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What we have learned about jets at LHC ...

CMS Experiment at LHC, CERN G. Roland’s talk
Data recorded: Sun Nov 14 19:31:39 2010 CEST

| Run/Event: 151076 / 1328520

| Lumi section: 249

1. Di-jet energy imbalance in central PbPb
collisions (PRC 84 (2011) 024906; PLB 712 (2012) 176; arXiv:
1206.0206)

2. High energy jets are suppressed (cwms-pas: Jet 0, pt: 205.1 GeV
HIN-12-004)

Jet 1, pt: 70.0 GeV
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How does the medium modify jets ?

® Theory:

» more soft particles and less high pr

particles
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w. £ Vanderbilt University

High pt physics at LHC 2012, Wuhan China

Borghini and Wiedemann,

(
us | ® OPAL,Vs=192-209 GeV
Q 14 in vacuum, E;,, =100 GeV
% 12 | ---- in medium, E;;=100 GeV
Z.‘allo . * TASSO, Vs=14 GeV
i in vacuum, E;, =7 GeV  /
8 | —-- in medium, Ej=7 GeV./
6 T
4

“hep-ph/0506218

1 2 3 45 6
Eet = 100 GeV &=In(Ejer/pr)
| | | L1 | | ]
100 50 10 5 4 2 0.2 0.1

VVVVVVVVVV

Monday, October 22, 12



How does the medium modify jets ?

Borghini and Wiedemann,

~ “hep-ph/0506218
ur * OPAL, V5=192-209 GeV
O | —— in vacuum, E..,=100 GeV \
] S~ | ’ jet
. TheO ry- % 12 in medium, E;., =100 GeV
.‘0210 . * TASSO,Vs=14GeV
§ | === in vacuum, E;,,=7 GeV

» more soft particles and less high pr 3| - in medium, B GeV;
particles J S

e EXxperiment:

» widening of the angular correlation Eet = 100 CeV &=In(Eer/or)

of intra-jet hadrons 100 50 105 4 o2 02 O

0-10% 60-70%
-10% -70% PP
2GeVic<p_  <3GeVic 2GeVic<p_ <3GeVic 2GeVic<p_ <3 GeVic
Ttrig T.trig Ttrig
% i 1GeVic < P1 assoc <2 GeVic —— 1GeVic< P soc <2 GeVic i 1GeVic < P1 assoc <2 GeVic

ALICE Pb-Pb 2.76 TeV 0-10% ALICE Pb-Pb 2.76 TeV 60-70% ALICE pp 2.76 TeV

— 0.35-< PRELIMINARY |l <0.9 g 0.5 ] PRELIMINARY ml<0.9 "-_c“: 0.5 PRELIMINARY Il < 0.9
% ™ %—_ 0.4-
m 2GeV/c< priig< 3GeV/c
. s ‘ n.u“l\“\\:‘ 1GeV/c< prasso< 2GeV/c

= |_ook for jet-track correlations
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Anatomy of the jets:observables

e How is the jet energy redistributed? 2&1
» in momentum space (Fragmentation
Function 1/NjetdN/d¢): particle momenta
projected onto the jet axis
&€ = In(l/z) = In(p*/py) o
Yaxian MAO High pt physics at LHC 2012, Wuhan China 4 V
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Anatomy of the jets:observables

e How is the jet energy redistributed? e

» in momentum space (Fragmentation
Function 1/NjetdN/d¢): particle momenta
projected onto the jet axis

&€ = In(l/z) = In(p*/py) o

» radially (Jet Shape): transverse momenta-
flow as a function of the distance from the

jet axis (r) in the n-¢ plane

p,(r=or/2,r+or/2)
fch 5rN E jet ’

]ets pT

= {0 be discussed in this talk!
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Analysis procedure

* inclusive jet selection:
= Anti-kt particle flow jet finding algorithm

= R = 0.3, 0.3<|n|<2.0, priet > 100 GeV/c

15 Yaxian MAO | | | V
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Analysis procedure

* inclusive jet selection:
= Anti-kt particle flow jet finding algorithm
= R =0.3, 0.3<|n|<2.0, priet > 100 GeV/c
* track selection:

= |n|<2.4, pt > 1 GeV/c
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Analysis procedure

* inclusive jet selection:
= Anti-kt particle flow jet finding algorithm
= R =0.3, 0.3<|n|<2.0, ptet > 100 GeV/c Jet: (e, @jer)
* track selection:
= |n|<2.4, pt > 1 GeV/c

» background subtraction: \ ’

= n reflected cone : R = 0.3, 0.3<|n|<2.0

Background (BG):
(Nbkgr Pokg ) = (Niets Piet)
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Analysis procedure

* inclusive jet selection:
= Anti-kt particle flow jet finding algorithm
= R = 0.3, 0.3<|n|<2.0, priet > 100 GeV/c | Jet: (e @)
* track selection:
= |n|<2.4, pt > 1 GeV/c

» background subtraction: \ ’

= n reflected cone : R = 0.3, 0.3<|n|<2.0 O

Background (BG):
(Nbkgr Pokg ) = (Niets Piet)

e construct observables distribution:

= jet fragmentation function (FF): ¢ = In(1/z) = In(p®/py|)

= jet shape: radius r = V(Njet-Ntrack )2+ (Pjet-Ptrack)?
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Jet shape variables

Integrated jet shape: average fraction of the jet pr inside a
cone of radius r concentric to the jet axis
(

y(r)= [ p(rydr=1 mzmgtr)
J oRl/f(l”)drsl -

\

. J

fen: p1 fraction carried by charged particles

Nijet: total number of selected jets

1 Yaxian MAO _ _ _ V
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Jet shape variables

Integrated jet shape: average fraction of the jet pr inside a
cone of radius r concentric to the jet axis
(

W(r) = f(:p(r)d =L MEPT(&’”)
[fprar=1 "

\

1-yY(n

. J

fen: p1 fraction carried by charged particles

Nijet: total number of selected jets

Differential jet shape: average fraction of the jet pr inside an
annulus in the n-¢ plane concentric to the jet axis

( p.(r=or/2,r+or/2) \
p ch 51’ N E : ]et ,
X ]ets Dy )

Or = 0.05 annulus width
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The CMS detector

CMS is able to reconstruct with high resolution objects embedded in a a high
multiplicity environment.

| 1 1 |
om im m im
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

@

Silicon

Tracker ) /
N .
Electromagnetic £
}‘! "' Calorimeter ?
Hadron Superconducting ?::
Calorimeter Solenoid “‘;
Iron return yoke interspersed §
Transverse slice with Muon chambers é
through CMS o

Silicon tracker  EM and hadronic
calorimeters
B Yaxian MAO : - - V
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Jet measurements in PbPb

clusters and tracks Particles

W

[1] arXiv:1107.0179
[2] CMS-PAS-PFT-09-001

HCAL
Clusters

A

neutral |
hadron !

ECAL Y W}
Clusfers '

e |[nformation from all sub-detectors are combined into particle
candidates “Particle flow” event reconstruction method[1-2]

» Allows us to exploit the excellent resolution of the tracker for
the charged hadron component of the jet

» Also includes a fully consistent treatment of electron and
muons inside jets

5 Yaxian MAO . . . ‘?
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Jet underlying event subtraction

1. <Et> calculated in strips 2. Run anti-kt algorithm on
of n. Subtract <Et> + 0 background-subtracted towers

e CMS, arXiv:1102.1957
e Kodolova et al.
EPJC 50 (2007) 117

3. Exclude reconstructed jets 4. Re-run anti-kr algorithm
and re-estimate background to get final jets
B Yaxian MAO High pr physics at LHC 2012, Wuhan China 9 V
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Jet reconstruction performance

HIN-12-004
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c - CMS Preliminary T Anti-k Particle Flow Jets R =0.31 I I I

o) - PYTHIA + HYDJET 1 ! m I<2 I ReSOI Utl on o Jo Jo ©PbPb

~_ 02 - © J¢ I I o I o

S Fe. Foo, o, o2, o0, o200,

3 [ ° I 1 I ° I ° I °

g o1 A X PP ©00e0000eet ®0000eeceet ®88coceset *®000 000 et ©00e3000,0

T f7090% 1 5070% }  305%  f 1030% . .t 510% 1  05%

~ 1 oaF . . . . B LRRa L e e e B RRRRAE e e e L LR e e e e A e A o 1 o ARansnocss o

b (¢ ] (h) (i) )] (k) (1)

S oot i i " Response;

0] [ ]

~ 10lgsees 8331-5-‘-01-0'_1-0' KR B 1'0'0-'-6-01-8"0'0' cog® '."'0-'-8-01-0'1'0' 0030y eePteyeisegoog®yee®itepeiseeegln '0'+"— -e-

- [ ] (o) o

Sosf 0000 O ST o 00007000 0 000 00% 00006°%0} 14, 06084690%70; R

2 098F © ] 60 o0 ° o ° <‘|> 0 v Q ¢¢ 4’

% 0.96F Jo i° o .
A | 1 1 1 1 L :I el I P I A %
50 100 150 200 250 30050 100 150 200 250 30050 100 150 200 250 30050 100 150 200 250 30050 100 150 200 250 30050 100 150 200 250 300

Gendet P, (GeV/c) GenJet P, (GeV/c) Gendet P, (GeV/c) GenJet P, (GeV/c) Gendet P, (GeV/c) Gendet P, (GeV/c)

e Jet energy corrections based on PYTHIA simulations

® (Corrected jet response shows less than 5% deviation
from unity in PbPb collisions

= demonstrates reliability of Hl background subtraction

b Yaxian MAO . . . ‘7
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Comparison between PbPb and pp

e Different collision systems leads to difference in reconstructed jets:

» pt resolution
» prscaling

2
O P
2|_ :I""I""I""I""I""I
"G—J' L
% 03__ ) pp .
& fo o PbPb
\|— 02 —. o ]
o ® ., %0
© - ° © oo
- ] o
g oif *teecau, s
S 0-5%
o NI B BT S T
50 100 150 200 250 300
Gendet P, (GeV/c)
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Comparison between PbPb and pp

e Different collision systems leads to difference in reconstructed jets:

» pt resolution
» prscaling

P
0O P
O
e Solution: T T
S oaf . PP ;
» smear pp jet by the difference of the PbPb & [ o PbPb
and pp jet resolution S I ;
. . . %O‘I_— '.oo(.)(.)(.)ggeg_
» re-weight pp jet spectra to match jet pr < | 0-5% ]
distribution in PbPb 50900 150 200 250 500
Gendet P, (GeV/c)
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Tracking selection and efficiency

* Tracks with |n|<2.4 and pt > 1 GeV/c used
* Fake rate < 5%

» Corrected track pt agrees reasonably well with the
generator level particles pt spectrum

1 I I I I T | T T T T T T 11 | ] 1,4 [ T T B L ||
0.9F Track Inl<2.4 HIN-12-013 3 L O Uncorrected tracks B
® 0.8F E < @ Corrected tracks )
e f Efficiency | i :
& e
- = 1 00 00000, % ¢ 2| %
SO7C ogegesssess s . Emee 0 0 08500, % ¢ :
Se i Q $ g i

0.8 -
00n00n 0 0 0O y
500 © 090 ole #:E

C O ]
S 0-6%: .
0 0.5 : —

Tracks / Generator truth

[ )
l@)) — — 0.6 ]
€ 04E o Ppythia E W ]
S 03F ©  Pythia+ Hydjet, centrality: 30-100% 0.4k _
© - e Pythia + Hydjet, centrality: 0-30% 3 r )
= 0.2F - [ i
- . 02 -
0.1 Fake track rate  — . HIN-12-013
O Q: G i L 1 1 L 1 1.1 i L L I.
1 10 10° 1 10 102
p. (GeVic) p. (GeV/c)
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Background track subtraction

1- Eta Reflection n(bkg_jet) = -n(jet)

E a

-~
-’ ~
4 N
4 \
1 \
\ 1
\ /
\ \
~ ’
~ —/

Ex?@de

“\\\\\\\\\

Jet Event

2.0

|. plot raw FF in jet cone

o all tracks in jet cone

O All tracks in jet cone

() After subtraction

E
tracks from underlying events 3

E
E

E

2. calculate background contribution from eta-reflected cone

—tracks from underlying events

3. subtract 2 from |

B Yaxian MAO
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Background track subtraction

10 =T T T ERBLEEE L o

p(r)

- CMS Preliminary
. : _ . & P> 100 Gev
1- Eta Reflection n(bkg_jet) = -n(jet) L oo
10"
E ® ®
; 4 10’2;— ¢ : ) ¢
/”——\\\ E ? @ +
/ Bkg "E T *“f !
‘\\ /I’ GJ r J
o _ -g 10,4§_
(_.) ~ B e e
S X . .
LL] 1_ 10-30%
: e e
10" ® ®
Jet Event . e o
10°E o
: e o« O
E > L0
| 10°F ¢
-2 . O n 2 . O i —o— EtaRef Bkg (1GeV) —+— EMixing Bkg (1GeV)
0% —o— EtaRef Bkg (2GeV) —*— EMixing Bkg (2GeV)
E EtaRef Bkg (3GeV) EMixing Bkg (3GeV)
10_5:_ | —o— EtaRef Bkg (4GeV) | —+— EMixing Bkg (4GeV) _
0-I = b.05I = I0!1I = I0I15I = I0!2I = I0I25I = I0)I = I0.05I = IOHI = I0.‘I|5I = I0.I2I = I0.I25I = I0-.3
Radius(r) Radius(r)

2- Event Mixing Both techniques produce similar background
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4 \
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\ 1
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Jet Event MinBias Event

v
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2.0 N 2.0 2.0 0 2.0

B Yaxian MAO
we 4 Vanderbilt University

High pt physics at LHC 2012, Wuhan China

VVVVVVVVVV

Monday, October 22, 12



An earlier measurement: inclusive Raa

I T T T T T 1 d
) 1.5 | ! — 1 O A
E. Ap pelt s talk ) LHC 2.76 TeV (PbPb) SL: dNfdy = 20004000 dp ;
B — YaJEM-D -1 R =
---- elastic, small P__ AA N do op
- .- elastic, large P___ 7] AA dpr
== YaJEM

B 4 ALICE (0-5%) —
— ASW

- PQM: <G> = 30 - 80 GeV*/fm
X.N. Wang et. al

@ CMS (0-5%)

Illlllll | |

IlIIlIll

1 2 34 10 20 100 20
P, (GeV/c)

 Inclusive charged particle Raa shows suppression
between 1-100 GeV/c
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An earlier measurement: inclusive Raa

I T T T T T 1 d
E. Appelt s talk ) LHC 2.76 TeV (PbPb) SL: dNfdy = 20004000 dp ;
B — YaJEM-D -1 R =
---- elastic, small P__ AA N do op
- .- elastic, large P___ 7] AA dpr
== YaJEM

B 4 ALICE (0-5%) —
— ASW

- PQM: <G> = 30 - 80 GeV*/fm
X.N. Wang et. al

@ CMS (0-5%)

Illlllll | |

IlIIlIll

1 2 34 10 20 100 20
P, (GeV/c)

 Inclusive charged particle Raa shows suppression
between 1-100 GeV/c

= Jet composition (charged particles inside the jet) ?

B Yaxian MAO
w. o4 Vanderbilt University
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Track pr distribution inside jet: pp and PbPb

—_
o

L CMS Preliminary -+ E3

Systematic uncertainty F Jet p.>100 GeVic, ml <2 3

9 —e— PbPb
+ ; L« =129 ub E — pp reference ' —. Track p, > 1 GeV/c,r<0.3
5 s >
z ] ]
-0*510'1 il
z ] éé
10° =)
0100 I D, SN - - S
] T HIN-12-013 | ! ';
> X 1 I I ]
o 1qF 1 1 14 ]
S 1 1 ¢ i :
Z osh 3 i . 5
2 h Fes } Bgea i I 5
'né_ 0:——&'{-’,mw:————‘#o-‘h‘mm:——————'—,:. — ceeeodeeeeseeel - O ___ 99000009
ot O | : | 0
I1 o 1IO I1 10 I1 ”10 I1 10 o
pLrack (GeVrc) p.rack (GeVrc) pLrack (GeVrc) prack (GeV/c)
e Difference between pp and PbPb intra jet charged
particles pr distribution
e Significant excess below pt < 3 GeV/c in most central
| collisions
T/if(ljirr:)ill:/ltﬁi(\?ersity High pt physics at LHC 2012, Wuhan China
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Connection between pT and ¢ distributions

® From traditional pt distribution to jet fragmentation function
variables &

| ! T T T TTT] T 1 1 I L L L L
= Jetp >100 GeVic, <2 = u E iet plI >1O(1)% \6;: ul <023 -
o [ Track p.>1GeV/c, r<0.3 ] S | [fackpy > 1evie, T<U.
L [ee, e
' ® - -g - _
§ : % - f
Z = I
© = .
o z |
Z A : 3
- i 0% - 10%
0'100/0 | -_||||I||||I||||I||||I||||I|F
. ] ] ] L. 1 111 ] ] ] ] O 1 2 3 4 5
1 10
A p_I’Erack (GTV/C) g =In(1/z2)
— — jet track
& = In(1/z) = In(p*/p) |2
I Yaxian MAO . V
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Jet fragmentation function

L L L L L I DL L L LR L LR DL L DL LA B DL AL LA LR LN LA LA LN LAY I DL LR DL LA LR LN DL LA DL L |
10F - CMS Preliminary T e PbPb ¥ Systematic uncertainty - Jetp, >100GeVic, <2
E Llnt =129 Mb1 + pp reference 1 1 Track p >1GeV/c,r<0.3
g i ° ™ [ °
X | e o | -
g Tk . : :
z f i
© 4
T 1L 4 n o_
Z 10 .: ._éé =
- 50% - 100% 30% - 50% I 10% - 30% 0% - 10%
107 = , , , , 3 , , , , 3 3
-| TT T T [T T T T [T T T T[T T T T [ TT T[T l::l T T T [T T T T[T T T T [T T T T [ TTTT {7 |::| LI I I L L I I |_:| LI I B I L L L I |:
% T HIN-12-013 1
25 :_ I I _:_ _
o : f
g 2 3 ¥ o :
C I I o |I
L 1) + E: . 1 .
o F B o ° J 1
ooooooo 1 E-o—o+‘o—o.-o-.—o r 0.-0-5 o—o. =@ - o—s o—o -o—:u:—-o+—o.—o.-v- o: o;o v—.o -v-.o—o.o—o - o—o o—oé: —0— ;—- ;—o: 0—; —0 = 0= o—o o—'—E;-—*.—.v—o.-r u.—‘ :o -:o—'. o v 0o=v oo
0.5F ‘ T T T ‘
0 :I ve sy by s by s by by b by s by s by by vy by g s 1y I A IS N ::l AN EEENE RN FEEEE N N

=1In(1/z)

e Peripheral PbPb similar to pp

e Up to factor of 2 excess at ¢ > 4 (pt < 3 GeV/c) in most central collisions

e Excess complemented by deficit at ¢ = 1-3 in most central collisions

5

e High prtracks (¢ <1 ; pr> 10 GeV/c) unmodified even in most central events

J Yaxian MAO
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From jet fragmentation to jet shape

® How is the jet energy redistributed radially in PbPb?
e (Charged particle energy fraction from PYTHIA

100 GeV inclusive jet (anti-kT, R = 0.3)

_________
Pl ~
'

~95% of energy
0.4+inr<0.2

N

~ -

\\\\\\
———————

Jet
pT

o

w

4-8 GeV/c
2-4 GeV/c
1-2 GeV/c

Particle /

T

r = vV (Njet-Neh) >+ (Pjec-Peh)

~95% of energy
with pt > 4GeV
pacticles

0.1

Y
o
7

* High pr particles close to jet axis
* Low pt particles dominate away from jet axis

B Yaxian MAO
we 4 Vanderbilt University
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Vacuum Jets in Medium
(pp reference) (jet broadening)
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From jet fragmentation to jet shape

Vacuum Jets in Medium

e How is the jet energy redistributed radially in PoPb? crerence) (ot broadening)

e (Charged particle energy fraction from PYTHIA

100 GeV inclusive jet (anti-kT, R = 0.3) r Z&g
_~95% of energy .
\\\\\\\\\\\\\\\\ 0.4+-inr<0.2 : .> 32 GeV/C ‘
: 16-32 GeV/c
5,03 . [8-16 GeV/c
a 4-8 GeV/c 9 PRI
S - 2-4 GeV/c -5¢ D e
E o . O1-2GeV/c o SRR
r = v/(Mie=Ner) +(Pjer-Pch)? 5 > e .
» ~95% of energy 2 050 4
0.1 . with pr > 4GeV g : o‘ ]
1 patticles O:' ------ ® -.-.-.-.-.-.-.-.1-0-00000:
- .0, : T P -0.5F
' ] Lol
0 01 02 03 1 =
r preck (GeVi/c)
* High pr particles close to jet axis
* Low pt particles dominate away from jet axis
l | Yaxian MAO High pr physics at LHC 2012, Wuhan China 19 V
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From jet fragmentation to jet shape

Vacuum Jets in Medium

e How is the jet energy redistributed radially in PoPb? crerence) (ot broadening)

e (Charged particle energy fraction from PYTHIA

100 GeV inclusive jet (anti-kT, R = 0.3) 4 2; ¢
: ~95% of energy .
________________ 0.41inr<0.2 B> 32 GeV/c .
16-32 GeV/c
3, 0.3 .8'16 GeV/c
Z 4-8 GeV/c T T T
=224 GeVie 15 e

r = v/(Niee-Nech) 2+ (Pjec-Pen)> 0-10%

~95% of energy
with pt > 4GeV

pacticles OF-----" SRR RS L A A T

0.1

Y
o
7

r p lrack (G1gV/c)
* High pr particles close to jet axis — slight change in PbPb?

* Low pt particles dominate away from jet axis
— more particles at large radii in PbPb?

5 Yaxian MAO | . . V
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Integrated jet shapes

* Energy fraction in each cone of radius bin
* w(r=0.3)=1 by construction

[P AREE RARAR AR RRARERARRE RARES RARES RARES LARRE RRARE RARRE RALES LARES RAREE RAREE LAARE RERRE RALES HARAN RRARE RERAN RARRN RARES RARES
50-100% 1 30-50% ] 10-30% ] 0-10%

1_ - - -
=081 T T T )
7 06 8= re= e j
: 1 CMS Preliminary | P >100 GeV/ic | ]
| —@— PbPb \s=2.76 TeV 1 4 1 r 1 ]
0.4_ 1 det=129 Mb1 4 ptk>1 GeV/c 1 HIN'I2'0|3

- —O— pp reference 1 1 |Tl| <? 1
S P RS P SRS R I NN ANl RN SRR RN PN NI SRR NE AR NI FEEEE SNl FEEEE TS FEE T ANl PN SEEe PR

0O 0.05 0.1 0.15 0.2 025 0.3 0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3

Radius(r) Radius(r) Radius(r) Radius(r)
: Energy Fraction in Energy Fraction in
Radius(r) 0-10% (pp) 0-10%(PbPb)
0.05 65% 65%
0.1 86% 86%
0.15 94% 93%

More than 95% of the jet energy deposited inr < 0.2
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Differential jet shapes (central vs peripheral: “Rcp”)

In presence of medium => ratio expected to deviate from 1
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 Ratio close to unity for non-central (30-50%) collisions

* Arising trend towards large radius for mid-central (10-30%)
and most central (0-10%) collisions
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Differential jet shapes (PbPb vs pp: “Raa”)
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* Ratio close to unity for non-central (30-100%) collisions
 Arising trend towards large radius r for mid-central (10-30%)
and most central (0-10%) collisions
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Conclusions

e Inclusive jet fragmentation function (FF) measured in PbPb for jet
pt > 100 GeV/c, with track pr > 1 GeV/c

e and PbPb FF compared to pp at the same jet energy

e at very high pt (> 10 GeV/c) FF remains unmodified even in
central events

e at low pt (< 3 GeV/c) significant excess in central PbPb
collisions (0-30%)

e complements at intermediate prt (3-10 GeV/c) by small deficit
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Conclusions

e Jet shapes in PbPb collisions at Vs = 2.76 TeV have been measured
for the first time ...

e and compared to pp collisions at the same center-of-mass energy:

e for semi-peripheral (30-50%) and peripheral collisions (50-100%)
the shape is similar in PbPb and pp

e for central collisions (0-30%) a modification of the jet structure is
observed ...

e as expected in the jet quenching picture
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Thank you very much!

T !
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