago

How to model E;™ resolution effects in V+jets?

_ ®  Also studying :
a) Assume that the V momentum is known; Jet 3 y+iets
. , /
b) Artificial sources of £;™ are due to mismeasured / e vell measured o f ] d (SM
jets, detector and non-collision effects. o orwar ( B
Jot 44— like) vs
\ et 2 central
How to model effects generating E,™S in-situ: The jet ystem and the (BSM-“ke)
- etector are main sources o
Jet 1 artificial Emiss
1. For each V+jets event, collect a sample of multi-jet QCD events with D. Stuart &YV.Pavlunin
the “same” configuration of jets;
2. Measure E™s in the collected QCD sample to obtain E;™ prediction
(template) for this V+jets event;

3. Repeat the above for all V+jg¢ Blue: measured Red: predicted
E™iss prediction for the entire \x w'r 2"

€

2 jets or more,
P.> 150 GeV

3 jets or more|
P> 85 GeV

4 jets or more,
P.> 60 GeV

—
<
T

Febuary-2009

Events / 10 GeV
;a
|
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=

Events /10 G

._
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>
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2= Fermilab
tt ba :j-l c University of lllinois

at Chicago

e Top phenomenology

e All hadronic signatures

* Dealing with backgrounds
e Sensitivity: EXO 09-002

| Background, Dijet Mass |

CMS Preliminary

(aV] (- —
|_Dijet Mass, M = 2000 GeV/c2, w=20 GeV_|  cms Preliminary L aF =
~§2500?‘..I....,l...I.../'I....I..”]...vp-..lCOnstamgsm § 3-5;_ |:|QCD —;
C Mean 1827 3 _ -
52000— _ 9 = D tt Continuum ]
—_ C Sigma 1391 ~ 25 i _—
s a L T E = Total Background -
81500— & oF -
€ - — Pretagged > - 3
> N L E -
i C « 1.5F -
§1000_— ----- Double Tagged @) 15_ _E
£ L 8 E E
2 ool £ o5 ;
- pd 0 Cit 1 cal v b by f -
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500 1000 1500 2000 2500 3000 3500 4000 4500 5000 Dijet Mass (GeV/cz)
Dijet Mass (GeV/c?)
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