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Introduction

* The Goal

> Observing and characterizing the interaction of

fast partons with the hot & dense matter created
in heavy ion collisions
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= The Tool: Dijets °”

> Fast partons from hard scattering are almost
always accompanied by a second parton with

close to the same transverse momentum and
back-to-back in azimuthal angle
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= The rate of jets
that stand out
above the soft
background is
much higher at
LHC energies

= The CMS
detector is well
optimized for
finding jets in
heavy ion
collisions

George Stephans

The LHC/CMS Advantage




Minimum Bias Trigger

Jet Trigger

CMS

Another CMS Advantage: HLT Trigger

_IIIIIIIIIIIIIIIIIIIIIIIIIIII_

- (a) CMS PbPb \(s,, = 2.76 TeV -

HF or BSC firing in coincidence on
both sides

97+/-3% efficient

Jet Trigger
(uncorrected P, > 50 GeV/c, n|<2)

Level-1: Single Jet 30 GeV
(uncorrected energy)

HLT: Single Jet 50 GeV

Efficiency (Trigger / Minimum Bias)

III|III|IIIIIII|III

0
(bkgd subtracted uncorr. energy) 0 CSOrr t180I d1_50 . t200 G %/5/0 300
Fully efficient for corrected energy orrected leading jet p (GeVic)
above 100 GeV Collision Rate: 1-210 Hz, Jet50U Rate: < 1 Hz
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Jet Finding in Heavy lon Events

Compare jet results using multiple algorithms
using calorimetry alone and calorimetry plus
charged particle tracks

Studies of event momentum distributions
done with charged particle tracks alone

Subtraction of the contribution from the
underlying PbPb event is an important effect

Calorimeter results are checked by embedding
(at the detector level) dijets generated using
PYTHIA into actual PbPb data events
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Jet Reconstruction Details

Calorimeter based Jet Finder (IC5)

> |terative Cone Algorithm

> R=0.5

> arXiv:1102.1957 [nucl-ex]
Particle Flow Jet Finder (PF)

> Anti-k; Clustering Algorithm
> R=0.3

Underlying event subtraction
> Iterative PileUp subtraction**
> Calculate average in rings of n

Subtract <E;>+0(E;)

V V. V

Set negative cells to zero
Find jets, remove them, redo

background, re-find jets, etc...

\'%

Extensively tested with jets in

real data events, random cone,

and other cross-checks

* M. Cacciari, G. P. Salam, and G. Soyez, JHEP 04 (2008) 063
** 0. Kodolova, I. Vardanian, A. Nikitenko et al., Eur. Phys. J. C50 (2007)
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Jet Reconstruction Efficiency
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Calorimeter based Jet Finder (IC5)
> |terative Cone Algorithm
> R=0.5
> arXiv:1102.1957 [nucl-ex]

Particle Flow Jet Finder (PF)

> Anti-k; Clustering Algorithm
> R=0.3
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CMS Simulation
0-10% HYDJET, [n| < 2
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Underlying event subtraction
> |terative PileUp subtraction

O Iterative Cone, Calo, R=0.5_
™ anti-k;, PF, R=0.3
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30 40 50 60 70 80 90 100
GenlJet P (GeV/c)

Jet Reconstruction fully efficient above:
> 50 GeV/c, Calorimeter Jets
> 40 GeV/c, Particle Flow Jets
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Fraction of minimum bias events

- (a) CMS PbPb \/s,,=2.76 TeV
—— Minimum Bias Trigger
——— Jet Trigger

—
S

T T TTIT01T

[—
S
N
T IIHII

!
RR 2 2 2
8: & & & )
3,_Km ™ N -
' L
10 2 2 2
8 2 ©

T T T
50% -
20% -

T TTTI0T

g Ly } Y
I I N S 1l |

FT T T I]T]TT] 1TI]T1T]1T1 1111111:1

Heavy lon Subtlety: Determining Centrality

|

Centrality bins
of equal PbPb

/ inelastic cross

section

1 llll"ll ‘lllllll 1 ll‘lllll

L1 il

Sum HF Energy (TeV)

0O 20 40 60 80 100 120 140 160

Total HF (forward hadronic calorimeter) energy used to determine degree of PbPb overlap
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Jet p+ Resolution in PbPb Events

L e L B B B I A L AL B
QCJ 1.6 50-100% CMS | 20-30% T 0-10% 7
) i 1 T  Embedded PYTHIA\S,, = 2.76 TeV |
1.4 T ~[ -»-Leading Jet Response 7
& i 1 [ -5 Sub-Leading Jet Response
o 1.2f T T ]
) _ 1
U 'F; e S v R R LT e RS —
m i [~ - - 3 - T& & - L] 3 G @ - - - -
- I 1
O 0.8F - - -
i | I R TR RN SR SR S N S S SR S S T | T T T T | | | | I T T T B | | |
| B L | L | | | L | |
50-100% 20-30% 0-10%
c 1 -#-Leading Jet Resolution |
9 0.4 4 _|. -5 Sub-Leading Jet Resolution -
S -+ ----Resolution in PYTHIA\s = 2.76 TeV
Ie) . Iy} |
1 0.2 Ay L% - _
o | el W RN = I
= |
Q- 0 | L v v by v v v by oy oy by L oo b v v b ooy

PR S N TR TR TR TR (N TR SR SR S
50 100 150 200 50 100 150 200 50 100 150 200
p$e“"e' (GeVlc) pﬁe“"e‘ (GeVl/c) pﬁe'“et (GeV/c)

Fluctuations in the underlying PbPb event make only a small
difference in the jet p; resolution with respect to pp

CMS-PAS-HIN-11-004 http://cdsweb.cern.ch/record/1 354531?In=eg§ :
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Quantifying Dijet Imbalance

. P, —P
= Use asymmetry ratio; A,=—"—"2
Pri+ P
CMS: arXiv:1102.1957
0.7
- CMS ® PbPb\s =2.76 TeV :
: 0.6 :_det=6.7ub'1 * PYTHIA .
= Look at fraction of : "OPYTHADATA
PbPb events witha 57667 R
_high P (>120 GeV/q) ¢ 04F ¥ ;
jet which are more  <'os- A .
unbalanced than the =, s :
median event in pp I S -
0050 100 150 200 250 300 350 400
Npart

Pb Pb

CMS: arXiv:1102.1957 Accepted by PRC ..
CMS T 453
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Observation#2: Azimuthal Alignment

= ook at fraction of PbPb
events with a dijet

CMS: arXiv:1102.1957
which is farther from s o POP N2 TO T

back-to-back than the 08 frasszw’ L o -
median in pp 2 ) A R SR RS
o 0.4 - *
A -
» Despite large imbalance & -
in pr between the two T 02, .incew E
jets they are STILL back- g4 ru>sceve R
to-back in azimuth L

0

CMS
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Npart
Pb  Pb
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CMS:rX|v:] 102.1957 Accepted by PRC e
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PbPb Compared to PYTHIA+Data

CMS /|

Event Fraction
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cMS _[Ldt 35.1 pb”

—+—pp \5=7.0 TeV
—PYTHIA

T |IIIIIIIIIII|IIIII

JL dt =6.7 ub

—— PbPb ys_=2.76 TeV —

— PYTHIA+DATA
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. Anli-k,, R=0.5 i * Iterative Cone, R=0.5
X T 50-100% | -10%

L 1 i L L L | YA T TR WA W W R R R RN R | 1
0 0.2 0.4 06 0.8 1 0.2 04 0.6 0.8 1 0.8
L S P
- TP - T 50-100%

——pp \5=7.0 TeV —s— PbPb \/5,=2.76 TeV

- " PYTHIA I — PYTHIA+DATA
- Anti-k,, R=0.5 1 Iterative Cone, R=0.5
B 00 N
E ' IR | Pl TR PR E T | l[llz—‘:1|11|l||| L |—|‘_|lq-|T|T’|, ,,I..,.[,,..]F
0 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
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Further Analysis: Finding "Missing” p;

Add up the total component of transverse momentum

along an axis parallel to the leading (highest p;) jet
(x-axis shown below)

Chose direction opposite to leading jet to be positive
Use charged particle tracks for best p; resolution
y

This component
is called p/

“Missing” p4!

Track
"|1|" = 2 —P Trac COS ((PTrack — (PLeading ]et)
Tracks

+X
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Sanity Check: Total Event p+

0-30% Central PbPb

lllIIllllIlIllIllllIllll
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excess away
from leading jet

excess towards
leading jet

CmMS 0-30%
40 Pb+Pb \'s,=2.76 TeV
L f L dt=6.7 ub"
. 20} -
§ : — | — |
S o 5 -t + ¢
7 { ' Lt
s
20+ B
-40 .
L1 1 1 I 11 1 I L1 1 1 I L1 1 1 I 11 1 1
0.1 0.2 0.3 0.4
/ ]
balanced jets unbalanced jets
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Observation #3: “Missing” p+ is in low p+ tracks

0-30% Central PbPb

|

excess away
from leading jet

excess towards
leading jet

~l LI I LI I LI L I o I L I-
| CMS 0-30%
" Pb+Pb \'s,=2.76 TeV
a0l S, ? e | A
L det:G.?ub ; I
__20f | - ' -
(&) 9 T I -
; i I i
(O] I
S o
A
L
_20_
40+ .
L1 1 1 I | I | I L1 11 I L1 1 1 I | I | I‘
0.1 0.2 0.3 0.4
balanced jets unbalanced jets
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Calculate
missing p+ in
ranges of track
P

® >0.5GeV/ic
[ 0.5-1.0GeV/c
[ 711.0-2.0GeV/c
1 20-4.0GeV/c
2 4.0-8.0 GeV/c

B > 8.0 GeV/c
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Observation #4:Low p+ tracks are out-of-cone

0-30% Central PbPb

CMS: arXiv:1102.1957

hl!l]l]llll[lIIIIIIIIIIII-— '|l||||""|' -IIIIIIIIIllIIIIlIIlIIllI-
- cms . 030% | o 05GeWc In-Cone [ Out-of-Cone
" Pb+Pb \s,=2.76 TeV T ] o05-1.0GeV/ic < i 1
401 f._dt=6.mb“ } 1 [ 11.0-20GeV/ic AR<0.8 1 AR<0.8 i
- — + [ 2.0-4.0GeVic - v
[ . * [ 4.0 - 8.0 GeV/c -
Q) 20? ; i I > 8.0 GeV/c I f —
% ; §- [ i T —F—— = - . :
O — , S————— (|
A I
W |
-20._ -
-40L . N
~ arXiv:1102.1957 [nucl-ex];
Lllllllllllllllllllllllll PRRET TN T TN TN TN TN AT N YO TN TN NN NN ST W U N TN NN |||1||||||||||||||||1|1|-
0.1 0.2 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
/ A, \ _ A, A,
balanced jets unbalanced jets
® >0.5GeVic
— — > [ 0.5- 1.0 GeV/e
[ 11.0-2.0GeV/c
(] 2.0-4.0GeVic
2 4.0-8.0 GeV/c
B > 8.0 GeV/c
CMS: arXiv:1102.1957 Accepted by R
CMS g [ N |
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More Differential Track-Jet Correlations

- (a) + (b) + (d) -

—~ [ PYTHIA | | Pyy >100GeVic 1 | il : ]
L 60l +HYDJET | MC L, >40Gevic | 1 | + : a
= ! 27, : [ )48 cevic ! !
v T 40,,> 57 T 5 i
O T | [ LL]rsceve :
£ 40 : + - T | .
L i T X )
g | Leading Jet Subleading Jet | Leading Je Subleading Jet | Leading Jet Subleading Jet | Leading Jet Subleading Jet |

- 20 - -+ -+ :
Q - -t -
A " 1 i

- () | T® | 1 (@ | 1 (h) |

S ..[EMS : 1 1013 <A, <0.247 '0.24<A,<0.357 Antik, PF [0.35<A,<0.7
S 60 -PoPoEL276 Tev L AR 1Nt g < U.eqy A g S U39 [ ANtlekr % g g <
[} i JL dt=6.7ub" T y R=0.3
S [o-30% i Data 1
£ 40F - + - -
- 1
g Leading Jet Subleading Jet : Leading Jet Subleading Jet : Leading Jet Subleading Jet Leading Jet Subleading Jet ]

- 2 0 | 1 e -
Q- -t
A 4

0 I 1 1 1 _l 1 1 1 1 1
0.5 0 0.5 0.5 0 0.5 0.5 0 0.5 0.5 0 0.5
ARLeading jet ARSubleading jet AI:\,Leading jet ARSubleading jet AI_\’Leading jet AF\,Subleading jet ARLeading jet ARSubleading jet

|

balanced jets unbalanced jets

| — »-
— = Underlying event contribution

subtracted CMS: arXiv:1102.1957 Accepted by PRC
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More Jet Properties: Fragmentation Function

cms, /|
|

= The fragmentation of fast partons into a jet of
hadrons will distribute the momentum to the
individual hadrons in a characteristic pattern

= Does this pattern change for the partons that
have experienced the dramatic effects of the
medium in PbPb collisions?

= One variable commonly used in such studies is
_ In(pjet/pTrack)

= Note that complications of subtracting the
contribution due to the PbPb background
restrict this study for now to p>4 GeV/c

N
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CMS

Jet Fragmentation Function Example: pp

103 CMS Preliminary
anti-k . (R=0.3) PFlow Jets

107 piel 1> 100 GeV/e, p*'? > 40 GeVic Solid symbols
%ﬂ A¢ > 2/3n ) and lines are
O -8 7O subleading jet,
% b T PP o- open symbols

e and dashes are

10‘2 Vs = 2.76 TeV <3 leading jet

10° f L dt =260 nb’

00511522t5335k445
/ E=|r](F)Te/pTraC) \

High py

Low p-

CMS-PAS-HIN-11-004 http: //cdsweb cern.ch/record/1354531?In= e%gg%
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Observations #5: PbPb & pp Fragment Similarly

balanced jets unbalanced jets
ﬂ )
F —* ,b-
1 [ |IIIlllllIl|||]|||l|llll]|\|l]llIIIIIV|‘|I|I|_1|ll|l]l|||Illlll|l||l|l|lllll\l! ||| I I I I\II|II IlIl"lV|IIIIIII_l
= oms Prellmlnary anti-k (R=0.3) PFlow Jets with PU % Tracks in cone (AR < 0.3) O Leading et

-——- pp reference
® Subleading jet
—— pp reference

2L |Ldt=72pp" -
10° ¢ - W pTet 15100 GeVie, pie‘ 2,40 GeV/c : p,>4 GeVic
10 PbPbVs,, = 2.76 TeV -
E Ad > 2/31

g e = 1 Solid symbols
Sl 1 and lines are
10 |4 subleading jet,
R bk b et S e e ~ open symbols

[o]Leading Jet |
Joadngtet - and dashes are

: leading jet

T q
i

i _:II Im mm |I||1|I||||;>

2J2533544‘0051152J2533544‘00
e e

(p /pTrack) g I n(p t/pTraCk)

52fe5335445

n(p t/pTrack)

” Ny -
—_ =

J“o-

301

Given the distribution of tracks with p>4GeV/c in a jet of a
certain transverse momentum, it’ s impossible to distinguish
PbPb from pp, even in the case of very unbalanced jet pairs

CMS-PAS-HIN-11-004 http: //cdsweb cern.ch/record/1354531?In= e?é%
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Dijet imbalance provides unambiguous evidence of
energy loss of fast partons in heavy ion collisions

Even when losing a lot of energy, jets are undeflected

Energy lost from the jet is transferred to many low p-
particles at large angles to the jet direction

The fragmentation of the jet momentum into hadrons
is indistinguishable between PbPb and pp, at least for
the higher p; (>4 GeV/c) particles, even for jets that
lose a large fraction of their energy

N
}
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Jet Reconstruction

Calorimeter based Jet Finder (1C5) @

> Iterative Cone Algorithm Do oo T mmervomrnes 1 O terative Cone, Calo, R=0S5,
> R=0.5 3 I T ® Antik;, PF,R=0.3
> arXiv:1102.1957 [nucl-ex] §02:—Q ‘:J’o f;&@. ]
. . o [C@ I % 1 '
Particle Flow Jet Finder (PF) s [ g I e ® e
. . . 801+ Q » or Q Q_— » Q_
> Anti-k; Clustering Algorithm € [ s0-100% I 2030% 1 oo
> R=Ol3 © -| 1 1 1 --|||||l|.,|||||,|||.-—||||||||||l||||||||
i A LR L _I""I""I‘"‘I"‘_.d""l"“I""I“'
> See Presentation by M. Nguyen 1 '%mmgr%fwm
: H T pmEEEN EmEEEN EpEEEREN
Parallel Session, Friday 2 ln '; DDDDDq..l';;DDDDDq..Il;;DDDDDD
9 DD O -DDDD _DDDD
. . 25.5- T " O Iterative Cone, Raw
Underlying event subtraction 2 | “ m Ao, Raw
i . . o | O lterative Cone, Corrected
> |terative PileUp subtraction c _ | ® Antik;, Corrected
oL Lo b v b b b v v v by v b boyw o Pl e by v v baaa g |

50 100 150 200 50 100 150 200 50 _ 100 150 200
GenJet P, (GeVic) GenJet P, (GeVic) GenJet P, (GeVic)

= Good Jet p; resolution
= Jet p; corrected to generator final state particle level
> Correction derived from PYTHIA

cms, /| i &
, ; George Stephans  [H]ji 25 %g
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1/N, s dN/dp+ (GeV/c)!

Jet Spectra and Reference

PP L L L I A B D B P LI LR N B
1 _(a) CcMS JL dt=35.1pb” __(b) 50-100% JL dt=6.7ub" __(c) 30-50% _
—— pp \/s=7.0 TeV £ —s— PbPb \/5,=2.76 Tev:; ’ P,,> 120 GeVic -
T, T
] ~ PYTHIA K ~—— PYTHIA+DATA | P,,> 50 GeVic
10 Antik,R=05 I 1 Iterative Cone I 4 a¢,,>2x rad
1 R=05 |
0% D43
IO'Sé‘ ':— = =
:%%ll%%%!{!!%%{:%%%{%ﬁ.‘.‘}}}l:{{ii%{%%%% e S S Y
1 _(d) 20-30% __(e) 10-20% __(f) 0-10% |
107 + : 7
- - '

0% } E ! Lot ;
| L *
107 ¢ E3 3 3
7 . | 7 ‘ ' | arXiv:1102.1957 [nucl-ex]
150 200 250 300 150 200 250 300 150 200 250 300

Large data sar%%qg,inr%éecﬁﬂpﬂo(geer\{/mgh jet p

George S

tephans  Whr

*Uncorrected for p; resolution
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CMS%;

Event Fraction

Event Fraction

0.2

Dijet Energy Imbalance

0.1

(a)

I
CcCMS J.L dt =35.1pb”

——pp \5=7.0 TeV
= PYTHIA

Antik, R=0.5

PP

J.L dt=6.7ub"

—»— PbPb V5, =2.76 TeV —
~—— PYTHIA+DATA

Iterative Cone, R=0.5

(#l7)]

50-100% |

p,,>120 GeVic |

P> 50 GeVic

2
A¢12 > 3" rad

@)

10-20% -

George Stephans

02 04

1 | & | 1 1 1
06 038
A= Py Py (P P ,)
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Jet Angular Correlation

-II'IIlll‘lllll[l"'l""l' |_~II|IIIIIIIIII|IIIIII I III_!IIIIIIIIllIlIIII I | |I|I
- CMS JL dt=35.1pb" ul _[Ldt=s.7ub" 50-100% i 7
- 0
] ——pp \5=7.0 TeV —s— PbPb \/5,_,=2.76 TeV P> 120 GeVic
10" T =t =
S ~=PYTHIA SNF ——— PYTHIA+DATA ¥ P, >50GeVic 7
S | Antiky, R=0.9 CalorimeterJets T ]
I Iterative Cone
£107 = R=0.5
> I 3
(w I
1 |-IIII|IIII|IIIIIII
I_Il‘llllllllllllll
T
107"k @
C = x
S F T
©
@©
e
-
2 an2 _
510
>
] | * * 7
:I ml Ll

IIIIIIIIIllII Lyl
2.5

W 212(rad)

cms, /| i
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¢=In(1/z) Representation

102?.|PIYTH|AIIIILjs|;ratI|o|§ :l T lll T T 11 TTT Illl IIII T ll TT 11 II UL | l-ll I:

~*, + Partonp >75 I PYTHIA lllustration

OF Ty FATEONRIR S 102 . Partonp_>75 -
N : ] - T 3
> v Ty i » Parton pT>120 ] I
© r i¢ ] - - Y /

[ ' - _ Hadronp_>4 AT
Mreloowp OF Pr WA
10.2_..|......|..[...|..|....|....|.+.i_ Q - i E .... . i ‘\\\ /II %

0 010203040506 OP;;OE;OS 1 Z ~ i ..i. 7] ? v %

L S O
- o o ] Rt

L ™ —

107 g0 T Soft particles:

= . ]

S TR pr< 1GeV/c 1

e i N i N -

10-2 coan o e b be s b b by

0 1 2 3 4 5 6 7 8
£ = In(1/z)

= Eliminate the underlying event contribution, p; > 4GeV/c
= Select particles in a AR=0.3 cone

cms, /| i &
i George Stephans  [H]ji 29 %g




Fragmentation Functions, pp and PbPb

10°
10°
up 10
)

~ 1
Z

O 10"
1072
103

pr'et (GeV/c)

pr'et (GeV/c)

:E'tii\/l's'iﬁr'él'ir'ﬁi'ria'h}'""'""""""" S 'Tra(;ksm'con;m,gwg)' "0 'Leading Jet s—?|_761Tev%
- anti-k (R=0.3) PFlow Jets p_>4 GeV/c --- pp reference VS ]
E = pt'>100 GeVic, p;* > 40 GeVic T ® Subleading Jet jL dt= ?
E Ao > 2/3n — pp reference E_
3 PbPb PbPb o ]
E —— — 3

O Leading Jet 30-100% f : 0-30% © 3

(] Subleadmg Jet —i ﬁ
005115265335k44‘00511529531_3 4 4 00511529533 4 45

Trac rack
In(p"/p. ) € =In(p_ /p ) = In(p_"/ %)
:_I CMS Preliminar ] 1T | T L I LI | L I L I LI | T L I L I LI I L I L | T I—_
v PbPbVS, =276 TeV £ | ding Jet PbPbys,, = 2.76 TeV 3
[ anti-k (R=0.3) PFlow Jets -
;R Frow IL dt=72pb" » Subleading Jet f'— dt=7.2ub’"
L pyt"> 100 GeVic, p;"% > 40 GeVic -
[ A0 >2/3n 30-100% 0-30% ;
E O ;
3 .0"“002000 o *000es 00 E
[ ] O O O ]

L 0900 089y, 0 s, Y0 N
= pp\s=2.76TeV '-.Oooo * b Ofoooo .'--fooo
= ) QOOO .
- det=260nb1 *+ ¢ ¢¢$Q$%§ ?* T Q?q
§||||||[|||1 T III]|IIII|IIII|IIII|IIII(?TIIIIII|IIII|I[II|IIII|IIIT[|II
0 50 100 150 200 250 ) 50 100 150 200 250 ) 50 100 150 200 250
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Pileup subtraction per tower
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Heavy lon Track Reconstruction
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Jet Reco. Performance

5 1I_I|””|‘.II6Ié“él.lloll.”‘l.”.ll.”.l‘ AS "01 _"I""I""I""l""I""I""I""_PAS

S [ e * s > 1o  © lterative Cone, Calo,R=05 ]

808 e ° b % i » Antik;, PF,R=0.3

F=VY.0r © 0.8 7

L o) O e

c i - - CMS Preliminary

20.6 . L osk 0-10% PYTHIA+HYDJET ]

O i n Th Leading jet p_> 100 GeV/c

- - L T

= - CMS Preliminary N QO o o Ad > 2/37 rad

20'4 : 0-10% HYDJET, n| < 2 5 0-41 |

S | g I

&02 B O lterative Cone, Calo, R=0.5_| O 0.2 . e o ]

— - »  antik,, PF, R=0.3 g i

o *» o©

D gl Lol ] 5 L1119 01Q gle gle gle ole s

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100

GendJet P, (GeV/c) Jet P, (GeV/c)

= Comparing Anti-k; Particle Flow and Calorimeter based
Iterative Cone type jet finder

> Anti-k; PF gives significantly higher efficiency for low jet p;
. Particle Flow Objects have a lower effective seed threshold

> Small cone size is less prone to background fluctuations and
shows lower fake jet rate at low p+
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