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Hot/dense QCD
matter properties
via “jet quenching”
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Jets: RHIC vs. LHC

= Cross-sections for jet production will be huge at the LHC (E,™~1 TeV)

= Detectors designed (large acceptance, trigger) to measure them.
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lll. Jet reconstruction, ¥ jet,

fragmentation functions
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Jet qguenching via high-p. leading hadrons

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet quenching via high-p. dihadron ¢ correlations

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet quenching via high-p. dihadron ¢ correlations

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet guenching via full-jet reco & gamma-jet

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Fragmentation Functions (FF)

" FF:Probabilty thathadron h takes m om . fracton z=p__ d/ppa .., Ofparentparton.

B FFsforudsg > Tkph)obtaned from e'e data param etrzatons.

® FFs evoliton ©Ibws DGLAP (parton splithg)egs.: fited atone scak Q,
can be extrapohted t© any otherQ '(>1 GeV).

Ejet=100 GeV soft hadrons  Most of fragmentation

Q*-2 Gev? parton hadrons have a small
Q%=137 GeVv? #ié )
fraction of the parent

Q*=40000 GeV/?

2<0.1 parton momentum.

hard hadron

parton. High-z “leading” hadrons

(z~0.5-0.7) dominate
z~0.7 high-p. hadron spectra

1077

KKP param.

Armesto et al.
arXiv:0710.3073

1072

100

107 107" 1

z=phadron/Eiet
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Fragmentation Functions (MLLA)

¥ Fragm entaton functons n the M odifedLeadng-Log Approxin aton are
com puted w ith em phass n the bw -z (soft) regn ofthe parton fragm entaton.

¥ Next )M LLA = Framewoxk to cakubte/esum QCD em ssbn dagram s
(@nd nterferences) down to non-perturbative scaksQ __~ AQCD~ 200 M eV.

g af —Q=120 GeV Cone 0.=0.5 soft hadrons
T [ --0=50 GeV parton
dN/dg 3.5 Q=19 GeV #?4
3F0= E 0
: Q= Beeone low z = large &
2.5
: ' Soft
2
150 3 MLLA allows to calculate:
14 jet shapes, jet multiplicities,
osf K, correlations in jets, ...
O ot S e Mueller (1983)
g Dokshitzer, Troyan (1984)
E = -Iog(phadron/Ejet)= Iog(pjet/Ehadron) Malaza, Webber (1984), ...
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Medium-modified Fragmentation Functions (FFs)

= Radiative energy loss in a hot/dense QCD medium shifts parton energy
from high-z to low-z hadrons: leading-hadron suppression.

dN/dz: FF(z,q)

<
i = Armesto et al.
Qm 1{#3 arXiv:0710.3073
10’
10
Ejﬂ=1ﬂ-ﬂ GeV
E GGV
| -
10’ E =10 GeV/'/fm
V' =50 GeVViim
107

10 {0 1
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Quenching increases

dN/d
: low-p, hadrons

» QPAL, Vs=192-209 GeV
14" in vacuum, Ej;=100 GeV

{3 | -~ in medium, =100 GeV

10 -
Borghini-Wiedeman

hep-ph/0506218

Quenching decreases
high-p. hadrons
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Jets In hadronic collisions

m Jet = high-p, parton (quark, gluon) produced in a hard scattering

process: 4qq, qg, gg (or in the decay of a heavy particle)

m Jet production processes (leading order):

q q q g g g
g q g
q q g q g g
| <] [P
g q _
q a 4 g g7 & q

Jet balanced back-to-back by another jet, a prompt y, ... (at LO).

m Jet (real life): Collimated spray of hadrons in a cone (R = \/An? + Ag? ~0.4-1 )
with total 4-momentum of original fragmenting parton.
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Jets in hadronic collisions: Underlying Event

m Jet = high-p, parton (quark, gluon) produced in a hard scattering

process: qq, dg, gg. Underlying
m Jet production processes (leading order):

q q q g g g
g q g
q q g q g g
padiRaiitas
g q _
q q 4 g g7 & q

Jet balanced back-to-back by another jet, a prompt y, ... (at LO).

m Jet (real life): Collimated spray of hadrons in a cone (R = \/An? + Ag? ~0.4-1 )
with total 4-momentum of original fragmenting parton.
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Jets In hadronic collisions: Initial- & Final-state Rad.

m Jet = high-p, parton (quark, gluon) produced in a hard scattering

process: qq, g, 9g.
m Jet production processes (leading order):

Jet balanced back-to-back by another jet, a prompt y, ... (at LO).

m Jet (real life): Collimated spray of hadrons in a cone (R = \/An? + Ag? ~0.4-1 )
with total 4-momentum of original fragmenting parton.
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Jets in nucleus-nucleus collisions: enhanced FSR

m Jet = high-p, parton (quark, gluon) produced in a hard scattering

process: qq, g, 9g.
m Jet production processes (leading order):

q q q g g g
g q g
q q g q g g
padiRaiitas
g q _
q q 4 g g7 & q

Jet balanced back-to-back by another jet, a prompt y, ... (at LO).

m Jet (real life): Collimated spray of hadrons in a cone (R = \/An? + Ag? ~0.4-1 )
with total 4-momentum of original fragmenting parton.
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Jet reconstruction

= How does one reconstruct this ? in this environment ?
(UE bckgd subtraction)

(Jet algorithms) (Jet energy corrections)

p+p — jet+jet [Vs = 200 GeV] Au+Au - X [Vs =200 GeV]
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Jet reconstruction In heavy-ions

Not an easy business ...

m Step |: Clustering algorithm

- Infrared & collinear safe

- Speed [Nt0t~o(1 04)] V FaStkT, SlSCOhG,

m Step |I: Background subtraction

UE~nR?-1/(2r) -dE./dy, dE *Hc/dy~1 TeV ¥ Diff. techniques
available now

UE (R=0.4) ~ 80 GeV (& fluctuating !)

m Step lll: Jet corrections
experimental MC-dependent

—
Reconstructed L1 L2 L3 L4 L5 L6 L7 Calibrated
Jet quantities | Offset | Rel: n | Abs: pt | EMF | Flaveur | UE |Parton|Jet quantities
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-

t(s)

4 LHC (single  LHC (c. 20 LHC
10™ F Tevatron interaction)  interactions) Heavy lon 3

/

10° 103 10* 10°

e Data-driven (model-
independent) jet energy
calibration needed !
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Particle measurements in a collider detector
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Jet measurements in a collider detector
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Jet lego plot mé energy in calorimeters

Thrust = 0.94 EJSS 1 =171 GeV

E/52=15.1 GeV

Run 352054
Event 30S6

p+p - jet+jet [Vs = 63 GeV]
AFS @ CERN-ISR (1982)

=
[
err I

'quﬂb

p+pbar - jet+jet [Vs = 560 GeV]
UA2 @ CERN-Spp$S (1983)
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Jet Et1 = 666 GeV (corr) CDF Runll
uf 583 GeV (raw)  Preliminary
400-

Jet Et2 = 633 GeV (corr)
546 GeV (raw)

DiJet PSS
Mass = 1364 GeV (corr) -4 g

p+pbar - jet+jet [Vs=1.96 TeV]
CDF @ Tevatron (2001)
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Step I: Jet algorithms (general)

= Calorimeter-level jet:

EXP: a collection of 4-vectors based on
calorimeter towers (what one measures
in the detector).

m Hadron-level jet:

TH: a collection of hadrons after
parton hadronization.

Non-perturbative processes:
rely on data-tuned MC.

= Parton-level jet:
TH: what one calculates (pQCD)

® Need to associate final-state particles
with initial parton:
- No unique way of doing this !
- Jet algorithms

QGP School, Torino, Dec. 2008 21/42
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Step I: Jet algorithms (general)

B Goal:Combmne hadmwns nto $ts,

accorng to a gven ‘“dstance” (radiis).

® Requirments:

¥ nfrared & collhearsafe:

softem ssn & collnearsplitng

m ustnotchange gts

¥ applcabk atparton & hadmwn kvel:
directcom parson ofdata & pQ CD

® Plis, n addipon ...

¥ nottoo sensiie tO non-perturbatie effects: \

hadmnsaton,underlyng event, pie-up (PP) L

¥ ralstraly applrabk atdetector Evel :

eg.nottwo sbw)

QGP School, Torino, Dec. 2008 22/42
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Step I: Jet algorithms (basics)

" Twom ah types of ptalgorthm s:

cone R=1 |

(1) Cone-yype:
B ‘Top-down”: dentify energy fow
nto pre-defned cones ofradiis R
¥ JetC Ih, LCAM dPoint, Cone,

SIS Cone, ...
M anl used atthe Tevatmon.

(2) Sequentialclustering:
B ‘Bottom -up”:Palrw Be successve
recom binatons ofcbsesthadron n k ,
(nextcbsest, ...)up to dstance D .

® kt,C am brdge Aachen, Jade, ...
W del used atLEP & HERA.
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Step I: Jet algorithms (basics)

" Twomah types of taborihm s: — __cone Rt |

(1) Coneype:

¥ Fast(easy to n pkm entn trggers).

¥ UE conectobns easker

® Detaikd defnibn can be m essy
(seeds, splith exge ), dark owers, ...

® Ihfiaredcolinearsafety notguarmnteed

(2) Sequentialclustering:

¥ mfiared & collnearsafe

¥ Mor “ralstc”:m In £k (backwanxls)
QCD showerbranchihg dynam Ts.

® (Used to be) slow.
® UE subtraction trickier.
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Step I: Jet algorithms (speed)

= Time taken to cluster N particles.
= “Normal” kt: Very slow for large N (~N?).

fast-kt & Cam/Aachen kt: Very fast (~N In N).

SISCone: ~N?2In N

10s 10'}
fast-Ki: m
. o 10
= (based on Voronoi diagrams) £
= Speed at small-N: LA
~2 orders of magnitude gain g 2
wrt. O(N?) implementation
Ims o3t
= Speed at large-N (heavy-ions): 4
10

O(1 sec) rather than 1 day !

10°

M.Cacciari & G.Salam
PLB (2007)

KtJet

OJF

3

/ [/MidPoint

Fastdet

LHC (single  LHC (c. 20
- Tevatron interaction) interactions)

4o

10°
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N = number of particles
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Step lI: Underlying event subtraction (Pb-Pb LHC)

® Huge Pb-Pb softbackgmund atthe LHC : 5:;&1 >t T e
dE.“"¢/dn ~ 1 TeV at n=0 6
 nes “
= Background-E_ inside jet of cone R=0.4: Wl
1 10 102 103\,%((39\’)
UER=04)~ ©R*-1/(2r)- dE/dy ~ 75 GeV !l|  (fluctuating !)
fem— | PYTHIAevent | B ______\ Full event il

5

BN ]
WA |
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Step II: UE subtraction (fastJet)

= fastJet implementation:
- fit p,(y)/area for background

500

400

P,/ Area [GeV]

- subtract it for each jet

100

Full event with subtraction I

300 ¢

200 r

Hard event in PbPb (LHC)
P, density in jets jet

kt aig‘
R=04

FastJet .

' Pb- Pb dl]et

QGP School, Torino, Dec. 2008

—_—
-
Py

.

300

Hard event in PbPb (LHC) Kt alg.
Subtracted P, density R=04
FastJet -

= Final Pb-Pb jet spectrum:

[ lyl<5

s = = = =
O O O O
—_ [en] — [p%] [95]
T

2102 |

1Mo d Ny /d Py [GeV]

T S U G o s
o o
= W

—y
=
(=]

[ k,R=04 |
|
|

1
I
I
L

LHC, Pb Pb, Vs = 5.5 TeV
Hydjet, dN./dy = 1600

scaledpp ——-- 1
raw Pb-Pb = ---
Pb-Pb with subtraction s

-50
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Step lI: UE subtraction (ICone)

lterative event-by-event background subtraction:

m Calculate <E°¥¢'(n)>, D" () in n rings.

m Subtract for all E{'°*e" tower energies:

tower _ tower __ ile-u
Elower = [ fower — [ pile-up

qu CEll —- "E

Etpile-up — <E_|_tower(r])> + [Dtower (n)

_ 7} ™ Negative tower energies are replaced by zero
N, cell —

® Find jets with E/J°t > E“t using std. iterative cone algo with new tower energies
= Recalculate background energy with towers outside the jet cone.

= Recalculate tower energy with new pile up energy.

= Final jets are found with the same iterative cone algorithm:

Jet _ cone __ ile-up new
E et = Eoone— Epiew
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Step lI: UE subtraction (ICone)

= Search for the particle with the highest transverse energy (seed).

= Use its spatial coordinates to define the axis of the jet candidate.

= Define a cone on the ¢n plane with a radius of R (e.g. R=0.4).

= Find final state particles inside which are closer to the jet axis than R.
= Redefine the the jet with the help of these particles:

_ i | i o
ET,jet _ZET njet:ET. ZEZH ¢jet:E1 ZE}”]Z
I .jet 1

T,jet i

= |[f the alteration of the jet axis is less than a predefined value, then the
jet is found and their particles are removed

= Otherwise return to step 4
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Step lllI: Jet energy corrections

experimental MC-dependent
N

Reconstructed 1Ll 52 L3 L4 L5 L6 L7 Calibrated
Jet quantities | Offset | Rel: n | Abs: pt | EMF | Flaveur | UE |Parton|]Jet quantities
m Data-driven corrections:

- L1-L4: Relative (n) & absolute energy scale, electromagnetic fraction
[Main source of uncertainty ! (see next) |

- L5: Flavour separation (gluon, quark) feasible in heavy-ions ?

- Obtained in dijet & y-jet balancing in proton-proton collisions.

- No serious experiment trusts just on Monte Carlo for this !

m MC-dependent corrections:
- Underlying-event: Depends on modeling of initial- & final-state radiation &
multi-parton interactions. The observable we are after !
Use at least 2 jet-quenching MCs e.g. PYQUEN (large out-of-cone
elastic E__) and Q-PYTHIA (BDPMS-based)

- Hadronization: Parton-to-hadron vacuum fragmentation. Use 2 types of MCs:
string (Q-PYTHIA) and cluster (Q-HERWIG) fragmentation
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Step lll: Jet Energy Scale

B ~5% uncertainties in jet-energy propagate into ~50% uncertainties in
E. (steeply falling) spectrum !

B Example: p+p -> fwd jet+X -
PIe- PP J e C PpoetsX,3<hi<5
g% SiSCone, R = 0.5
-~ 20 ._9'.10 % —— Unsmeared CorrCaloJets (CTEQ5L)
32 -
< oS, T ——- fastNLO (CTEQ6M)
o olg 105
E Startup JES: source calib. + test-beam + MC - n ——- fasiNLO (MRST03)
o 15— --------------------------------------------------- 2 ~
I 8 10°=
Q = - \{t.-
? - N
S Crmeemconws g S 5%
o * C
ﬁ "\.\ I (1st y-jet, 1st b-tag.) - \\“_
8 S intermed 100 8 50%
0 NN "intermediate" JES = S
= \- ————————————— _ S
5 _ _ - S
(Z-jet, full b-tagging) 10- \"*T..
C Sy,
"longterm" JES [100 fb"] - =
= —a]
0 L ! | | ! Lo | =
10 102 X | | | | | |
jet GeV,C AL L1 L1 L1 L1 L1 |
jetp, (GeVic) "2 40 60 80 100 120

p,[GeV/c]
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Step lll: Jet Energy Scale

B ~5% uncertainties in jet-energy propagate into ~50% uncertainties in
E. (steeply falling) spectrum !

m Example: p+p -> fwd jet+X

v 2.5[
= L Forward jets relative yields:

q 20 E o — [o(CorrCaloJet)/o(fastNLO MRSTO03)]-1
= s T [6(CorrCaloJet)/s(fastNLO CTEQSM)]-1
o S ] JES uncertaint
= : : . o y
L:: 15| Startup JES o cecal Ib -l-test beam+MC = 151 | CTEQ6M PDF uncertainty
- e r
S 3 I
? s
> Day-1" JES: startup + cosmic-rays + 1st data T
DU | memmmeme——e—ee—————————— 0
0 ~ ) O 0 5__
c o I (1st y-jet, 1st b-tag.) T F
w ~ -
- \\ " . n B
@ ~ intermediate” JES -
- 5l N ettt 0r

(Z-jet, full b-tagging) B

"longterm" JES [100 fb"] 0.5 :— .
0 L | | | | Ly N CMS Preliminary
1 0 1 02 _1 B | | | | | | | |
jetp (GeVIc) 30 40 50 60 70 80 90 100
T

P, [GeVic]
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Jet reco example: STAR (AuAu, 200 GeV)

®m STAR jet-reco proof-of-principle !

EETAFI

J.Putschke, S.Salur, HP0S8

AuAu— jet + X, 200 GeV

¢r AutAUG-10% | 4 'F AutAu0-10% | 4 'F AutAu 0-10%
¥ b ir
ST %, A MBThg ST %, A MBTig g . A MB-Trig
Au+Au 0-20% p::; ~21 GeV 10°F wg oM Ny, Scaled ptp| 10'F 4 m Ny, Scaled p+p 10°F L Ny, Scaled p+p
N ‘* Ff .ﬂ' ) i
STAR preliminary 1 -‘ih“‘ 10’ . 0’f ‘{ .
wp 010% e, o 010% o'f 010% ‘** .
] o . F
% 10 LOCHS f‘h— 10°f LOCHS S’?; 10°} LOCHS H !
] 10 o'k PTcut>0.1GeV H‘ﬁ ol PTeut>1Gev 1o°r pT cut>2 Ge
- ' i : SF it
8 10 STAR Preliminary 0F STAR Preliminary wa' STAR Prelim{ndi
2 L e T R R ) S s e D s T ¢ ]
> Au+Au 0-10% L S
¢
g . . .
i s 'Fo AutAu 0-10% | ¢ ' Au+Au 0-10% e ' Au+Au 0-10%
2o w Z10rC . 210k
P GEE 4, A MBTig A - 1.' A \VB-Trig S 8 A MB-Trig
f wr- * Fe
= 4 mNyScaledprp "FE R w Ny Scaledpr|  PE 4 o W Ny, Scaledpip
S o M o i,
) 1n*g;-; “'.‘ 10° r] .- 10k M Sl
w {14
n - ?Dng) 10 Fu 10° r—J L 3 10° F*j W e
0.8 1 w‘ e ‘o ' N )
1 d) I T S 10'F
7 E -
10° E’ KT 107 F KT w.fE KT
10 F pT nut>D1GeV 10°F pTout>1GeV 1W0'F pTcutDZGé'-"
ool L L ;
W W I e NN BRLY S N M
¢ T2 050
E [GeV] E, [GeV] L " . E, [GeV] >

B Promising start ...
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but missing (and/or MC-dependent) jet energy corrections
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Jet reco example: CMS full-sim (PbPb, 5.5 TeV)

= Jet spectra up to E.~ 0.5 TeV (PbPb, 0.5 nb”, HLT-triggered).

= Combined with inclusive hadron p.: Detailed studies of medium-

modified (quenched) jet Fragmentation Functions possible.

]

10"
10

dN/dE,

2551 0
T
107
1078
10-10
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10—14
10-16
10-18

—10°
N

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
— Calorimeter Jets r<2 —
— N. . ~6-10° *  (-10°% central | —
— jets O 10-20% central, x 107 —
- ; 20-37% central, 1n‘§ —
L . - 30-40% central, x 10 _|
i MIiN.Diass se el 10 R
T ., O B1-60% central x 10° 7
E o Y, * @1-70% central x 10°
= O, e, O 70-80% central, x 107
e, Yo, Ve . 5 s
= 8, O, See, 80-80% central, x 107
— o, ".. OOOOOO ‘e, —
— 4., O %ee, O 4 * e
- OC'O ..'. OOC‘O . ] . @ O o —
B . Co ... Yo o) - T
— Y, Cog, “tee,,. o 4 T
o, . o, OOOOGOOO LI T -
| OC'O .... & o] H LT ]
[ .. OC’O ..... e} 9y ] . _
— % O * . o g —
B u.' OOQOOO . ¢ 7
I ...... 8] o [ ] . . n
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Jet fragmentation function

= PbPb, no energy loss
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» PbPb, PYQUEN energy loss -
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Jet reco performances: CMS (full sim)

lterative-cone (R=0.5) + backgd. subtraction (dN_ /dy=5000)

m Efficiency, purity ® Energy resolution
High effic./purity for c./E<15% for
E.>50GeV/c E.>100 GeV
120 ; « 30
o
Q :
100 [ gy - 0 o £ 25 BARREL
& o Mot me < 0-3
3 o jet MC
= Q
3 80 £ 20
n.n * = L [ |
) | BARREL S -
£ 60 | = )
:3 T N ljet me: < 0-3 _E 15 . - -
W 40 § 10 - e =
m - Purity Q 3 ® =
20 = - E_‘]ﬂﬁ ienc |.IJ|_ 5 1 _ e g .
< ] e without background
e mwith background, dNch/dy=5000
o 5o 100 150 200 20 30 30 % sq 100 is0 200 230 300 350

Ey ML Jet lii cons 0.5, GeV E. MC jet in cone 0.5, GeV
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Jet balancing with yor Z

® Calibrate jet-energy loss with unaffected back-to-back gauge bosons (y,y*,2):

energy of v,Z = energy of parton at vertex (before energy loss).

= v,Z-events in Pb-Pb allow one to determine medium-modified Fragmentation-
Functions correlating away-side hadrons with parent-parton (=photon) energy

charged jet
hadrons 1201 190 GeV photon (PYTHIA)
’ / 100° ¥
| ~ =807 quenched jet (PYQUEN)
=80
0 ©.60-
o * 40 Pb- Pb backgd.
: (HYDJET 0- 10%

Photon sim-reco 3
or
v,Z-> I

N\ 20 dN/ dn~2400)
9.9 ! ~ Full CMS 1
3 ) . Ecal+Hcal
&
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y— jet in Pb-Pb at 5.5 TeV (CMS)

charged

hadrons jet Challenging measurement !

® |solated vy, In|<2, R.

isol

<0.5 - parton E;

® Back-to-back jet [n|<2, |A¢j_g|> 3 - away-side axis

® Tracks (|n|<2.5, Rjet<0.5) - fragment hadron p.

= Construct FF: away-side hadron yields vs. z=p_ "adn/E photen

photon
= Expected CMS v-jet statistics
LO diagrams (back-to-back): oo T T T
o[ PYTHIA
10 3 E
= :
O 10 = —
Compton f\g 1ot B p;>70 GeV/c
C 7z
L% 10° ~4300 events
= 0 Pb-Pb 0.5 nb""
O 107 E
= :
Z 10 4
Annihilation © f :
10_1;-'-"||I|||.|....|.,.,||,,,—i
0] 50 100 150 200 250
E! [GeV]
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y—jet in Pb-Pb at 5.5 TeV (CMS): photon reco

= Photon identification: Look for EM-like clusters in EM Cal. (shower-shape vars.)
= |solated photon: Impose no hadronic activity (above a given p.) in tracker/HAD Cal.
= Multi-variate-Analysis (MVA, “Fisher LD”) of 21 variables.

photon isolation/shape cuts improve S/B by factor ~15

Before cuts: S/B=0.3 After cuts: S/B 4 5

3 | ' E |
% -CMS Preliminary = QCD background:L %} -CMS Preliminary = QCD background;
(310-1 — "%, = |solated photons  _ (_")10.1 - = Isolated photons ~ _|
o0} = om0, - o0 -
~ . "a °®s, O [Isolatedhadrons 1 ~ " © lIsolated hadrons ]
(%102_ m '... - GCJ,IO.zE_ '.. = WP=O.65eﬁ -
5 Oo ..l oo E 5 - b . E
s © oq 'l ", ) o .Oo .H .'H' |
N S O FE- S T E
w (7)) B ]
Q +++ H“' 1'1'1 H Wi 8 b ! 'I"H :
S10°F - S04 T tT 1 .I =
C = Z C - -
10—5 | 1 | | 10—5 1 | | | | |
100 200 300 100 200
ET [GeV] PYQUEN/ Quenched Pb+ Pb E; [GeV]
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y—jet in Pb-Pb at 5.5 TeV (CMS): UE

= Underlying Event background: contamination of low-z region of FF.
= Subtraction using hadrons within R=0.5 cone transverse to jet axis:

10t & CMS Prellmlnary .
- e Quenched Fragmentation Function :
10°% & Underlying Event Contribution ]
= Pb+Pb, 0-10% central =
Transverse plane wr 2oL Track p. > 1GeV/c, E"* > 70GeV N
- 107 E ]
~ - ]
= - ° 1
Transverse T 10g =
region ~—| 2 - 0
107 g UE E
¢ ]
102 E
10-3 _I L 11 | | | | | | | | I | | | ?I (I | I | | L1 11 | 11 I_
0 1 2 3 4 5 6 7 8 9 10

g=In(E /p,)
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y— jet in Pb-Pb (CMS): medium FFs

FF(z)
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
10°E CMS Preliminary E
) Track p_ > 1GeVic, E‘T“US- >70GeV 7
e Underlying event subtracted _:
1 - — Ungquenched MC Truth E
'Eli L X ~* Quenched Fragmentation Function
—— 10:_ = =
Z g ]
O - ]
8 1: 3
Z - -
< - ]
= - ]
107 E
10° ¢ 3
10-3_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

0 010203040506070809 1
z=pT/ET

TTTI \HHITI" \HIHH‘ IIHHH‘ IIHH'IT| IHIIITI]—V—Yt

CMS Preliminary
Track p, > 1GeV/c, E$'“S- = 100GeV
Underlying event subtracted
L4 Quenched Fragmentation Function

MC Truth

uJJ_U_L' \HHLI,IJ \HIHH‘ IIHHH‘ II\HLLLl IHIILI,I,l_A_L

""|""|""|""|""|""|""£ = Iog(ET/pT)
CMS Preliminary

Quenched / Unquenched

El > 100GeV

* Reconstructed Pb+Pb / MC p+p

E~ T MC truth p+p
= Y (“soft” enhancement)
Hdepletion

3 4 5 6 7
g=In(E /p,)

= Medium FFs measurable for z<0.7 (or 0.2 <¢< 5) with high significance

= Syst. uncertainties dominated by (low) away-side jet reco effic. 30-70 GeV
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Jetreco,y jet, medium FFs: Summary

= Full jet reconstruction is the ultimate tool to study “jet quenching”
In high-energy A-A collisions.
= Not yet exploited at RHIC (low yields) but very common at the LHC.
= Jet reconstruction algorithms & UE background subtraction presented

= gamma-jet will be an excellent tool to study medium-modified FFs:
= obtain g-hat parameter

= Radiation in hot/dense QCD matter: small- vs. large-angle gluon emission
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Jet guenching summary

Au+Au - 200 GeV (central collisions):
5 W [1 Directy [P?ENIX],V' [PHENIX Preliminary] ]
_ o 10l e
Hot/dense QCD m High-p, hadron : t ; Y M
matter tomography

spectra (R,,) & A fﬁm'ﬁﬁﬂff'

dihadron E g
B Z:T z}% %%T |

f?*T

Sot, I
T@@%&Fﬁpﬁp

correlations (1,,): 1°“_m_
0 2 4 6 8 10 12 14 16 18 20
parton E  models . - P (B9
= < X —T T
- o Most of observables % .} = <iicoccwe] & B ~raesscove:
3 0 9 0-20% Au+Au
well reproduced. - S A
e g U:E'-E; -h.-‘?."-an.eua'"!: 0 ‘gﬁf ???ﬂ'!'n*&ﬁﬂhw'?ﬂ
> L ] ] TR TR o P W LR
a 0 Aq)2 4 02 4
4 Au+Au 0-20% p*° ~21 GeV
. . STAR preliminary !
m Full jet reco, y-jet, :
medium modified Ffs: 5
g ~13 GeV?/fm e Tools available for jet ] ’
. on
dN¢/dy = 1400 reco & bckgd. subtraction
Vsl S e Data-driven jet corrections B
c.~0.3 (?) "’

(do not rely on MC alone !)
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Backup slides
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NLLA + LHPD: hadron momenta in jets

Momentum distribution
of charged particles in jets
- dijet events with well-balanced E;
« 15-30° cone around dijet axis
Two parameter fit (MLLA+LPHD)
« works surprisingly well in
a wide range of dijet masses
. MLLA Q_, = 230+40 MeV

k.-cutoff can be set as low as Naco
« Kipnpe)=0.56+0.10

N =N

hadrons partons

QGP School, Torino, Dec. 2008

1/Njets dN/AG
O = MNMNWE O NWRE O= MNWAEWO

fadte n = o ."x.

1

cone opening angle 6=0.47 CDF
-~ Mj=78 GeV/cz | Mj=101 GeV/c2[. Mj=133 GeV/c2
TANTAN7A
:j 1 1 1 .1 1 1 :JI.. 1 1 1 ‘k 1 1 :jl 1 IH'I-I 1
E Mj=171 GeV/c2|f  Mj=216 GeV/c2f  Mj=274 GeV/c2
r . E_ /\:'a-

1 1 |‘ah| 1 :jl 1 1 ] Tl“* 1 1 1 1 1 ] “h. 1

F Mjj=351 GeV/c2 | Mjj=452 GeV/c2f  Mj=573 GeV/c2

Dlllllllllllllllllll III|III|III|III|III

0 5 5
E=log(1/x)
x= pparticle 5 — ln(l/X) — ln _ Jjet
E jet Ep particle
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NLLA+LHPD: particle multiplicity (gluon vs quark jets)

LLA and NLLA: ' = Ngon !/ Nyyarc = 9/4 = 2.25

gluon quark —
n NLLA: r = 1.4-1.8, depending on the energy scale

di-jet and y-jet events have very different fractions of g/g-jets

—> multiplicities in quark and gluon jets can be resolved
Results agree with n NLLA

r=1.64+0.17 I
N |LLA&NLLA r=C,[C =225
at Q~20 GeV 2% T I
Most recent LEP result (OPAL) N
O F
r=1.51+0.04 T
@ O CDF, =41 GeV
at Q~90 GeV . Gaffney&Mueller, 165 O CDF, E, =53 GoV
| — — Catani et al., 1992
] —— Lupia & Ochs, 1998
i) . ICaFeI‘IaFtFaII.,EDDD

10 100

Q=E_/[f

- =jet cone
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jet energy scale error (%)

QGP School, Torino, Dec. 2008

15

10

Jet calibration (p-p)

'

B §t_a_r_tup (source calib. + test beam + MC)

v + jet W fit from tt
i ® 50% reduced b-tag
T . + full b-tag
1-10 fb!
o

: | | -

20 50 150  (log scale)
Jet p (GeV/c)
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b-Jet fragmentation

u
Dy ¢ Radiative energy loss is different for heavy and
light quarks.

Y.L.Dokshitzer and D.E. Kharzeev, hep-ph/0106202

Z

=
- "« Reconstruct Jets, tag heavy quark (c,b)-Jets by:
Zlb - Hadronic decay:

&« » secondary vertices from charged tracks

* Leptonic decay:

* muons with displaced vertices

e compare jet shapes/properties of heavy quark
jets and of light quark jets.

» EXxploit parton mass dependence to study parton
energy loss mechanism.
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Jets in hadronic collisions: discovery (SppS)

Jets seen first in e+e- at
PETRA (early 1970s)

Et mas 165 Gev

e 23 December 1982

We measure the inclusive jet cross
section with transverse energy up
to 60 GeV and the two jet mass up

5
\
!

to 120 GeV
UA1L collab., PLB 123B, 115 (1983)
. 1
17 August 1983 4 :

A more detailed study
out to E;~100 GeV
UA1 collaboration, ;

;
PLB 132B, 214 (1983) [t
TR W wm W W s ‘J

4 Et max 6.5 Gev |
4 w8 data ]

+ 1982 qata

Fig. 3. Distribution of transverse energy versus azimuth ¢ and pseudo-rapidity », for the five events with the highest ZET.
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