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Jet Physics at the LHC Nl

High PT

Farmilab S5C

Total cross section ~100-120 mb CERN i LHC

The goal at startup is to re-establish the '
standard model (i.e., QCD, SM candles) in the
LHC energy regime

- o(pT>250 GeV)
- 100x higher than Tevatron tmer
- Electroweak |
* 10x higher than Tevatron
- Top
- 100x higher than Tevatron
Jet measurements at LHC are important:
- confront pQCD at the TeV scale
 constrain PDFs ;
. pr'obe dg — O img = 500 Gev) P
- important backgrounds for SUSY and .
BSM searches .

) . 1 pb — :
- sensitive o new physics
* quark substructure, excited quarks, dijet
resonances, etc.
QCD processes are not statistics limited! | .
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SILICON TRACKER
CMS Detector ==,

Microstrips (50-1001m)

P”{E‘I S ~210m?* 9.6M channels
CRYSTAL ELECTROMAGNETIC

Tracker CALORIMETER (ECAL)
ECA L : 76k scintillating PBWO, crystals
HCAL
Solenoid PRESHOWER

: i ilicon strips
BTCC’I Yoke ~18m¢ 137k channels
Muons

CASTOR
STEEL RETURN YOKE CALORIMETER
~1.3000 lonnes Tungsten +
_______________ - quartz plates

ZERO-DEGREE ;
CALORIMETER :

1

1

I SUPERCONDUCTING

: SOLENOID

I Miobium-titanium codl

I CALORIMETER

I

I

Steel + quarlz fibres
HADRON CALORIMETER {HCAL)

Total weight 14000 tonnes Brass + plastic scintilator MUON CHAMBERS
Overall diameter :15.0 m Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Overall length : 28.7T m Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Magnetic field :38T
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Calorimeter jets

- Energy depositions in the ECAL and HCAL
used to form CaloJets

JetPlusTrack

- Calorimeter jets corrected with tracker
information
Particle Flow jets

- Reconstructed particles using information
from all sub-detectors; separate
calibration per particle type

Track jets
- Uses track input only

Jet algorithms:
- Default for p-p collisions is Anti-ky
- R=05,07

- Also studied SISCone, KT, and Iterative
Cone (used in the trigger)
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Particle Flow C

High PT
: : | eliminary | PFT-09-001

Particle Flow is an event ;MS e i
reconstruction technique that aims § ) S SV S S —
to reconstruct and identify all € oo -
stable particles produced in a S
proton-proton collision, through the N;fr S
optimal combination of all CMS j: L
sub-detectors i eers

- Identify different groups of T e e ?;:(Ge\ff:’)

particles and calibrate their
response individually

| CMS Preliminary |

c 045 i i i
s F o
- Charged hadron momenta are taken 3 0"3;::\ - Comeced Cae e
before modification by the AN A parceFow
magnetic field 5 025t \\ n<mErs
Particle flow is rapidly becoming : o __
the default reconstruction L T T B . = ¥ A O
algor'i’rhm at CMS 0.05F
0: 10?
P, [GeVic]
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Jet Energy Calibration at CMS

ngh PT
{ Required Correclions Optional Corrections E 122_3:2 ??;TT:?;Z,]?P
[ Recmstructed J - - - EMF Flavor UE Parton Cal.ilt;:;tod } E 1"_ * n & g b. g E
- 2 : ]
| == _:
* Factorized approach (like Tevatron): ol MPF Response -
e offset correction (removes pile-up and noise contribution) .- — 1
* relative correction (flattens the jet response in na o pumwen |
pseUdo r‘apid iTy) E Antl-k,, 0.5 PFJets * True Response ]
e absolute correction (flattens the jet response in pT) e
. . . g 1.2 FIT: 0.992;0.010 T
* Optional corrections: FRe ;
o 1—* - L . + ®
* electromagnetic fraction dependence oar ]

e flavor dependence JME"’ 10-003 20 30 40 50 6070 100

Photon P, [GeV/c]
* parton level § [mEE T
* underlying event 5 g gf Poscun Corecton Arpied i
. . E - —a— 08 -: d?!at p: -=85 GeV
* Jet energy calibration from Monte Carlo truth T
* preliminary in-situ measurements with y+jet pT balancing § 12- Relative JEC
and of single particle response, indicate that the jet energy +
scale is known to better than 10% I
* Update! JES uncertainties now ~3-6% (JME-10-010)
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Jet Shapes

- Jet shapes probe the transition

-— 12 L L L | CTTTT L ‘:‘ 12 rTTTTT T T T TTT T
between hard pQCD and SOfT S [ cMS preliminary 2010 = CMS preliminary 2010
gluon radiation daviss o S B v L
. . [ L=10nb" L ] [ L=10nb" ' ]
- Sensitive to the quark/gluon jet os- . 1 osl " -
. . i ]
mixture 06 o 20GeV <P <30Gey | O6F ' 40 GeV < P < 50 GeV
T
- Test of parton shower event ol ’ . bata A = Data ]
generators at non-perturbative ! ﬁ 0 Pracer - § » Porhias Tunepo
levels 02 o o Pythia8 1 02} o Pythia8
: A Herwig++ ] i & Herwig++
- Useful for Jet algor'l’rhm 04 02 03 04 05 06 07 04 02 03 04 05 08 07
development and tuning Radius Radius
—~ 12— —~ 12— e e
= I CMS preliminary 2010 = | CMS preliminary 2010
1 P (0,r ) anti-k, (R=0.7) anti-k, (R=0.7)
¥(r)= Tt T Js=7 Tev P u "] 1 \s=7 Tev 8 b "]
yers Jere P[0, R) - L=10 nb" L 1 | L=10 nb" " ' 1
. 0.8 § - o8l ' 1
(U] i i ] L ]
. 06 - 60GeV<P"<80Gev | 06 ; 80 GeV < P! < 100 GeV |
e - 1 I = Data 1
o4l B . g:::ia D6T | o4 _ é O Pythia D6T
% Pythia6 TuneP0 % Pythia6 TuneP0
02} s Pythiag 02| o Pythia8
Wil [ A Herwig++ 1 i o Herwig++
v o4 02 03 04 05 06 07 o4 02 03 04 05 06 07
Integrated Jet Shape Radius Radius
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High PT
QCD-10-014
E 20‘ L L L L L L LI L B B B . [T rrryrrr|yrrT T T T T T T T T T T T T
Zz C CMS Preliminary 2010 1 - CMS Preliminary 2010 o Data 7
BF =7 ev Sys. Une. 4 00 EerTev — Pythia -
16~ L=78nb" - - L=78np" | Herwig++ -
14 i i
r 4 0.03— —
- . - 2 2 2 i
12— m Kl -fj R o <5(P > —|_ < {Eff > .
10 . I |
- o Data +4  0.02- —
8 — Pythia E i i
A = e Herwig++ = i Yoo ]
:?f: c v b v b e v b g ] 0.01 T | -----

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180

. 2P GeV 2 it ] P GeV
Charged particle multiplicity dR? distribution

At low jet transverse momentum (20< p; <50 GeV) the measured
jets are a few percent broader than predicted by HERWIG++ and
narrower than predicted by PYTHIA D6T

18 Nov 2010 CTEQ 2010 10
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Inclusive Jet Cross Section C

theory for all jet

High PT
| QCD-lO-Oll
- Used to constrain PDF's > 10 . IYI<U 5 (><1024)
- Can probe contact (D = > 0.5<]y|<1.0 (x256)
interactions 3;_ 10° 2 «  1.0<|y|<1.5 (x64)
Inclusive jet pT spectraare in™~_ & ;im:gg {ﬂ?)
good agreement with NLO & 107 ey »  2.5<]y|<3.0 (x1)
&
=
©

reconstruction types 10 By By e
Large rapidity coverage up fo 4¢3 0 D
|y|<3 N 5 ,
Measurement extending to 10 — NLO pQCD+NP\ "\
very low p+ (~20 GeV) thanks 1 1 Exp. uncertainty ' *
to Particle Flow jet reco. 107 g Antik; R=0.5 PF N
- Tevatron lower limit ~50 GeV 20 30 100 200 1000
Tevatron o (GeV)
Limit
18 Nov 2010 CTEQ 2010 11
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Inclusive Jet Cross Section C
High PT

*  Main systematic uncertanties. for inclusive jet cross section, as for most other
jet analyses: jet energy scale (5-10%), jet resolutions (10%) and luminosity
(11%)

*  From theory side dominant systematic uncertainties are parton distributions
(PDF), nonperturbative corrections (NP) and factorization/renormalization
scales (UR,F)

CMS preliminary, 60 nb'I s=

_ Compact Muon Solenold

ﬁ
1~
o
<

_— ] — 60 T T T T T T T T T T T 1
& 120 =] Total uncert <059 X - -
oS ota unce ain - <05 Total rt J
= | ] Absoluts p, (+5°% lyl ] 9; _ lyl| [ ] Total uncertainty :
& 1000 =) Relative p, 1%) 1 L PDF (CTEQ6.6)
£ 80_ B P, resolution (x10%) - _CE_U [ —— NP (Pythia-Herwig++
3 eo- 4 8 20 L . Scale (/2—2u)
[ _ c -
-] — - -

1 2 0

7 o -

. (1))

- |
{1 F -20f

A
IOII

A ti-k, R=0.5 PF
_60 n |I | Ll 1 [ I R Antl k R-O 5 Jets
20 30 100 200 1000 VT T
GeV
P, (GeV) p_ (GeV)
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* Good agreement between data and CMS
simulation of QCD using PYTHIA

*  Search for narrow resonances decaying
to dijets with natural width less than
experimental resolution

 Use a model-independent resonance
search to obtain mass exclusion limits at
the 95% confidence level for a variety of

resonance models

String Resonance
Excited Quark

Axigluon/Coloron

Es Diquark

18 Nov 2010
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Dijet Mass Distribution
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High PT
(arXiv:1010.0203 accepted by PRL)
@1042' e ampmpeey 4
S 10°R EES%JES Uncertainty _
~ o 0 QCD Pythia + CMS Simulation
E 10 N, - Excited Quark 3
% 2 ™. String \5=7TeV ]
© 10F hl<25& lAnl <13 =
i é
107"g
10‘2E
107g
Excluded 104, L
Regions (TeV) 500 1000 1500 2000
s L L I
0.50-2.50 = cmenf\ sam
0.50-1.58 © [\ / \ ]
O / \ / \ ]
0.50-1.17, / 1\
1.47-1.52 w08t a57ev),” :
0.50-0.58, i . H}ﬁ S2hd
0'9?_1'081 - CMS Data (2.9 pb™ . ]
1.45-1.60 i \s=7TeV i
| Mml<25&An <13 |
P AT T SR SR NN T N S P TR BT I
500 1000 1500 2000
CTEQ 2010 Dijet Mass (GeV) 13
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Dijet Centrality Ratio

=

The dijet ratio is a simple measure of dijet angular distributions

- N(|n|<0.7)/N(0.7<|n|<1.3)

- Sensitive to contact interactions and dijet resonances
Dijet ratio has low systematic uncertainties and is a precision test of QCD at
startup

Set limit on contact interaction scale A with frequentist inspired CL method
We exclude A<4.0 TeV at 95% CL

Expected exclusion of A< 2.9 TeV ( accepted by PRL)
| T T T | T T T T T T T T | T T = 1 _67I T ‘ T 17T | T T7T | T I_f | T I...'\ L L r I :
1.0l CMs (b) ] & | cms H . 3 r
’ —\E:T'!'ev 1 1.4, s=7'1I'eV i . @ 0g
| 2.9 pb 1 r 2.9 pb oD t-‘ ] C
1- . Data — 1'21_ ;f —Nzerypothesis B -5
Ol NLO i 1E ;f’ [ Syst. Uncertainty| 1 -10 CMS
- | — NLO+Non-Pert. Correction 1 T Y A A=3Tev ] \Vs=7TeV 1
0.8 | [ NLO Uncertainty i 0.8f :“"A=4T9V 2.9 pb? E
P TS i Limit: A >4.0 TeV ]
0.6 06 — Data ]
: 0.4 et
- W SM = 10 ]
0.4¢ 0.2 [TisM=20 .
i | 1 L 1 | 1 1 1 | 1 1 1 | 1 1 L | 1 L D_I L1 ‘ ] I I | | L1 I.' I L | I I -t | | I -t |— | I I I I | ‘ ‘ ‘ ‘ | I I I I ;
200 400 600 ) 800 1000 500 1000 1500“2000 2500 3000 2000 3000 4000 5000
Dijet Mass (GeV) Dijet Mass (GeV) A (GeV)
L
R =1n (%)
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C\M\S Dijet Angular Distributions C

- High PT
 Angular distributions sensitive to new QCD-10-015

" Compact Muor

h SiCS o} F 3 ¢ CMS Prail 0'1‘: CMS Prefiminary
:llg: y o 5 014 [ —— Rutherford Scattering g o “f;:"f’? g o f:ﬂ":}"
. 1T LSS . ---- QCD Z ool Z  ood
hsensitive 3 012 j_ ------- New Physics s w s W
to PDFs o 01|l < T
° Reduced 0.08 ;“‘ _______ m— 210 = M, [GeV] < 320 n_uz— 320 < M, [GeV] <430
o 0.06 :_ LT T T : :
oty b by b b | S B T N T R TR O S B T I T W
sensn‘ruvn‘ry To 2 4 6 8 10 12 14 16 Kot Lot
detector effects Xajer = XY, YoD) 3 0 ——— 3 r—
e g 0 o . -] o '~.|E=?Te:-' E oab ﬁ_:?Te:r
» Sensitivity up to A=3 TeV with few pb! 2 *} Lo s Lo
o S s omp 4] 7
- Tevatron limits A > 2.8-3 TeV “‘w aoef- T I '{
S 4 T - -3 s
% i CNJS‘PrEIiIér ary ' I 430 < M_ [GeV] < 600 600 <M [GeV] < 800
= Fs=ETTev ooz : 002 .
< O g g T T TR
el Yo e
0 - 013
r 3 N CMS Praliminary
i 2 of Pt
r & U.Il:—
2 - F — —+— data
L 0.06 } S NLO + non-pert.
ool I scale + PDF unc.
m— M, [GeV] > 800
15— E o B pa BRI e
10 10 1 10 Yo
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Dijet Angular Decorrelation
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High PT
QCD-10-015
Measurement of the azimuthal angle 2 E ppeVs=7TeV
between the two leading jefts. T g ~ o pM™> 200 GeV (x10)
Ay distribution of leading jets is ~z 10%= 2 120<pT™ <200 GeV (x107)
sensitive to higher order radiation w/o F o 90<p™< 120 GeV (x10) 27
il i i i T o 70<p™* <90 GeV -
explicitly meqsurmg the radiated jets 10- T
Shape Analysis: = L=72nb" .
f(A ) 1 A0 gjjet 1_ V=t v
q)d.. i) = g—
* Tdijet | AAPijet - e '

- Reduced sensitivity to theoretical T o o
(hadronization, underlying event) and 107 = o
experimental (JEC, luminosity) - D _
uncertainties 102 —{z = CMS Preliminary

/ ot o L Herwig++ (GEN-SMR)
7 AP < --- Pythia 6 (GEN-SMR)
< T 22 A MadGraph (GEN-SMR
4 " 107 | a l’ap ( )
| g /2 21/3 571/6 T
“ > i m< A(pdiiet
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Dijet Angular Decorrelation C
High PT

QCD-10-015
2 F - 2 f -
Z| .o - ppeNs=7TeV z| 5 - pp@Ns=7TeV ]
© % -0 p_?‘“z 200 GeV (x107) © % Lo p;"“z 200 GeV (x10%
-z 102 = o 120<pT™ <200 GeV (x10%) -2 10° = 5 120 < p7™ <200 GeV (x10%)
- o 90< p_'r““é 120 GeV (x10) .- - o 90< p_';‘“s 120 GeV (x10)
" o 705p_'r““590GeV "o 704_:p_';'“<_:90GeV
10: 10k
- L=72nb" . - L=72nb"
L lyl<1.1 - lyl<1.1
1= 1E
107 10
- "‘-.:5_ "'*-ff :I:MS Prelimi - CMS Preliminary
- e reliminary
1 0—2 = _é 0 1 0—2 = -
- Pythia 6 (GEN-SMR) E Pythia 6 (GEN-SMR)
K - — kp,=1.0 i — Kk =2.5
P et ISR B FSH
10° :_—¢— - kigg=4.0 103 - kggp=8.0
E 1 1 | 1 1 | 1 1 E 1 1 | 1 1 | 1 1
/2 2n/3 5n/6 4 /2 2n/3 5n/6 T
A
Ag (pdiiet

dijet
. Ear"lgl measurement shown to be useful for tuning phenomenological parameters
(ISR) in MC event generators

- Systematic uncertainties dominated by jet energy scale and jet energy
resolution effects

18 Nov 2010 CTEQ 2010 17
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- Insensitive to PDFs,

reduced luminosity, JEC |

uncertainty x

* Plateau sensitive to
strong coupling

* Good agreement found
with PYTHIA and
Madgraph within
uncertainties

18 Nov 2010
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3-Jet to 2-Jet Ratio
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High PT
QCD-10-012
R do 3 / d HT
\32 —
doy /dHy
L R AN SRR AR RN A i
- CMS Preliminary 1
1.2F 57 TeV -
[{| e« Data(L=76nb" i
JEi]===- PYTHIAG 5
L i | === Madgraph |
" i | B Systematic Error l 1
0.8 b w s e -
B S S S o ol delaliad et
N S PEean st 3
0.6 et 5
- e | pTjet>506eV, |y <25 4
0.4t :
B ;’?‘ -
0.2;?'-" 1
- ' ; TR . . . e . . _I
I:1[1.2 0.3 D.I4 015 DIB 0.7 08 09 1
T H; (TeV)
Tevatron
Limit
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+ Event shapes provide geometric information
about energy flow in hadronic events

»  Useful for tuning of MC models for non-

Event Shapes

perturbative effects

* Robust against experimental uncertainties

DataMC{pythiat)

DataMCipythias)

0.24F 11 [T T T[T T T[T T T[T rr[rrr]r4q
0.22- anti-k;, R=0.5, p, >60 GeV/c  CMS preliginary 20165
0.20 - CaloJets pT>30 GeV/e,|n|<1.3 \E:?Tev,rL =78nb"]
0.1 —Pythias =
O e Pythia8 e = 3
0;|016—_ mann H!gnn:r? ++ *"'!.m..."ih"m'." —
e c g T ! 3
83 0.14F MadGraph+Pythiaé ;--! LI T -
S Q.12 " Alpgen+Pythia pransbmnd = 3
> " "F ' Data —'J= i =
S 010 - iniiegd
1< 0.085 rr-j FI =
0.06F o =
0.04 L =
0.02F- : "'|“ | | | | as
Tl b e e e

0.00 -12 -10 -8 -6 -4 -2

Ic;gch__C

T| ¢ = max

A DiecPLi

DataMC{aipgen)  Dam/MC{madgraph)  DataMCiherwigs+)

QD
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High PT

Central transverse thrust
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" Pythia8
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Herwig++
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Summary

* LHC has performed amazingly well in 2010

* Already we have a rich variety of results
from the high-p+ QCD program at CMS

* Many analyses are already beginning to
exceed the Tevatron reach

+ We are on our way towards many new and
interesting physics results

* New physics might be around the corner!

18 Nov 2010 CTEQ 2010 20
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Inclusive Jet Cross Section C
High PT

_ Compact Muon Solenold

1 5 = 1 s = 1 s =
o 1gCMSpreliminary. C0nb’  \S-TTeV . gCMS preliminar 60ny'  \S-TTeV . gCMS prelminary 0my'  \S-7Tey
L = Calo Iyl-:l].E 4 L = Calo 05=lyl=1.0 1 L = Calo 1.0=zlyl=15
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=14 O FF = PIAN 4 T o1af °FF 3
1! Cooh 1 o 1 «@ C ]
= 1.2_—M’/ -4 w 12 4 w 12K -
O » — Py 1 0 r 1 O » .
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[Spre e e Ry ~ ] e ] e —=| ]
08 L Ry RN 1 o9 :
06F / 3 0.6F / 3 06f —
0. 4_ —— Theory uncertainty —_; 'D-'i;_ —— Theory uncertainty _; {}4;_ —— Theory uncertainty % _
0.2k [ Exp. uncertainty — 0.2k [] Exp. uncertainty 1 {}2- [ Exp. uncertainty ]
[ — ansatz —4 7 [ —— ansatz QCD-10-011 ] [ —— ansatz QCD-10-011
C 1 1 1 111 II 1 1 1 11 II_ -I 1 1 1 11 III 1 1 1 1 III_ L L L III| L L l L1 II-
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0.8 i -9-_"‘::-%% | 5 0.8¢ cors 7 GB;:P}?.*' ]
062 + - 0.6 - - 06F -
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