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Introduction

. Goal: Understand the properties of QGP

« Challenges: the lifetime of QGP is so
short (O(fm/c)) such that it is not

feasible to probe it with an external

source

 Solution: use high p+ jets, photons

% Jet

produced with the collisions

« Extract medium properties by
comparing the results from PbPb
collisions (QCD in medium) and pp

. . QGP QGP

collisions (QCD in vacuum)

Medium induced radiation

@ Yen-Jie Lee (CERN) Zimanyi Winter School 2012 2



Jet quenching: strong suppression of high p; particles
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To explain the suppression of high p; particles

Soft collinear radiation Hard radiation Large angle soft radiation
- “QGP heating”
GLV + others PYTHIA inspired models AdS/CFT
(pre-LHC models) Modified splitting functions Interference
Do we see strong suppression of ?

e | Can we collect the radiated energy back?
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CMS detector: optimized for high p; physics

High p-, large acceptance and excellent
CMS calorimeter resolution

HCAL In|< 5.0

ECAL

Tracker Inl< 2.5

~2000 authors
~100 working on HI, 4 from Hungary

Muon In|< 2.4

Excellent particle ID capability and low p+
reach to ~0 GeV/c

EMCal EMCal 110° ,|n|< 0.7

PHOS 100°, |n|< 0.12

TPC |n|< 0.9

2.5<r]<4.0
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Direct jet reconstruction with CMS

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

X Lumi section: 249

! Leading Jet
pTl
Subleading Jet
Jet O, pt: 205.1 GeV
Pz

Jet 1, pt: 70.0 GeV
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Inclusive jet spectra: jet Ry,

Compare PbPb to pp data

Anti-k; jets with O@ @D @
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Inclusive jet spectra: jet Ry,

Compare PbPb to pp data

Anti-k; jets with O@ @D @
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Strong suppression of inclusive high p; jets
A cone of R=0.2, 0.3, 0.4 doesn’t catch all the radiated energy
Are those high p+ jets “completely absorbed” by the medium?
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Di-jet momentum imbalance
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Parton energy loss is observed as a pronounced energy
Imbalance in central PbPb collisions

No apparent modification in the dijet A distribution
(still back-to-back)
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Dijet energy ratio (imbalance)

Anti-k; jet R = 0.3
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* Energy imbalance increases with centrality

* Very high p- jets are also quenched PLB 712 (2012) 176
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Fraction of jets with an away side jet
 Given a leading jet with p; > 150 GeV/c, >90%
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» Fake away side jet rate is < 4%
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Photon-jet

Selection on a high p; leading jet may bias the position of the hard

/1 Photon - unmodified
jet energy tag

scattering in the QGP
Solution = trigger on high p; photon

High p; leading jet High p; photon
triggered sample triggered sample
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Photon-jet angular correlation

The first photon-jet correlation measurement in heavy ion collisions

;E f E' (@) cms
Photon | @ PbPb

Photon

Jet
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“QGP Rutherfold experiment”
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Photon-jet momentum balance
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Path length dependence of jet energy loss?

=< 0 Overlap zone is almond-shaped

— Parton energy loss is smaller
along the short axis

— More high-p; tracks and jets
closer to the event plane

Participant plane

— Azimuthal asymmetry (v,):
AN/d¢ o 1+ 20vzc0s(2(¢ — ¥,))

Z — V2 Is sensitive to the
1 path-length dependence

\ of the energy loss
\ |_3

L2

- Py
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Jet and high p- track v, at the LHC
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PRL 109 (2012) 022301

» Jet and high p+ track v, : non-zero up to very high p;
 Sensitive to the path length dependence of energy loss
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Where does the energy go?

» Suppression of high p jets
 Large dijet (photon-jet) energy (momentum)
Imbalance

AE. ~ O(10) GeV,
~10% shift in <dijet p; ratio>

Where does the energy go?

@m Yen-Jie Lee (CERN) Zimanyi Winter School 2012
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.y | Track
Missing p-!" = ) —pr% s (Prrack — PLeading Jet)
Tracks

Where does the energy go?

g Calculate projection of p; on
leading jet axis and average
over selected tracks with

pr > 0.5 GeV/c and
In| <2.4

Underlying events cancels

Sum over all tracks in the event
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PR . [ — Track
Missing p-lI: T= ), —Prcos (Prack — PLeading Jet)
Tracks
0-30% Central PbPb Track
e T I Pr> 0.5 Geie
40 [ Pb+Pb \'s,.=2.76 TeV .
! fu.at:s.m* excess away from
I leading i
_ eading jet %
3 E 3
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_ A, "\
balanced jets unbalanced jets

Ay =Py Py V(PP ,)
Integrating over the whole event final state
the dijet momentum balance is restored
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Missing-p-!

Missing p-lI:

Track
"|1|“ — Z _pTrac COS ((PTrack — (PLeading ]et)

Tracks Out of the jet cones
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The momentum difference in the dijet is
balanced by low p+ particles outside the jet cone
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Jet shape and fragmentation function

Large parton energy loss (O(10GeV)) in the medium, out of jet cone

el - What about jet structure?

Q o(r) Tracks

r = (An2+A@2)L2

Jet shape:

shape of the jet as a function of Jet fragmentation function:
radius () how transverse momentum is

distributed inside the jet cone
11 1 pr(r—0r/2, v+ or/2)

r) = —— .
P = o N i r 1 pifack
f(:h _ 1 pT(Qr R) a = In z rE = pjet
Me’[ jets Tt




Jet shapes
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CMS PAS HIN-12-013

r = (An2+A@2)12

with respect to the jet axis
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Jet fragmentation functions

R B I L B B I B B B I B B I B B L BB I B
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Track p+ distributions in jet cones (R=0.3)
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High p; : no change compared to jets in pp collisions
In (central) PbPb: excess of tracks compared to pp at low p-
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Tagging and counting b-quark jets

Secondary vertex tagged using flight distance significance

Tagging efficiency estimated

\.'SNN=2.76 TeV
II|IIII|IIII_

. . CMS Preliminary
madata—drlvenway T ol R BN B ]
_ . - 80<p_<100GeVic —e— PbPb data .
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mass distributions g L ; i
= x*/NDF = 10.1/ 11
S 10 =
; ;
&= _
=
Z 10 —=
/ 10 =
L +§
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CMS PAS HIN-12-003 Secondary vertex mass (GeV/c?)
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Fraction of b-jets among all jets

b-jet fraction: similar in pp and PbPb
— b-Jjet quenching is comparable to light-jet
guenching (R,,=0.5), within present systematics

CMS Prelimi \s =2.76 TeV CMS prelimi =2.76 TeV
0.06 ey R popvspeimnay | NswT2T8TV
0.05 — p+p ] 0.05— Centrality 0-100% Pb+Pb ]
= 0.04— -| < 0.04- —
i) i 2 i
B B . +
£ 0.03 - & o.osl_ﬁ— i
o) _ [ i
0.02—+ — 0.02 —
- Ldt=231nb" I Ldt=150pub”
| o ppData | | . PbPb data _
0.01 Pythia 0.01 Pythia+Hydjet
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1 1 1 | | | 1 | | | | 1 | 1 | 1 | | 1 | 1
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Jet P, ((geV/c) Jetp 3ew
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What have we learned with CMS PbPb data?

1. High p; jet suppression 4. p, difference found at
—->AR = 0.2 - 0.5 doesn'’t capture all i | .7 low p; particles far away
the radiated energy i | from the jets

2. Large average dijet and i §
photon-jet p;imbalance ' '

5. First observation of modified
fragmentation function and jet shape

6. b-jets are also quenched
3. Angular correlation of jets
not largely modified

challenges to theory community!
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To explain the suppression of high p; particles

Soft collinear radiation Hard radiation Large angle soft radiation
“QGP heating”
GLV + others PYTHIA inspired models AdS/CFT
(pre-LHC models) Modified splitting functions Interference

? Can we collect the in-medium radiated energy back? -> Need a large jet cone
e . Do we see strong suppression of ? -2
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PPDb pilot run

Successful pPb data-taking with
physics object triggers fully deployed
on Sep 2012!

 The first unexpected result already
came out:

Observation of long-range near-side angular

correlations in proton-lead collisions at the LHC Two particle correlation function
& 25 e ,szinez ‘
arXiv:1210.5482v2, accepted by PLB f“:':’ EZ\GM 10N “0\ )
2013 pPb run: _
g3 18
- . . . Z| —
 Jet quenching in pPDb collisions? Bl 1;
‘—Z's :

* Are jets modified in pPb collisions?

C : 5x larger than pp!
 Are nuclear parton distribution Elliptic flow?

functions modified with respect to Color glass condensate?
nucleons? Modified jet structure?

pp ridge paper: JHEP 1009 (2010) 091
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« Exciting LHC era:
« Strongly interacting QGP Is produced
. High performance CMS detector

» Results from those high p; hard probes are interesting!
« Post challenges to the theoretical community

« Smooth pPb pilot run in 2012. Expect to learn more
with 2013 data!

A lot of future measurements to be done with high
statistics PbPb data at nominal collision energy
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Backup slides
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Nuclear modification factors

CMS (* preliminary)  PbPby/s,, = 2.76 TeV
I | I

(via secondary J/y)

) S - L B '
18 __I L dt = 7-150 ub” ZE- Z (0-100%)p)>20GeVie | | CMS PRELIMINARY i
— N W (0-100%) p: > 25 GeVic | - Pbe\js_NN =2.76 TeV ]
1 6 —&— Isolated photon (0-10%) — I ]
10 I L dt=7-150 ub™* ]

B - b-quarks (0-100%)
1 4 D 8

—&— ql/g-jet (0-5%) |n|<2

oo +

jets

T T R R B | | |
0 20 40 60 80 100 100 150 200 250 300

p(m,) (GeV) jet p. (GeVic)

]\
| |
Sampling the ~same parton p; range

Note: jets fragment into high-p; particles in pp and PbPb the same way — see later...
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v-jet correlations

* Photons serve as an unmodified energy tag for the jet partner
* Ratio of the p+ of jets to photons (x,,=

pe/p7)

IS a direct measure of the jet energy loss

» Gradual centrality-dependence of the x;, distribution

e S LN an e Sy e L SIS B i S B s B I I ma
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arxiv:1206.0206
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v-jet correlations

R;, = fraction of photons

jet A
X Jy -|J / p-|- with jet partner >30 GeV/c
1A ™ ™ L0 v s L R L B L L L L R B R LN
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above threshold

~20% of photons

Jets lose ~14% of lose their jet partner
their initial energy

Increasing p-imbalance

arXiv:1206.0206
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Phisical origin still
unclear

CMS Preliminary

_ offline
pPb y/s, =5.02 TeV, N’ ™ > 11{]
T<p <3GeVic

(d) N>110, 1.0GeV/c<p_<3.0GeV/c

518 18 -
< |
o g— 1 ? 55 _;.5‘ j:

AN
iy
i ‘5"‘7”&&"\" 3

4 JHEP 09 (2010) 091 _4

Much bigger than pp
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CMS Preliminary

- offline
pPb /s, =5.02 TeV, N’ ™ = 11
T<p <3GeVic

dszair
N, dAT dAQ

@ Yen-Jie Lee (CERN)

Initial-state geometry
+

collective expansion

PbPb \/Syny = 2.76 TeV

N,,dAn dAG
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Multiplicity 0_1

1.0 < p, < 2.0 GeVic

1-2 2-3

20« p, < 3.0 GeVic

3-4 p;(GeV/c)

30= p, < 4.0 GeVic
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