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g Production Cross Sections ak the LHC
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® Cross sections and background estimates
(measured, calculated) tell us what minimum
energy and luminosity we need from the
colliding beams and therefore what the
detector must be able to handle

& Production dynamics determine the range
of energies and angles we heed to measure

e e _

. Inelastic background events
“ produced at a rate of 1 GHz,
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Q Lisk oﬂf Phusies Resulks

B Paper B Paper in prep. " PAS

O 5 PAS=Physics Analysis Summary

10 15 20

HIN
BPH
FWD
QCD I-pt
QCD h-pt
EWK
TOP

HIG

SUS
EXO

* More than ¥0 Analyses based on 2010 Data
* More than 80 Papers submitted, 30 in the pipeline
* I will focus on a small subsampte of those (2010) &odaj!

16,07.2011 R. Cavanaugh, FNAL/UIC



. Na&urattj leads bto
Eleckro-weale svmmeErU
breaking

* Avoids fine tuning of SM

* Viable Dark Makter

Candidate (R—pocri&j
conservakion)

3% Baryonic
Makter

22% Dark Log,(Q/1 GeV)
Molter * Gauge Coupling Unification
75% Dorke . Gravi,?:? naturally unifies
(rough v) koo
* Pre-requisite of Skring
- Theorw

| -
. 0f course, some problems too : No experimental evidence, so far! |
[ - I _ _ _ _ . e ——— il

16,07.2011 R. Cavanaugh, FNAL/UIC



* A symmelry between fermions and bosons

SM Particles SUSY Particles
quarks: ¢ q squarks:c}
leptons: / / sleptons: /
gluons:. g g gluino g
charged weak boson: II'* e ANiINo i h ~4
H* o L ==k - Jh2  chargino

Higgs: H O charged n.;:@;l':»lll_;;](:l } J

h" A" H neutral higgsino: h .-10 b H) higgsinc
neutral weak boson: Z° 7 Zino 7° > 2’”4 neutralino
photon: ¥ : ohotino ; b o

* Generally assume LSP is stable (R-parity conservation)
* SUSY wmaust be broken!
* mechanism is unknown = many new free parameters!

* CMSSM (Pasically mSUGRA):
* Supergravity spired model, § free parameters:

* Mo, My, As, ban B, Sign(am)
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neuktraline Production

® Most volve only weak couplings
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Squark & gluine production

® Involve the strong t:ou,puhg
e LHC unitial skate: quarks and gluons!

* squark & gluino produ&:&iom dominake over
chargine & wneutralino pradu«:&wn

* Thus: Lots o£ Jets and MET in final state for SUSY events!!
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| What does SUSY Loolk Like?

« Wi

Mass [GeV]

0 l.A | A ' A A

A | I— 1 A A A
24 6 8 10 12 14 16 18
Log,,(Q/1 GeV)

* Complex decays chains
+ High P, jets (9, 9 )
* Leptons (x, L, W Z )]

MET (LSPD e eeemeemermessarsmsesrmmsmen
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* Complex decays chains
+ High P, jets (9, 9 )
* Leptons (x, L, W Z )]
COMET (LSPY oo srsm—
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N ‘ Imagine you wank ko malee a discoverv

16.07.2011 R. Cavanaugh, FNAL/UIC



X ‘ Imagine you wank ko malee a discoverv

* Think ahead..work backwards...
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need?
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X ‘ Imagine you wank ko malee a discoverv

* Think ahead..work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un:f.
* You need convincing evidence that
your backgrounds afe under control

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”
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X ‘ Imagine you want to malke a discovery

Think ahead.work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un:f.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’
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o ! Imagine you want to malke a discovery

Think ahead.work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un;F.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’

Huqe discovery opportuniby buk...
Bes?re;ared! J °PF )

16,07.2011 R. Cavanaugh, FNAL/UIC

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”




o ! Imagine you want to malke a discovery

Think ahead.work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un;F.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’

Huqe discovery opportuniby buk...
Bes?re;ared! J °PF )

* Know your search beforehand!

16,07.2011 R. Cavanaugh, FNAL/UIC

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”




o ! Imagine you want to malke a discovery

* Think ahead..work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un;F.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

* Huqe discovery opportuniby buk...
Bes?re;ared! J °PF )

* Know your search beforehand!
* “Learn to know your data” (qual.i&:j!)

16,07.2011 R. Cavanaugh, FNAL/UIC



o ! Imagine you want to malke a discovery

Think ahead.work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un;F.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’

Huqe discovery opportuniby buk...
Bes?re;ared! J °PF )

* Know your search beforehand!
* “Learn to know your data” (qual.i&:j!)
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new pk%sics in kthe data without
your PL wn!!!
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o ! Imagine you want to malke a discovery

Think ahead.work backwards...

* What convinecing evidence do you
need?

e Whak? I need more evidence than

a un;F.
* You need convincing evidence that
your backgrounds afe under control

* You need convincing evidence that
objects are understood!

* You wneed correlation evidence
across SM physics processes (what are
your benchm rk*s?g’

Huqge d«',sr:overj opporf:u,hi&j buk...

Be Prepared.

* Know your search beforehand!
* “Learn to know your data” (qual.i&:j!)

* Bul, dont be caught Llooking for
new F»k stcs U bhe datbka wikthout
your PL wn!!!
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“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

“I think I've found the Higgs boson!™



Descending* the staircase of the SM...
QCD + Electroweak

*Adapted from Michael Peskin



Inclusive Jeks

* From pT = 1% eV ko
pT ~ 1 TeV

* Extends to very low pT
thanlkes to particle flow

e JES Uncertainties 3-4%

. Aireadv ak par&icte-tevet
corrected for resolution

* Inclusive Jek FT spe«c&m
I good agreement with
NLO PQC'J} Predi«z:&iov\s

CMS prellmlnary, 34 pb1 \s=7 TeV
> 10'"E Datafor: - lyl<0.5 (x3125) 4 5
(51010 P o 0.5<lyl<1 (x625) =
Pe) 109 ’ = 1<lyl<1.5 (x125) 8
! 108 2 o 1.5=lyl<2 (x25) 3C

= + 2<lyl<2.5 (x5)
T10

2 5<lyl<3
o) "108

\ 10°
104
10°
10° ‘
10E — NLO®NP theory ™

15 [ Exp. uncertainty
10" Anti-k; R=0.5

IIIIII| IAIIIIII|

20 30 100 200 1000
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| Inclusive Jeks
* From pT = 1% Gey to

PT ~ 1 TeV CMS prellmmary, 34 pb1 \E 7TeV
+ Extends to very low pT ¢ o CPE Data / NLO®NP theory 13
Fhankes ko Par&Lt:Le fLow q.' ' -Calo — Theory uncertainty i
L 14 [ ] Exp. uncertainty g
* JES Uncertainties 3-4% 2 Y

* Already at particle-level % - E
corrected {or resolubtion %) 1 YT l .

* Inclusive Jet pT spectra = s W E
I good agreement with S5 ]
NLO ~ el ~ N ~

0 pQCD Predw&mns cDu : :

0.2 - lyl <0.5 E

20 30 100 200 1000

P, (GeV)
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et Production

* Measure rate vs, corrected dijet mass and look for
resonances.
* Use a smooth parameterized fit or QCD prediction to
model background

* Strongly produced resonances can be seen

S 104
3 3
g 10 O GenJets
}?102 s+ CaloJets
T * CorrectedJets .
5" ~ Dijet Resonance
1 IJet n|<1 9,4, 9 9,9, 9
10"
102
107 9,9, 9 9,9, 9
-4
0 —a—"to
10° T -
CMS Preliminary e
L L 1 L l 1 1 1 1 l L 1 L L l 1 1 1 L l 1 L L 1 l 1 1 L 1 l L T‘l-,‘bﬁ
(] 1000 2000 3000 4000 5000 6000 7000
Dijet Mass (GeV)

16,07.2011 R. Cavanaugh, FNAL/UIC



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

* Use a smooth parameterized fit or QCD prediction to
model background

* Strongly produced resonances can be seen

o
L10°
<C

X 44
o 10
m

X 10°
o
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10
1

101

10

| | T T T T ‘ T T T T ‘ T T T T ‘ T T T T | L
L » Resonance Models _|
3 CMS Data (2.9 pb™) - 3
E —m String 3
- ) \Ns=7Tev | ... Excited Quark —
= . Mi<25&IAni<13 | o Axigluon/Coloron | 5
E N — — E4 Diquark e
C W 7
3 -z E
C — RS Graviton m
= 95% CL Upper Limit 2~~~ -
= —— Gluon-Gluon N 3
| ——Quark-Gluon -~ .'2\,\ R |
% —=— Quark-Quark N ‘j:,‘\j: %
I | | | | | ‘ | | | | ‘ | | | | ‘ | | | |‘ | T
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’>'\ T T | T T T T | T T T T | T T T T T T T T
o 1 04 g —e— CMS Data (2.9 pb™)
O] o — Fit
3 .
.8_ 10 [ 110% JES Uncertainty
-  F\ QCD Pythia + CMS Simulation
= 1 02 ————— Excited Quark
% F — - String \s=7TeV 3
T 10 2 M <25&IAnl<1.3 3
1 E
= q* (0.5TeV) E
1L ]
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103 " e
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Di-jet mass distribution

1015 -
©10'7F | ;
Lo o = -CMS Preliminary o Iyl <05 -
° 3ES UV\CQT‘EO\LV\&L@.S 3""4 /o % = L —36 pb'1 o 05<lyl <1.0(x10) -
i int = B 10<lyl <15(x 102) K
. Atreaclv ak Far&ide-tevet; %_1 02F  Ns=7Tev i ;ﬁj:z:ngg E: 13; .
corrected for resolution —, | antikR=07 X 1
. - ]
* Dijet Jet mass spea&m > 10"F §
. . O - b
I good agreement with = 1
NLO pQCD predictions D q02f ;i
o -
© - b
I pQCD at NLO + Non Pert. Corr. ]
103 F PDF4LHC .
:: MF = MR = (pT,1+pT,2)/2 ::
0.2 0.3 1 2 3 4
M, (TeV/c)

G¢0-01L-ddo
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Dijet ratio

* Ratios help keep systematics Low
* many effects cancel

* QCD: roughly no n pre{erewae

. Expec& NP to appear at high pT

* hewnce, central n
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* leading jebks Ag
distribution sensitive to g 10°
higher order radiation —=

¢ p]*™ >300 GeV (x1 0% CMS
o 200 < p]™ < 300 GeV (x1 0%

5| & & 140 < pT™ <200 GeV (x10)
. [ 3 0 E- 4-—' max
* w/o ex Lct:uf:bj measuring 3|3 107 o 110<p7™ < 140 GeV (x10)
. - - - C o B0<p™ <110 GeV
the radiated jets -- no jet g f°UCH ST
@] 103_L=2,9pb

counk Lngf

§d§=?Tev
* Particle level distributions 1 02;_""‘”",--' 7
* Corrections are dominaked 0
by JES and jet ¢ ol

resolutions

10° ——— PYTHIAG D6T
- PYTHIAG Z2
- === PYTHIAB
AQgjq << 102%™ e HERWIG++
F — — MADGRAPH
i 1 1 | 1 1 | 1 |

/2 2n/3 5n/6 i
Ap [rad]

dijet
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Historic Interlude
* Searches for New Physics (NP) at LHC

* SUSY sighatures have large SM Otot 100 mb
ba&lﬁ'grouv\ds jets with pr > 100 1 ub
* Several levels of SM pRCD W/Z 100 nb
processes must be crossed tt 800 pb

* ATLAS showed sometime ago:
* PYTHIA alone SUSY(M <1 TeV) 1-10 pb

* optimistic est. of backgrounds
°* More realistic ME simulations

* much less S/sqrE(B)
discriminakion!

* This led to earnest and well
intentioned statements from CMS &
ATLAS Like:

“We mustk

* understand SM before discovery”
* rely o accurate simulations”

Ehese are non-krivial sktatemenks!

Both of these statements have come brue!
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* Searches for New Physics (NP) at LHC

* SUSY sighatures have large SM
backgrounds

* Several levels of SM pQC"D
processes muskt be crossed

* ATLAS showed sometime ago:
* PYTHIA alone

* optimistic est. of background:

* More realistic ME simulations rh QF-F""‘ /0804221 m:.-._lg
* much less S/sqrE(B) ot [ |
discrimination! 3 SR |
*  This led to carnest and well g ol [ e |
inktentioned staktements from CMS & ¢ . |
ATLAS Lile: ¢ ° |
“We must 3 v . SUsY
* understand SM before discovery” : " |
* rely o accurate simulations” - | Pythia ‘? :
these are non-trivial statements! ' o l—'B-'r:nL'-S S6C4CI — Tt-x—njr
M_. (GeV)

Both of these statements have come brue!
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g Hiskoric Inkerlude
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jets with pr> 100 1 ub
W/Z 100 nb
tt 800 pb

SUSY (M < 1 TeV) 1-10 pb

10°
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g Hiskoric Inkerlude

O'tot 100 mb
jets with pr> 100 1 ub
W/Z 100 nb
tt 800 pb
SUSY (M < 1 TeV) 1-10 pb
— o Ty
hep-ph/os04-221 |
+ [1 ™ ALPGEN (Z—w)+4j
* !
+ "’ |
R 2 1
0? '
~ .
*isusY
L J .56 S
o
, Pythia IR ‘
| |LBNL-sse4l | %1, 44
0 000 2000 00 400
M_. (GeV)




w Coloured Particles

* First convince ourselves we can see
* old heavy uncoloured particles (W,2)

* Thewn cownvince curselves we can see
* old heavy coloured particles (&OF)

* Thewn convince ourselves we can distinguish
* old heavy particles + ISR/FSR jets

* from

* cascade decays of new heavy particles
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Descending* the staircase of the SM...
QCD + Electroweak

*Adapted from Michael Peskin



g Example of some V+JIets Diagrams

-
P

qq Drell-Yan: 0 Jets qg s-channel: | Jet

e,V

q e, &
JARY

e,V

q e u q q

qg t-channel: | Jet

S

Ve, Vu
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g Example of some V+JIets Diagrams

-
P

qq Drell-Yan: | Jet qg s-channel: 2 Jets

e,V

q e, u &
2%y
q e u q q
8
qg t-channel: 2 Jets

S

Ve, Vu

Initial and Final State Radiation play a big role! g
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g Unique Properties of LHC

* Production in associakion wikth mu,LF:EJeE:s enhanced ok LHC
(hence pure QCD reason to study V+dets at LHC)

* W/Z+o partons (LO)-> need 3, g
* valence-valence process ab Tevakron Wiz
* valence-sea, sea-sea process at LHC

* W/Z+1 parton:
* 99— W/Z + gluon (Tevatron) q 9 =» W/Z g (LHC)

N 1Z 17

* W/Z + Jeks is enhanced ok LHC
* large gluon contribution, large phase space for

additional jets *slide modified from Maria Fiascaris
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gﬁorma‘:&w\g for detector effects
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gﬁorma‘:&w\g for detector effects

1o 10 20 300 &0 50 60 70 800 90 100
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gﬁorma‘:&w\g for detector effects

1o 10 20 300 &0 S0 60 70 800 90 100
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gﬁorma‘:&w\g for detector effects

1o 10 20 300 &0 50 60 70 800 90 100
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Finite detector resolubtion on a sEeePLj
falling spectrum leads to longer tails

* Must correct, to cowpare wikh Thaor:j

nﬁorr@.@&MQ for detector effects

« Wi

10

1o 10 20 300 &0 50 60 70 800 90 100
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gﬁarmcﬁivxg for detector effects

*  Finite detector resolution on a steeply S 0
falling spectrum leads to longer tails o

By,
£

* Must correct, to cowpare wikh Thaor:j
*  Form Probability Matrix, M, that a jeb

* with brue momentum in bin i,

is measured with momentum in bin j B

1o 10 20 300 &0 50 60 70 800 90 100
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at..c)rrec:&wxg for detector e{fe&&s

Finite detector resolution on a sEeePLj — -
fa\LLth spe_t‘:Erum leads to longer tails ”._' —

* Must correct, to cowpare wikh Theory
*  Form Probability Matrix, M, that a jeb

* with brue momentum in bin i,
is measured with momentum in bin j R

A

/T For a particular
‘\I
‘|"\‘ PT (true)

\
I!

1o 10 20 300 &0 50 60 70 800 90 100

/ \
/ \

/| N\

_ = >

< pr(meas) >  pr(meas)

¢  Invert ?robo\bitiky Makrix and apply to
measured pT diskribution

16,07.2011 R. Cavanaugh, FNAL/UIC



at..c)rrec:&wxg for detector e{fe&&s

Finite detector resolution on a sEeePLj — -
fa\LLth spe_t‘:Erum leads to longer tails ,,.j —
* Must correct, to cowpare wikh Theory i
wh
*  Form Probability Matrix, M, that a jeb
",

* with brue momentum in bin i,
is measured with momentum in bin j

A

/T For a particular
\

1o 10 20 300 &0 50 60 70 800 90 100

l" I‘I
/ \ prT (t rue)
‘l \
'/ I|
/ \ S 200
/ \ (3’ 180! DO Run Il
/ \ g 0]
@ f
o e > . 140;
< pr(meas) >  pr(meas) 2 120! .
B REEEs I
*  Invert Probability Matrix and apply to o =
measured pT distribution 6ol " :
— 20|
de(meaS) corrected de(meas) uncorrected AR TR THAT TR PR TP PR TP TP P
% 20 40 60 80 100120140160180 200

Measured Jet P, (GeV)
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at..c)rrec:&wxg for detector e{fe&&s

Finite detector resolution on a sEeePLj — -
fa\LLth spe_t‘:Erum leads to longer tails ”.j —
* Must correct, to compare wikh Thaorj - True?

*  Form ?robabiti&v Matrix, My, that a jet

*  with true momentum in bin i, - Meas?
is measured with momentum in bin j |

A

/T For a particular
\

1o 10 20 300 &0 50 60 70 800 90 100

l" I‘I
/ \ prT (t rue)
‘l \
'/ I|
/ \ S 200
/ \ (3’ 180! DO Run Il
/ \ g 0]
@ f
o e > . 140;
< pr(meas) >  pr(meas) 2 120! .
B REEEs I
*  Invert Probability Matrix and apply to o =
measured pT distribution 6ol " :
— 20|
de(meaS) corrected de(meas) uncorrected AR TR THAT TR PR TP PR TP TP P
% 20 40 60 80 100120140160180 200

Measured Jet P, (GeV)
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at..c)rrec:&wxg for detector e{fe&&s

Finite detector resolution on a sEeePLj 2002 in i
falling spectrum leads to longer tails

* Must correct, to compare with Theory - PYTHIA?

*  Form ?robabiti&v Matrix, My, that a jet

*  with true momentum in bin i, = ALPGEN?
is measured with momentum in bin j |

A

/T For a particular
\

1o 10 20 300 &0 50 60 70 800 90 100

l" I‘I
/ \ prT (t rue)
‘l \
'/ I|
/ \ S 200
/ \ (3’ 180! DO Run Il
/ \ g 0]
@ f
o e > . 140;
< pr(meas) >  pr(meas) 2 120! .
B REEEs I
*  Invert Probability Matrix and apply to o =
measured pT distribution 6ol " :
— 20|
de(meaS) corrected de(meas) uncorrected AR TR THAT TR PR TP PR TP TP P
% 20 40 60 80 100120140160180 200

Measured Jet P, (GeV)
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* Important test of perturbative NLO predictions and background many searches
» Jets recomstructed from Particle Flow using anti-k; algorithm (R=0.5), E; » 30 GeV

Systematics dominates, mainly due to energy scale and unfolding for large n (Stngular
Value Decomposition, assuming MadGraph jet migration from particle-level jets)

Agreement with MadGraph, discrepancies with Pythia observed CMS-PAS-EWK-10-012

. . CMS preliminary CMS preliminary
T ac i T T T ] Ec [ T T ]
2|2 Tat\Ns=TT D LA Tat\Ns=7TeV
. %6 o' 3 36pb” at \'s ev1.§é1o_1:- IIIIIIIIIII At 36pb” at \s e i
i;-mmq . N E w_’“\' : N N E Z—Ou" :::
e g Emev {0 f EX>30GeV
2R S 8% | .
10%F 3 10%F ¥
L e cm S T ] E e dm ;
- energy scale R - energy scale E
D unioiding o o s [ unlokding
e 10°F  — MacGaph 22 ——Toand 10°F  — MadGrpnz2
E MacGraphDST  wpw ] . - == MadGraph DT
— - Pythia 22 ] — - Pythia 22
L | [ ——— | |
o) [ T T T ] ) i I T
] LI 2|8 03 .
Q| Vel S S S T TT T LT qels |
) ! i s, 4¢l- . ; ._4_ .
s ml"‘“.___-'___"— - “‘c’ozi-ia' * i p—— se—p— 1
+ AN 0.1 +|N ; T —— ————
E 4 ! | u - 0.1 -
o] E 0 1 1 1 ° % 0 | ]
°© 1 2 3 4 1 2 3 <
inclusive jet multiplicity, n inclusive jet multiplicity, n
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* Berends-Griele scaling:

CMS-PAS-EWK-10-012

CMS preliminary 36pb'at Vs =7 TeV
hd 1 N ) I 1 hd 1 hd 1
» o \ M =0 ’Bx n
o(V+ > n — jets) olZ += (n+1)jets)
T - =+ 3 xn 2F | 41 F | 412
— Jets noortanties: uncertainties:
o
~N
" Expected ™ constant R o [ e o 1o
. Z
with n K | S
o MadGraph 2 MadGraph
stat. only 68% C.L. contours stat only 68% C.L. contours
eleckrons ol 4L 4.
: . : : . - 2 | 2 | | 1 1 M 1 2
data @ stat | JES | €(¥) Theory oMS 4| 6 8 B a6 21 < 7T8V
= — - - s — elimina at NS = e
Z  « 50 | £10 ‘gll) ‘gg: 5.04 =010 15F 'pr :y T ™ [ T P T ™15
B 07 | +08 | 10K | 13 | 045+008 oWsanjels) _ . ovn .
W | 46 | 04 30 055 | 5184 0.09 o(W+ = (n+1)-ets) "Em .
B | 05 | 404 | 20 | £02 | 036007 i uncedaintes: | | = WGie smoaring marx |
~P> et eneegy scale
nwuwoins
| | data | stat | JESMC  e(f) | DéTtune | Theory
'Z|al 58 |+12] 06 | 01| +03 | 48=01 |05 1r 105
Bl 02 |£10]| 03 | 01 0.0 035 £ 0.09 !V;GV \ ‘f’;;""
W al 43 | 203 | 02 | %02 04 5.16 + 0.09 o MadGraph o MacGraph
|l 07 | £03 | 02 | 03| +03 |[022£006 o ooy olores . 0ND)----- L L o o
1 1 1 1 1 1 1 1
F. A, Berends, W, T. Giele, H. Kuijf et al,, “Multi-jet production in W, Z events at p anti-p 4.5 5 5.5 4 4.5 5 55
colliders™, Phys Lett. B224 (1989)237. doi:10.101¢ 89)91 44 (414

16072011
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g Summars of CMS EW resulks

16072011

R. Cavanaugh, FNAL/UIC

CMS preliminary 36pb” at \s=7TeV
I lumi. uncertainty: =4%! I
oxB(W) 0.988 = 0.008 gxp = 0.050 theo
oxB(W") 0.982 = 0.017 gxp + 0.049 theo
oxB(W) 0.993 = 0.019 gxp = 0.054 theo
oxB(Z) 1.003 + 0.010 gyp = 0.047 theo
oxB(Z — 1) P — 1.029 + 0.097 gxp + 0.043 theo
oxB( Wy ) \ . . 1.1212 0.177 exp = 0.077 theo
oxB( 2y ) — 0.969 + 0.121 gyp + 0.042 theo
oxB(WW) , . . 0.956 + 0.381 gxp + 0.007 theo
Rwiz ‘o 0.981+ 0.018 gxp = 0.015 theo
Rw. 0.994 + 0.013 gxp + 0.035 theo
Wi > eva .—.j 0.894 + 0.097 gxp + 0.017 theo
Wiet = uv a [R— 0.833 = 0.088 gxp = 0.017 theo
Zjoy ~ et , d . 0.992 + 0.199 gxp = 0.020 theo
| Zjet > pp @ ° . 1.208 + 0.280 gxp = 0.021theo
Zo jet/Zjer(— €€) . 1.059 + 0.281xp + 0.167 heo
Zpjet/Zjgr(— un) — 1.000 = 0.272 gxp = 0.185 theo
sin‘Ow , ,.4_. , 0.989 + 0.037 gxp + 0.(1)01 theo
0.5 1 1.5 2
Ratio (CMS/Theory)




Descending* the staircase of the SM...
QCD + Electroweak

*Adapted from Michael Peskin



SN |
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Cross Seckion

CMS Preliminary [ L=36 pb”, \s=7 TeV

* Divide sampte into : )
categories: sl ¢
* Njets, Ntags, electrons, wol % g g g g
Muons 3 £ £ § $
. 150
* Fik seaouciarj vertex mass :
distribution 100
* across all categories sof
using shapes from
s ) M oo 50 50 50 50 5
S “'mu"i'a\& Lo Secondary vertex mass (GeV)

CMS Praliminary

* Let data/MC scale factors

(IES, b-tag/miss-taqg eff.) coMwmmmaiy 2
also ﬂoo& 1°2§_ P
* Result: S

Top Pair Production Cross Section [pb)
N

. EOE cross seckion /
11 (=] S?SE. uhﬂar&‘ 10:— | -:f::r:NLoocD(pp)
E W oo
° scale fouc‘&crs consisktent / e
Mi&h 1; Ni&hih ‘&E,& error ;;/. - V-a‘lwmum(’)ajx o
1 2 3 4 5 6

7 8
\s [TeV]

16,07.2011 R. Cavanaugh, FNAL/UIC



* Example of finding tiny
stgnals with Le.pf:ovx, MET, b-

tag and jets

* Two different analyses (cut
based and BDT):

* three different channels.

. \fer:j challenging amatfjsis.

16072011

Events

es

c/pb

30

25

20

15

10

_CMs Prellmlnary 36 pb \f_

7 TeV

e+mu comb.

* data
[t channel

102;

10

TTT IIIIIIIIIIIII_

o

[Js channel
Otw

Ot

B wbb
HWct

EWc
mWH+light jets
W Z+jets

I|IIII|IIII|IIII|III

-08-06-04-02 0 02 04 06 08 1

angle between lepton and light jet, in t rest frame COS Gj

t-channel single top quark production

R. Cavanaugh, FNAL/UIC

L 0 = 83.0£29.6+9.1(lumi) pb -
S S S ST

Ns / TeV



@8 Descending* the staircase of the SM...
; QCD + Electroweak

L Q ...to N Physi
8 —Wq to qu\g VyS|cs
gmaéa/géa 7

9 -
9 X q ~
8§00 F-- --oro ¥
34
*Adapted from Michael Peskin
q q

q



?g SUSY: Cascade Decaus

q [ %
q X v
q

“q .
R
q q q

=
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|

SUSY: Cascade Decaus

Multi-lepton | Di-photon +

Photon +

Jets + MET Single Opposite- | Same-sign
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET

Ja Rt

q

TR
q q q

8

16072011

~~

q

q [ 4
"M'éﬁ 70
i

R. Cavanaugh, FNAL/UIC

Modified from G, Dissertori



Photon +

Jets + MET Single Opposite- | Same-sign
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET
High _SM Backqrounds _ Low

16072011
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Modified from G, Dissertori




Photon +

Ji

Jets + MET Single Opposite- | Same-sign | Multi-lepton | Di-photon +
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET
High _SM Backqrounds _Lowp

16072011

_Discovery Sensitivity

R. Cavanaugh, FNAL/UIC

Modified from G, Dissertori



Photon +

Ji

Jets + MET Single Opposite- | Same-sign | Multi-lepton | Di-photon +
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET
ﬂfv;]k , SM Backs Ods _Lowp Gauge-mediated

16072011

_Discovery Sensitivity

R. Cavanaugh, FNAL/UIC

SUS ea <

Modified from G, Dissertori



Corr Jek Corr Jet

Corr Jet

Corr Jet

Corr Jet
* Real MET is &Wamuj “isolaked”

* Le. does not point in direction of a jet

* Fake MET typically points in direction of 2nd leading jet
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?g Exclusive

q
"w 10° | ' ‘ ' , MET
2100 oo < oum of ¢
E 105 E — SUSY LM1 ] /,,' Su,m (@] wyo
& alE “TDw : neutralinos)
S 100 — wowizoitop 1
Q 3 f— ]
1050 CMS preliminary ‘
10% L , )
10 ? ~ Corr Jet
g
N,
1 |
1079 1 2 3
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?Z Exclusive c&;je& +

MET

* MET =“Rubbish bin” of detector

* Wrought with pain and
suffering

w50, try to avold using ik

107 '

v CMS ET"™** + multijets, 1 fb™

| 310° — mSUGRA LM1
ir ------ zm’“
; — W+ I+ EWK
° - +QCD

|

200 400 600 800

1000 1200 1400 1600
Er " (GeV)
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yg Exclusive c&;ja& + MET

Missing ET in MHT30 skim |

* MET =“Rubbish bin” of detector

* Wrought with pain and
suffering

w50, try to avold using ik 10

10"

MET inchados colls with E>0 (e CH)

B Mo comection

0] Badnums were removes

[[7] Noisy cvents were removed
[T]  Bad cdismowers wero romoved

1

N U
Missing ET,

GeV
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yg Exclusive c&;ja& + MET

Missing ET in MHT30 skim |

* MET =“Rubbish bin” of detector

g 10 §_ MET inchados colls with E>0 (no CH)
. . ] ' Bl Mo cores
* Wrought with pain and N — o S
. 10. [[7] Noisy cvents were removed
) u‘fafe'r LV\S [[T]  Bad caltowers wero romoved
w80, try ko avoid using it 10
i2 2, il :
, L. L. S
(T = — el | n
i 2, - 2(1 —cosA¢g) ) 1 O
\/ZE'I‘ Er(1—cosA¢) V2 $ Missing ET, GeV
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_'Z Exclusive dga& + ME’T

* MET =“Rubbish bin” of detector 'j% I s
: —— SUSY LM1
* Wrought with pain and € 10° - — Zow
swfaferim > 10° - — W1, Z-slltop -
’ 10°F CMS prelimi
w80, try to avold using ik 100 - preliminary
10 ;
oy — E? - \/ E2/E} lfr
\/ZE’lE" (1 —cos Ag) \/2(1 — cosA¢) 1079 2
o |
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16072011

2

MET = “Rubbish bin” of detector
* Wrought with pain and

suffering
w50, try to avold using ik

P VE2/E!
-
| \/ZE’lE" 1 —cosAg) \/2(1 — cosA¢g)

A e ———— AT
& A0 —acp
*q:-; 10° :iusv LM1
2 .03 g |
o 10 j e W —sv| . Z 5l tOP |
10% 4
10
1}
CMS preliminary
10" = y

I

2 0 2 3

Exclusive dga& + ME’T

—— SUSY LM1

events/fb™’

— Wl Zslltop -

CMS preliminary
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?Z Exclusive c&;je& + MET

* MET =“Rubbish bin” of detector

* Wrought with pain and
suffering

w50, try to avold using ik

\/2E'il! E'ilg(l —cos A¢) V2(1 — cos Ag)

events/fb™’
30!

—QcD oo
— SUSY LM1 H’H ] Alv
— zow | 55
3, — Wy 2l { — |~—
107 op % Z =
10% !
10
1}
CMS preliminary !
o] —— L
10 oy 0 2 3

16072011
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events/fb™’

— QCD
—— SUSY LM1

— Z —VY

— Wl Zslltop -

CMS preliminary

1 '
1079 0.5 1 1.5
o |
x10°
o 2 SUSY(LM1)+background events
= —+—' background events
0.15
| - o
0.1

o

0_055 CMS Preliminary

%

1



Q ARCD/Makbrix wethod

o g
oz =
*  Estimate bleg from data: T é“
* Most signal is ¢’ |35.; 8 & £1"
I

° Back‘groumds are i

1.5

° “A”; \\an; \\Bn ; -_,_ﬁi ;_"_ B D
e o Tl b
| , C A

T % B v T 27 B
*  Assume bthat for big A .

,-ad 001 / 50°0 / Syuana
° \\AII / II-:DII = \\CII / \\BII

* valid f ar & n are uncorrelated

-
°U'
™

-
"%

CMS preliminary

2

events /0.05/ 100pb™" °
3

NoE (ar > 0.55, |5 < 2) 107}
= Ror(0.55,|n > 2) x 10— =
1w
Nr?lléis(aT < 0.55, ‘77‘ < 2) 10.1E|:gcpmdcmph o

0 05 1 15 2 25 3
Inl leading jet
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Corr Jekt

______
- S~

"""" ' > Real MET

7 (sum of two
neutralinos)

Corr Jet
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?g Ineclusive N-Jeks + MET

* 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
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?g Ineclusive N-Jeks + MET

* 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

o 1 Hr — AHy Ht — AHry 1 1-AHy/Hy
T = -

2 Mt 2\/H" . Hmlss 2\/1_ (H?iSS/HT)Z
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?g Ineclusive N-Jeks + MET

* 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—AHy 1 Hyp— AHy 1 1—-AHy/Hy
'T = — _— ——
2 MT 2 \/H% . (Hless)z 2 \/1 . (H?"SS/HT)Z
'l-g 107k —— LMO ':'81er — LMO
L e (1 = S I -
S 10°) 1 S 10° oL
S~ W ~ tt
$ 10 - 8 10 W
[} 1°‘F - QCD MadGraph °‘ 3 R 4
g : ) > 10°} <= QCD MadGraph
- 10°) CMS preliminary g 02,
2 o2k > 107}
& 10° { @ CMS preliminary
® 10} ¥ 10}
1) 1
| M PR rere B8 3
10‘0 500 1000 150020002500300035004000 107} 1 PR i | NRHIS
H, [GeV/c] 0 0.5 1 1.5 2 2.5 3
(l.r
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&
CMS 2 Jets S, 6

- - CMS >3 Jets
c10° ¢ P c10°¢ a1
; E JLdt=35pb ,Ns=7TeV ; E JLdt=35pb ,Ns =7 TeV
§ 10° E  Data § 10° 3 e Data
w - A Standard Model w - {2 Standard Model
10°L —— QCD Multijet 10° —— QCD Multijet
= — tt, W, Z + Jets E — tt, W, Z + Jets
, C —— LMO C —— LMO
10 'E_ ........ 1 03 'E_ ........ LMA1
10? 3 102 ;—
10 E_ 10 E
1 'i i
= 1
C N
10 -1
| 10
0 1.5 0

arXiv:1101.1628 PLB 698 (2011) 196
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Analysis based on understanding the
deteltor response in detail

* Jebs + MET U good shape! Use them!
Campt&met«&mv to kinematic searches
baseline selection:

* ot least 3 jets pT » 50 & |n| < 2.8

* HT » 300 & MHT » 150

o velo isolabed leptons (e & u) N
Backgrounds: T

10*E Vs=7TeV, L=36pb’ e Data

>3 - Anti-k_ (R=0.5) PF Jets . .
° mu& E")EE QL,.I}’ 10° 0< thT< hy [ Reweighted M

— > 2.5 0 Window
250 < p:"e <1000 GeV

* Z(*‘J e& s)"'?VV 5 102 0< P <0.05 [ ] Asymmetry Gauss
* Wtjets,
* Etbar

* determined
from data!

I 1 1 1 I 1 1 1
0.0 0.2 04 0.6 0.8 1.0

dgefz Asymmetry
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10§

0 500

—
CMS Preliminary 2010
\Vs=7TeV

L =36.1pb™

Zinv
100 wmu
0 wrau
300 weLe
1 I roPmu
0 TopELE
B ropTau

i L

[
[Jmo

1000 1500 2000
HT

102

—T
CMS Preliminary 2010
Vs=7TeV

L=36.1pb" 0 wrau

Predicted

Observed

MHT > 250 GeV

19+ 3.6

15

Predicted

Observed

HT > 500 GeV

43.9 6.1

40

_E - TOP-other

diboson+Zj




<) 450 LA L Y N L L L I L Y L B B N |

% L, =36 pb'Ns=7TeV CMS tanp=10, u>0, A0=0 |
g 400 Observed, NLO 5 CDF 7,7, tan p=5, u<o]
o Observed, LO DO 7,7, tan p=3, u<0 |
R e L Expected = 10, NLO e 7]
S LEP2 % -
4 i

3(800)Gey LEP2 T —

—— CMSa, 7]

§(800)Gev—-

...... 3(650)Gev -

F(50006ev\ N\ T i

200F O\ N TR ]

o= -

150 3

800 _ 1000
m, (GeV)
T 0,50, A 0

0 200

00 600

TTTT TTTY
CMS L, =36pb"Ns=7TeV :
— Observed, NLO

—— Observed, LO

------ Expected = 1o, NLO
I Tevatron Runl

[ CDF Runll

[ oo Runli

Bl cr2

m.. (GeV)

no CMSSM
solution

0 100 200 300 400 500 600 700 800 900
ma(GeV)

16,07.2011

1= 1000Fcus
900 F\s=7TeV, Lint=36 pb'1

—~

m ¢p (GeV

800} High-H, selection

- §g — 4jets + LSPs
prod = 0NLO-QCD 10
prod NLO-QCD

0

=3x0

95% CL upper limit on o (pb)

300
200
100 1
400 600 800 1000 10
my (GeV)
1000Fcys
9008 =7 TeV, =36 pb’
Fqq — 2jets + LSPs
800 [-High-H, selection 10

= 0,NLO-QCD

700
600
500
400

95% CL upper limit on o (pb)

300
200
1 -1
00400 600 800 1000 10
m, (GeV)
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CMS Experiment at LHC, CERN

Data recorded: Tue Oct 26 07:13:54 2010 CEST
\| Run/Event: 148953 / 70626194

| Lumi section: 49

|Jet pT: 393 GeV|

\Jet pT: 468 GeV|

MHT: 693 GeV
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pton Search

* Exactly one isolated e or pT > 20 Gey
* At least 4 jebs ET » 30 GeV |n| < 2.4

* Background from top and W+jets from simulation, all the

rest from daka
CMS prellmmary L =36 pb ‘,\s 7 TeV

— 500 T T
% r sssscLUmm -CDquMH.ud‘
& -? tgxumocblm.nm S 00 7wt ]
‘-é i Expected Limit = 10 [ P2 3 1
==+ Observed Limit, LO -
'-400_ e (1 LMt ' Ewn r . .
£ - ! rvel B 0o . CMS PAS-SUS-10-00&
§ tanfi=3, A =0,u>0
. Sample £=pu f=e
3001~ Predicted SM 1 ¢ 1.7+14 12+1.0
Predicted SM dilepton 0.0*95 0.0°95
Predicted single T 0294022 032703
200 Predicted QCD background 0.09 +0.09  0.07}4°
Total predicted SM 21+15 15+1.2
'. Observed signal region 2 0
2 | s q
0 100 200 300 400
m, (GeV)

16.07.2011 R. Cavanaugh, FNAL/UIC



g Opposite-sign Dilepton Search
WHY INTERESTING? Reconskruct syarﬁd@. masses!

. ﬁ-?ari&j -» sktable x°1 => no hvariank mass Peak‘s to reconskruck

q U I @
5 F CMS
............. L/L 2 :
q % B % 8T B
— B —qoar
* However, &WO"‘bOd.j decay of x°: to § “E
X°1 via a right-slepton £ [ Simulation
g 10-

* Sharp opposite-sign same-flavour
dilepton invariant mass edge

. depemds ol X% , lg, alnd X°1  Mas5€5  ioh i e s
0 20 40 60 80 100 120 140 160 180 200

* Can perform SM & SUSY background M(I'T) (GeV/c?)
subtraction using

W, 7

. OPPOSEEQ Flavour diskribution: et+e- “+"p+p- "-" e+p-

L\
-

” U+e-
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16072011

T
; E

3

1400

g

Adding a second i.ep&o»x
rejects W+jeks leaving
mostly top background

Estimated from daka with
ABCD method

Observed evenks consistenkt
wilth SM predéc&éon
CMS L,=34pb'\s=7TeV

—M.OObmtdL'mE LEP2 ;‘
L Jwer2 7

B 0 7. %
fanfi = 3, A°=0. u>0

------

w
e
ll:llTllll

m, (GeV/c?)

vees LOOBserved ima I COF %3, tarpies. pet). 210"
BN 00 7§ teped ped 210"

Search

30_' L T T — I
g cMms —_—
25h 34.0 Pb" at\s=7TeV SM MC
I Events with ee/uen . Data
200 | a |p E
15}
: 1 HE
St : = |
0:‘ — —— " el . . e
0 200 400 600 800 1000 1200 1400
H; (GeV)
arxiv:1103.134 %

Region D 1.4 £ 0.8 1

R. Cavanaugh, FNAL/UIC



Same-Sigin Dilepton Search
* Essentially absent in the SM (dominant bkgd mis-id leptons)

* Search in all three lepton species and four search regions
* Similar sensitivity as in 05 for small tanp

* Tau not j@.& included in Limik arxiv:1104.316%
Observed events CMSSM exclusion Limiks
3 CMS sqri(s)=7 TeV [Ldt=35pb" CMS\s=7 Tev L, =35pb’
. obsewed — 500 v Ll ]' La Ll L3 Ll l' Ll Ll 1' T Ll Ll Ll Ll ] Ll . Ll Ll
7 ; 1= [ FaLSP — NLO Observes LEP2 ¥ )
i bkgd with two fake leptons | © - — D z, .
SN bkgd with one fake lepton g - - NLO Bull fofictancy moded juzpz - .
| I opposite-sign leptons and charge mis-identifi catlon N 400 i a
oL " [N same-sign leptons E" . .00 y o )
B : l&nﬁ:a,A’:O,u)O :
-ItB I 4
- 300~ -l
o) . .
g | ~
TF RN e R )
B 7 % b — |
72727, ] 29 .
0 --------------------------- THIRNInIN AR 1 00 — T T T I, .-
Lept Trig Lept Trig HT Trig HT Trig 0 100 200 300 400 500
MET>80 HT>200 leptons taus mo (GeV)
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o v+l expea:f:ec\ when Lightest

neutral and charged gauginos

are mass deqgenerate

; M B I M

8 CMS, 35 pb’ 40
— \vs=7 TeV 35
:
8 —125
§ =~ 20
o

- 15
§ 10
g ------- 5

......

0

150 200 250 300 350 400 450 S00 550
wino mass (GeV)

Main background Wy (from MC)
Other sources estimated from the daka

95% CL limit (pb)

v 1
CMS, 35 pb '\ s=7 TeV
o— data

GeV

expectation for GMC
—— l0tal bkg uncertainty
. Wy MC

Ipt=—=Iy
-y

Events /5

10

10"

0 20 4 60 8 100 120 140 160 180 200

ET™ (GeV)

arxiv:1108,.3182

9%6% CL upper Limit on the
cross section as a function of
squark/gluitno mass vs wino mass
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g SUMMary off SUSY Searches

* Observed Limits from several 2010 CMS SUSY
searches plotted in the CMSSM (Mo, m1/2) plane
CMS preliminary L _ =36 pb’'\s=7TeV

% 400 ‘lx ), ' ' - CDF'A Gy tan[s, y<0 |
g |§ DO 7,37, tani=3, u<0
o B0 i R
é_ ........... [ ] ier2 7 N
300 ' .
Foeel tanﬁ:iO,Aolo,p>0 -
o50F ‘w1 Gy, -
Jots+MHT -
200 SOIONS, 1% e, 7
150 i 5 i ...‘3
R --..'.'; { ...."‘r::' AL A

0 200 400 600 800 1000

m, (GeV)
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Coneclusion

* For lack of time, did not cover (perhaps) most
exciting topic:
* Higgs! We expect to make strong statements
on the existence of the Higgs this year!
* Exotic ‘thjsi«cs: Black Holes, ete
* The LHC & CMS are in exceptional condition
* delivering high qu&ti&v data
* delivering exciting, high qu&ii&v resulks
* providing new insights into nature
* We can only guess what natures has in storel!
* & we have a qood chance to whatever it is!

. Squj Funed!!!
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% Exo&i«t: ‘thsir;:s? 1 evenk does nok malee!

v '
CMS p eeeeeeeee HC, CERl
Dat ddTh O 2807073920 0 CEST
nnnnnnnnn 9181/
\\ Lumi seclion: 1209
A I

\ [
: ) .: - ’
/o 7 = N y/
N :/ ) A : A N /(/*
T -

AW Sev? “ ABlack Hole? = /. /\A 2 Leptoquarks? &

MS Ex| rlmenl at LHC, CEl

S o

i \ Dlarecdd 016 3 182010 CEST
55 Run/Evel 9003 246002489

= Lumi secti 229

4. Run 142528 — SNLSE 5 (I:'Imtlje'l'l “C-)HtCZGC:EGR:lG 332010 CEST
i Event : 201376378 Z5\| RunfBvent: 149011 455253944 CMS s be?. to see
Dijet Mass : 1636 GeV pimuon Mass: 86.5 Gev/e

, Dimuon Py: 555.2 GeV/c er th s&udj

Jet 2 p.: 686 GeV \\X COMFI’.E.X evenks...
Falla)\

\ H H [ J N wwith enough data,
N/ Com!ai.ex events Like
// these might indicate

, A Di-jet Resonance? AQ* decay in qZ7? new kasicsf
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One end of the s[oet:Erum...
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end of the spectrum... wthe other end of the spectrum!

Néuron EXRATED 0'4 0)

STEAMING HeT
DARE. MATTER o

)

=N

: 24 .
At a resolution of 10 ° metres, isolated clumps of
Strange Matter pop briefly out of the quantum foam
to debate the possible existence of Particle Physicists.
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