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Introduction N

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

O QCD is the dominant process in LHC. (M/14TV)D(YJ
O The LHC detectors’ rapidity coverage  wF a=w M=10TeV
allows probing a Large Q? vs x phase o

space. _
O Jet measurements at LHC are important:**
- confront pQCD at the TeV scale o ’
- constrain PDFs S
- Probe strong coupling constant, ag o |
- sensitive to new physics (quark o’ E
substructure, excited quarks, dijet o L
resonances, etc) N _ s
- understand multijet production T / th target
(important background for SUSY and BSM 107 s it Bl it
searches) x

- QCD processes are not statistics limited.

—
(@)
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Integrated Luminosity in 2010

O Excellent machine performance by LHC since last August

A 47 pb! pp data delivered; 43 pb-1 recorded by CMS

O ~85% recorded with all sub-detectors in perfect condition

O All sub-detectors have at least 98% of all channels operational
O Luminosity uncertainty is currently 11%

Total Integrated Lummnosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC)

50 V : : - : 7-
- » |
_ i <«— Most of the
92% data taking efficiency Results (only
30 ~----- o e o simiaisimeinis i m s m s s m e main o e - emimiaes SRR Jom — R 2 - 2 months after
end of run)
20 (published/
heading for)
10
«—— Afew ‘basic’
20/03 12/05 25/06 08/08  21/09 0411 analyses

oete (published)
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The CMS detector
CMS Detector =

Microstrips (50-100um)
Pixels ~210m? 9.6M channels
CRYSTAL ELECTROMAGNETIC
Tracker ‘ T — CALORIMETER (ECAL)
E C A I_ ‘ SR "\ 76k scintillating PbOWO, crystals

HCAL , . ‘
Solenoid - —, ! PRESHOWER

Silicon strips
~16m? 137k channels

Muons

| CASTOR
STEEL RETURN YOKE 5 -~ CALORIMETER
~13000 tonnes A p \ .

Tungsten +
quartz plates
ZERO-DEGREE
CALORIMETER

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A FORWARD
CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL)
Brass + plastic scintillator MUON CHAMBERS
Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Total weight : tonnes
Overall diameter : 15.

Overall length

Magnetic field




Compact uon Soloncia

What CMS showed a year back ..
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Compact uon Soloncia

ow we have data ..

The QCD Menu at LHC Data
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Jets in CMS ENE

] Run : 138919
i Event : 32253996
Dijet Mass : 2.130 TeV

E(GeV)

300 Jet 1 Py 585 GeV
200 Jet 1 P 585 GeV =

100

S Jet 2 Py 557 GeV
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Jet measurements in CMS N

O Jets are the experimental signature of quarks and gluons, observed as highly
collimated sprays of particles.

O A jet algorithm is a set of mathematical rules that reconstruct unambiguously the
properties of a jet.

U Fixed cone algorithms:
< lterative Cone (CMS) / JetClu (ATLAS)

< Seedless Infrared Safe Cone (SISCone)
U Successive recombination algorithms:

AR? p=1 -> K;jet algorithm
dy=pr]  dy=min(p}.p;’)— p=0_-> CAjetalgorithm _
D p=-1 -> “Anti-k;" jet algorithm

O Different inputs to the jet algorithm lead to different types of jets:

<> Calorimeter jets (CaloJets): Clustered from CaloTowers

< Track Jets: Clustered from charged particle tracks
< Jets plus Tracks: Correct calorimeter jets using momentum of tracks.

< Particle Flow Jets: Clustered from identified particles, reconstructed using all

detector components.

ASPEN 2011 Suvadeep Bose 10



Jet Energy Calibrations in CMS N

(J Factorized approach (like Tevatron):

<Rel. Response Data/Simulation>

LI N B B B B B I — 10 CMS| prlelill'nlir!a'rlyl, 29 pP-1 . I\I:§I=I7Tev
L CMS Preliminary X E ! ETotaluncert.
N5 =7TeV - 9% — Total MPF E
antik; R=05 E 8F particle flowjets —Photonscale
1.1 Particle Flow jets 4 ® E . - Extrapolation 3
I - 5 7p AntG05&07 offset +1PU)
CMS PAS JME-10-010 € o ~Residuals
o 5k CMS PAS JME-10-010
3
® 45
Q 3F
: s %
| —=-Data g of
| —e— Data+Residual o E.
0.9l [T]Uncertainty (p_ =100 GeV) | o< AEEEEe
: SR a1 s £ TP I
01111%111151111{131111211115 0 20 30 100200 10002000

offset correction (removes pile-up and noise contribution)
relative correction (flattens jet response in pseudorapidity)

absolute correction (flattens the jet response in pr)
In-situ residual correction:

Flattens jet response in n using dijet p; balance
Flattens jet response in p; using photon+jet Missing-E+
projection fraction method (MPF adopted from DO)

nl p; (GeV)
ASPEN 2011 Suvadeep Bose
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L ——rawp, =30GeV anti-k; R=0.5
- rawp = 50 GeV PFJets

raw p_=100GeV  Total Correction i

- CMS PAS JME-10-003 -

N
T

N

CMS Simulation

D
O,
L L

Jet Energy Correction Factor

—

U Jet calibration vs. n
better than 1% per unit of
pseudorapidity.

O Jet energy scale

uncertainty: 3-5% over
whole p; range.
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Jet Shapes - |

N

jet mixture

U

Sensitive to the quark/gluon

Test of parton shower event

generators at non-perturbative

levels

Useful for jet algorithm

development and tuning
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© anti-k; (R=0.7)
o B
L \'s=7 TeV n
[ L=10 nb" 8
4 ]
— D . t —
8 20 GeV < P; <30 GeV
[ O ®  Data
O Pythia D6T
[ ¥ * Pythia6 TuneP0
O o Pythia8
A Herwig++
vl b b b e e e e
01 02 03 04 05 06 07
Radius
 CMS preliminary 2010
[ anti-k; (R=0.7) .
[ \s=7 Tev & L
- L=10 nb” L
r ]
i 60 GeV < P*' < 80 GeV |
L é ®  Data
O Pythia D6T
i * Pythia6é TuneP0
o Pythia8
A HerW|g++
P e b b R IR )
01 02 03 04 0 5 06 07
Radius
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Jet shapes probe the transition between hard pQCD and soft gluon radiation.

1CMS PAS QCD-10- 014

L CMS prellmlnary 2010

[ anti-k; (R=0.7) N
K \s=7 TeV 8 L] "
[ L=10 nb” B
0.8 - 5 —
06 : 40 GeV < PX' < 50 GeV
®  Data ]
04T i O Pythia D6T
* Pythia6é TuneP0
02 o Pythia8 -
A Herwig++
ol b v b v e b v b b
0.1 0.2 03 04 05 06 07
Radius
12— 17—
[ CMS preliminary 2010
[ anti-k; (R=0.7) b
T Js=7 Tev P . u
[ L=10 nb” Y .
0.8 - —
L g 1
06 - 80 GeV < Pr' <100 GeV
@ ®  Data ]
041 O Pythia D6T 7
#* Pythiaé TuneP0
0.2 - ¢ Pythia8 —
A Herwig++
Lol b b b b b by
01 02 03 04 05 06 07
Radius

CMS PAS QCD-10-014
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Jet Shapes - |l

N

CMS PAS QCD-10-014

g 20 L T T T | T T T | T T T | LI | T T T | T T T | LI | L ]
Z T CMS Preliminary 2010 .
18— —

C Ns=T7TeV SyS U nc 7

16 L=78nb" ' -

U Charged particle transverse shape
variable (OR?):

A measure of the width of a jet in

the n-® plane.

14

12

2 2 2
< OR >(pT) =< 0 >(I9T)+<5’7 >(pT)

10f

[ | Ly |
40 60 80

100 120 140 160 180
Py GeV
Charged particle multiplicity (N,)

20

(o]
'
o
0.04

0.03

O 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

0.02

>

0.01

T | LI
CMS Preliminary 2010

Vs =7 TeV
L=78 nb"

— Pythia
------ Herwig++
5R? = (5¢7) + (517)
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20 140 160 180
p_, GeV

OR2 distribution T
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Inclusive Jet Cross Section N
CMS PAS QCD-10-011

U Fundamental jet measurement

10" CMS preliminary, 60 nb’ s =17 TeV — Used to constrain PDF’s
> . IYI<0-5 (x1024) — Can probe contact interactions
(_r) - 0.5<|y|<1.0 (x256) o
= 10° . 1.0<]y[<1.5 (x64) O Large rapidity coverage (upto |y|<3)
R o 1.5<]y|<2.0 (x16) 4 U Measurement extends to very low p;
=107 + 2.0<ly|<2.5 (x4) (~20 GeV) with Particle Flow jet
: = 2.5<]y|<3.0 (x1) reconstruction.

0 Good agreement between data and
Next to Leading Order QCD theory

~ 60— —
é |y| < 0.5 |j Total uncertainty

*E' a0- L PDF (CTEQ6.6) ]

105 — NLO pQCD+NP s | — NP (Pythia-Herwig++)

[ ]Exp. uncertainty 2 § 200 &5 0 e Scale (W2—-21)

10_1 Antl'k R_O 5 PF I | ; 0:::7-7-:T.T.Z.'._'.‘_'..'..‘;:_-__'_:::::_------------ __7

2 U 30 1 0 D 2 U 0 ’ 1 U 0 0 E :" i Hh“*-u._:
-20f-
Tevatron P (GeV) :

Limit 40" ]

I  Anti-k; R=0.5 .Jets

2030 100 200
ASPEN 2011 Suvadeep Bose p, (GeV) 14



Dijet Mass Distribution

N

J Mass reach beyond Tevatron %104;_

limit

0 Good agreement between data
and CMS simulation of QCD

using PYTHIA

O Search for narrow resonances 10"
decaying to dijets with natural
width less than experimental 107

resolution

(More in C. Hill’s talk)

ASPEN 2011

PRL 105, 211801 (2010)

[ [ | [ [ I LI LI | [ [ [

—e— CMS Data (2.9 pb™)

©) — Fit
S 10°¢ [ 10% JES Uncertainty
-~ EWN QCD Pythia + CMS Simulation
€10° W\ Excited Quark
% — - String Ns=7TeV
© 10

1

g* (1.5 TeV)

IIII| IIIIIIIII IIIIIIIII lIIIIIIII IIIIIIIII IIIIIIITI IIIIIIIII T TTTI

| | | | 11 I 11 | I | | |

M<25&|An| <13

J "
A
/
/
|

[ [ I

| lIIIIlIII IIlIlIIlI IIlIlIll_I IIIIlIIIl IIlIIIIII lIIllIlIl 1

|| R

'nu| [|NNEI

I | | |

500 1000 1500 2|000

Dijet Mass (GeV)
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Dijet Angular Distributions

do~[ QCD + Interference + Compositeness ]

Lo S L\ q q
20,2 2
a, (u )f_z a(u )T’F Lz
’ t AN q q
do ~ 1/(1-cos0’)? angular distribution l JS << A

1+|0089*| do ~ (1+cos0’)? angular distribution
Xdijet = eXp(|yl — ) |) = ]
l—wcosﬁl

Jetl

Rutherford ‘ - = with contact term

CM Frame
0 (jet1,jet2)

m—)

cosO’ : X

Jet2 dN/dy sensitive to contact interactions
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Dijet Angular Distributions

arXiv:1102.2020
B =
® 07— —— Data CMS
i QCD prediction =7 TeV
_ M Theory uncertainty 1
= L=36pb
B - - A=5TeV
=) "
o L M, >2.2TeV +0.5)
06—_________ /]
5 . i |
v N e, FP gy AP
= __H
r
0.5 B 18< M,_< Z Tev  (+0.9)
%_ = |
i o e
04— 14<M,<18Tev (0.3
_* " ﬁ
- 11<M;<14TeV (+0.25)
gy — ———— e—
03— (+0.2)
___—_ _ —0;85<M~<1.1 TeV g
- 0.65< M, <0.85 Tev (+0.15
H—-l—-ez ——" —
0.2 0.5<M, <065Tev (+0.D
h  — et
B 0.35<M, <0.5Tev +0.09
3 55__——— —
0.1 0.25 < M, < 0.35 TeV
L__ —
i 1 I 11 1 I L1 1 I 1 11 I 11 1 [ 1 11 I 1 11 l 11 1
2 4 6 8 10 12 14
Xdia

ASPEN 2011

(‘ ‘) 1 +|cos6”
Xaijer = CXPUY1 = Y1 |) = -
. 1—|cos6
» Good agreement 0.1 g
with pQCD 4 [ \E=7Tev
© | L=36pb"
|
Low : 0.08- observed
systematic !
uncertainties | ——— ex;;ctct:t1
B ex o
due to _- s o
normalization in !
each mass bin
O-M-Illlllll'lllllllll|

A [Tevl

Observed limit with systematics: N> 5.6 TeV

+0.4

05 TeV

Expected limit: /A > 5.0

%* Most stringent limit to date
Suvadeep Bose
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Dijet Centrality Ratio N

O The dijet ratio is a simple measure of dijet angular distributions
_ N (|17| <0.7)
7 N(O.7<|77|<1.3)

» Sensitive to contact interactions and dijet resonances

= LA B B s B s s L (arXiv:1010.4439 / PRL 105, 262001)
oc 4 ol CMs (b) |
: - s=7_'1I'eV .
i 29pb N O Dijet ratio has low systematic
s e 5 uncertainties and is a precision
0 8_— —_— NLO+Non-Pe_rt. Correction -] test Of QCD at Startup
-0 | [ NLO Uncertainty i
| |—- PYTHIA6
0.6 ,1_ s O The data agree with the theory
b S g i e rediction resonably well
T +a;ﬁtﬁ-:" P g
0.4 L
i O Set limit on contact interaction
200 400 600 800 1000 scale /A | |
Dijet Mass (GeV) (More in C. Hill’s talk)

ASPEN 2011 Suvadeep Bose 18



Dijet Angular Decorrelations

arXiv:1101.5029

0 Measurement of the azimuthal angle between

the two leading jets.

O Ag distribution of leading jets is sensitive
to higher order radiation without explicitly

measuring the radiated jets
O Shape Analysis:

1 dadljet

f (A(pdije;) =

dijet

A%ijcz =1

3=

A(pdi)m <X

Ay <<

=&

0 Reduced sensitivity to theoretical
(hadronization, underlying event) and
experimental (JEC, luminosity) uncertainties

ASPEN 2011
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107

102

w2
. Ap
> PYTHIAG and HERWIGH++ In 'd

o p:‘“>300 GeV (x10%)

¢ 200 < pT™ < 300 GeV (x10%)
a 140 < pT™ < 200 GeV (x107)
o 110<p]™ < 140 GeV (x10)
o 80<p:'ax<110GeV
| L-29pb’
\s=7TeV
yl<11 _

T TTTTI

T ‘lll‘lll T lllllll TTTTmm T TTTTT
NS
" A‘

"I LI #l_
¥ \ \ '-‘ '\
s 5
Y A\
O .y
\ A OO
A “ “
N

T

—— PYTHIAG D6T
PYTHIAG Z2
mimams PYTHIA8S

- HERWIG++
— — MADGRAPH

2n/3 5n/6

lllllll¢ ‘l lll$‘ .
._. 3 \

T
[rad]
jet

reasonable agreement with the data
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Dijet Angular Decorrelations

L=29pb" VS=7TeV lyl<1.1 arXiv:1101.5029 —

" y 200 Gov : 10°E * pT= > 300 GeV (x10%) CMS
- — o -
8% o gl NP p'°d'°"°;'s f: i‘;ﬁf P> = E o 200 < p™ < 300 GeV (x107)
3 L S ChS 5| T a 140<p™ <200 GeV (x109)
el -2 - o
S PSR NP L 89104§ o 110< p™ < 140 GeV (x10)
<fE - : ' L ' ' I ' ' . C o 80<p™ <110 GeV
2 - 200 < p™ < 300 GeV ,_| T r )
e N o {02k L=29pb
— + . E\s=7TeV .
. ¢ e °® 2. 0.0 PR Y SP—. - iyl<1.1 ';’,:;-'
- 1 1 | L L ] 1 1 102 ,A:;:"

Illllll

3_3 T
2_ + + # ’ Y o o 10
1 L AL T PP A—
- 1 1 | 1 1 | 1 1
- + 110<d;"'<14OGQV 1—/
C b,
i AR SN S P [ PYTHIAG D6T
) ' ' I ' ' | } . 10 'E- —— Kkgp=1.0
2l 80 < pT™ < 110 GeV E 7 e 7 aaaa. Kigg=2.0
BER . ——— K=25
- ¢ . B e — Kise=3.0
N s e o o s s n e 10 E 7 S k:=40
1—(/ 1 1 7t|/ 1 1 Jld L L - 1 1 | 1 1 | 1 1
2 2n/3 51/6 T
1 1 Seso Dmgerco PO /2 on/3 5n/6 n
PDF Uncertainty diet A(pdije( [rad ]

= Non-Pert. Uncertainty

. _ ... Early measurement shown to be useful for
O Reduced decorrelation in theoretical prediction tuning phenomenological parameters (ISR)

O Increased sensitivity to scale variations in MC event generators.
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3-Jet to 2-Jet Ratio

R32 = =
do, ! dH . Z

Insensitive to PDFs, reduced
luminosity, JEC uncertainty

Sensitive to strong coupling (ay)

Good agreement found with
PYTHIA and Madgraph within
uncertainties

Updated results with increased
luminosity coming up

ASPEN 2011

N

CMS PAS QCD-10-012

o 1.4|_ LI L N B B L BB 5
. CMS Preliminary -
1.2 \s=7 TeV g
| « Data(L=76nb") H
{EL]====PYTHIAG i
L i | === Madgraph 3
— i | EEEE Systematic Error i i .
0.8 i - o e B SRS
0.6] ,.:;f?iﬂ* o
C e pTjet>50GeV, |y| <25 1
0.4]vinft :
B -l"r |
0.2k ¥ 3
0 I I ! L. l | L L I i [ _|
02 03 04 05 06 07 08 09
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1

Hr (TeV)
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Event Shapes N

O Event shapes provide geometric information about energy flow in hadronic events
O Sensitive to the amount of hard gluon radiation
Q Can help in tuning of Monte Carlo models for non-perturbative effects

Q Central transverse thrust: -+ _ s
0.201 . % 3
: D T - — Pythia6 1 8 =
T| 0 = max 2icc ‘pJ"Z T‘ [ ---- Pythiag ) ; ’_3
’ np ZiEC Pl | 015 = Herwig++ — = E
T [ -.- MadGraph+Pythia6 1 & E
_ % - ----- Alpgen+Pythia6 : . % A e . S ﬁ
hl T_L C — hl(l - T_l_ C) 2 0.10—_ ¢ Data I e - ° NSeee—_ E
) ; .oz : fﬂ :
i o =1 ] .
0.05( ; ] O Differences
arXiv:1102.0068 B == { observed with Matrix
ool Lol I\.E.:.?T(!.V’.L.:.s'.z!)bl” #  element calculations

-12 -10 -8 -6 Dy 2

maximum of projection
on a transverse axis
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Photons in CMS

CMS Experiment al LHC, CERN
Data recarded: Thu Jul 1 09:08:48 2010 CEST
Run/Event: 139103 / 222480835

'. M
1] -‘." L -
. '] 4.- .. I\
- 3 ‘/I \
-t ' 14 / ' /
- - ' Zab
- -

ASPEN 2011 Suvadeep Bose 23



Prompt Photons ENE

Photon processes: ~____ > | @ VVV;/ q . » Diphotons
Q Annihilation --===""" g
a Compton =———_______
Q Also fragmentation contributes
0 But suppressed with isolation 1

Q Directly sensitive to hard scatter incllizie ph°;°a’;tg;?ij§;tr'§gess%; <02
O Important for QCD studies, detector s !
calibration, gluon PDFs, background ] 32
to new physics g 07 9
_ = 06 (all quark/anti-quark
O Challenging measurement 5 05 subprocesses)
. B 0.4
O Large QCD jet background £ o3
Q Observable: isolated photons o 9°
' g9
° 50 100 150 200 250 300
pr/ GeV
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Isolated Photons

1 Measuring prompt photons experimentally
— An isolation criterion around the photon candidates is applied to
suppress the background from neutral hadrons (11%’s) etc.
— Requiring isolation also reduces the fragmentation contribution

Definition of isolated photons:

E

had

\/(Ago)2 - (Al])2 <R
(R) < Euppercut

ISOtrk  =2r<g4 track p; ISOgcaL =2Rr<0.4 ETECAL 1SOpcAL =2R<0.4 ETHeAL
g 11— 3 e 3 %
[ CMS Preliminary 2010 — - CMS Preliminary 2010 = CMS Preliminary 2010
8 300— \Ns=7TeV i Ehbn?:‘aprmpty 1 o 160~ vs=7Tev i Ehbn?)‘aprmpty ! O 450:_ Vs =7TeV " Ehbﬁz‘aﬂfmm"l E
[ L=29pb’ [ MC others © L L=29pb" [ MC others ] «© F L=29pb’ [ MC others 1
B L mi<145 o o mi<145 9 Q 400 hi<145 =
Q 250 3 » 140 - > :
4] C g o ] L 3505 3
T F e S 1200 3 i :
g 200~ - B c ] 2 300 E
2 C 8 100- 3 8 E ]
8 C = E 1 = 250F =
> 150 7 80 = E ]
C C ] 200 -
B 60 — E 7
100 < C 3 150 E
r . 40r e 100= B =
50— [ ™ — C . ] E ]
C 20 L] — 50__ * 4
ol I, ) T T ol o M-Il_ ob L leioioioleieielele s e ele e
0 2 4 6 8 10 0 2 4 6 8 10 2 4 ) 8 10
TrackE p,_ IsolationA R=0.4 [GeV/c] ECALZ E; IsolationA R=0.4 [GeV] HCALZX E; IsolationA R=0.4 [GeV]

< Fraction of energy deposited in calorimeters: H/E = 2_, s Eycp /Egcp <0.05
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Photon Reconstruction and Performance ENE

> CMS Preliminary 2010I Ns=7TeV = CMS Preliminary 20 1'01 \s=7TeV
O Measured purlt.y for S 1:_jL di=29pt” {1 5 1:_JL‘,,=2_9P,,-1 ]
the sample defined 1566 <l <25 [

0.8 — 08 -
by the cluster shape ; _ l ]
method as a function  osf ] 06 .

B A Il <1.4442 T
Of pT —_— 0-4'_ E Loose (stab) E 0-4-_ B o 1
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defined by the » e ] : ! ;
. 06 i — 0.6 i 7
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Inclusive Isolated Photon Spectrum

Isolated prompt photon yield:
25 25
7, = S =17 [ 3w
i=1 i=1

hy T 1T ] T 1T I T 1T | T 1T | L | L L
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2 - \s=7TeV .
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> 2000_— 7]
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- |l e Background i
C component i
1000 — ]
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0 '_I [ J. el | [ | L1 b l [ r
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O The NLO calculations agree well with

the data at CMS even at low p-.
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Conclusions and Outlook N

0 The LHC and CMS performed extremely well in 2010

O Have already started producing high quality results from hard QCD
analyses at CMS

O Most analyses are ready / getting updated to the full data recorded
by CMS in 2010 (~36 pb™)

O Many analysis are already beginning to exceed the Tevatron reach

0 CMS has set the world’s best limit on quark compositeness

Q

Most of these results have been submitted for publication (or already
published)

€ All major hard QCD analyses will have results with full CMS data by
the timeline of Moriond

4 CMS will continue publishing quality hard QCD results in 2011

O Details of public CMS results can be found at:
https.//twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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