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Full jet reconstruction

high-p._ hadron spectra and correlations: Renk § Esola, iy Rev €75 (3057 054910

« established jet quenching phenomena
 [imited discrimination power due to:
- fragmentation biases

* bias towards least interacting jets (surface)

study the quenching directly with jets:
» access the partonic kinematics (Y
» study energy flow, not individual hadrons |

» well calibrated probe (pQCD)

- Unbiased jet reconstruction: expecting R, =1 -+ contmans
(caveats: nPDF, medium-induced jet broadening) o Comeneet

—— NLOQCD (Vogelsang)

=
=

\5=200 GeV
midpoint-cone
Feane=0.4
0.2<n<0.8

x dof(dndpT) [pb/GeV]
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Outline

* jet reconstruction in STAR
* initial state: jet spectra in d+Au

* background fluctuations & jet spectra in Au+Au

* jet shapes

 di-jet and jet-hadron correlations
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STAR experiment at RHIC

solenoidal magnetic field 0.5 T

detectors used (|n|<1, ®: 2mn):

* Time Projection Chamber: tracking

» Barrel EM Calorimeter (BEMC):
-neutral energy (towers 0.05x0.05)
-trigger

> 0.2 GeV/c

pT,track/tower

“100% hadronic correction”: subtract
matched track p, off tower E.: avoid double-

counting (MIP, electrons, hadronic showers)

centrality selection - charged multiplicity:
Au+Au: |n|<0.5, d+Au: -4<n<-2.5

data used: 200 GeV p+p (2006), Au+Au (2007), d+Au (2007/2008)

Jan Kapitan 4 high-pt @ LHC 2011



Jet reconstruction

recombination algorithms - Fast]jet package
Cacciari, Salam and Soyez, JHEP0804 (2008) 005.

. k., anti-k.: different sensitivity to background

* R: resolution parameter: 0.2 or 0.4
e recombination: E scheme with massless particles

analysis procedure:
. define jets (k;, anti-k.), active area A

. estimate background density from k_ jets: p = median{p,/A}
. subtract the background: p; ;. = Prjetopservea = P ¥ A

. correct for background fluctuations
. correct for detector effects (jet p, shift & resolution)

Ok WN B

jet reconstruction uncertainties:

* Jet Energy Scale (BEMC calibration, TPC tracking efficiency): leading
uncertainty in p+p, d+Au

* background fluctuations: leading uncertainty in Au+Au
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Initial state: p+p & d+Au

« 10M 0-20% most central events, n-dependent background subtraction
* bg. fluctuations & detector effects corrected via Pythia jets embedding

black error band: d+Au JES

F"g ® d+Au anti-kt R=0.4, n| < 0.55 uncertainty (TPC: 10%,

& MPC R=0.4 led, 0.2 SENIES 575)

S - = - < <

= 4% * PrpNPCR=0.4 repgalpd 0.2<n <08 <N . > 12% unc.

d’N

2t N, dn de

p+p total
systematic uncertainty
(including jet energy scale)

11

-
=
&

note
 different n range
« different jet algorithm

towards jet R, :
» decrease syst.uncertainties

12 20 28 30 32 -
p+p: PRL 97 (2006) 252001 jet p_ (GeVic) - extend to higher p,

>no significant deviation from N _._ scaled p+p
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Jet spectra: Au+Au vs. p+p

Au+Au and p+p at\/s,, =200 GeV/c

Au+Au: 10% most central —— kt R=0.4
e— anti-kt R=0.4

STAB Preliminary = *tR=02

Au+Au and p+p at\/s,,,=200 GeV/c

Au+Au: 10% most central —— Au+Au kt
o— Au+Au anti-kt

STAR Preliminary —  pwu

p+p anti-kt

&- anti-kt R=0.2
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uncertainty of N
jet energy scale

10 15 20 25 30 35 40 45 30
lines: unfolding uncertainty Jet
M. Ploskon, Nucl.Phys.A830:255¢c-258¢,2009 p#Et (GEV/C) M.Ploskon, Nucl.Phys.A830:255¢-258¢,2009 pT (GEV/C)

- R=0.4 jet R,, compatible with 1
« consistent with jet broadening from R=0.2 to R=0.4

R>0.4 difficult to measure due to bg. fluctuations
> di-jet and jet-hadron correlations (last part of the talk)
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Background fluctuations

current results: Gaussian parametrization based on Pythia embedding

this presentation:

* is Gaussian model appropriate?

« we know there's jet quenching: how does fragmentation (and its
modification) influence jet reconstruction in presence of background?

« assess background fluctuations with various fragmentation scenarios

embedding studies with real (central) Au+Au events:
1. determine background density with k_algorithm: p = median{p/A}

2. embed a “jet” (various options) and run anti-k_ jet finder
3. find a cluster containing the embedded jet (> 50% of its energy)

quantify response to background via:

cluster 0 - Acluste’r

OPT = P

identical to Ap.in arXiv:1010.1759 (Cacciari, Rojo, Salam, Soyez)
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Example of dp_distribution

embedding single particle with p. = 30 GeV/c, n = -0.2

same jet embedded into 8M events:
£ 10" =gackground
Au+Au @\[s,, = 200 GeV
central (0-10%)

*,  STAR Preliminary

. *.. anti-kt R=0.4

-3 | Probe
Single Particle
pi“"" = 30.0 GeVic
=.0.2

emb

+«— embedding
—— Gaussian fit, LHS Y
centroid = (-0.96+0.01) GeV/c "
width = ( 6.22+0.01) GeV/c
- @Xtrapolation

. | - ; , [ . i :
50 -40 30 20 -10 0 10 20 30 40 50
P. Jacobs, arXiv:1012.2406 op, = P} - pxA™ - pI™ (GeVic)

what does dp, depend on?
> jet area A

> jet p;

> jet fragmentation pattern

following studies:
for R=0.4 jets...

> response over 40 GeV and 5 orders of magnitude
> Gaussian fit to LHS good, non-Gaussian tail in RHS!

Jan Kapitan
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Dependence on jet area

anti-k, clustering: area distributions for various p*m®

Background Probe Background Probe Background Probe

AutAu @\ /Sy = 200 GeV §;gg': e _ 25 AutAu @15y, = 200 GeV Single Particle ' Single Particle
central (0-10%) n:mb =0.0 8 central (0-10%)

pemb = 5.0 GeV/c . AirAu @i = 200 GV pemd = 10.0 GeV/e
nT W 0.0 ' central (0-10%) nT b= 0.0
em|

em!|

anti-kt R=0.4

- | | |
% 40 30 20 -0 0 10 20 30 40 50 % 40 30 20 0 0 10 0 30 40 50
P J;cob-:oar;??v.izoolz-;:wso 5p 13pcn.2§mc'.3‘,’,embf‘é’ew§° P. Jacobs, arXiv:1012.2406 5PT=P$'-P><A°'-P§"“’(G8V!0) P. Jacobs, arXiv:1012.2406 BpT=p$'-pr°'-p§"'b(Gev!c)

. y H . T T T

i *,.o"““i-..'. Probe
[ AutAu @\[syy = 200 GeV .+ ", Single Particle
= central (0-10%) i

" Tew=00 fixed area: 6p, varies little with p_em®

o %, anti-kt R=0.4
.-_:_‘.._ '-'__._* Areajet > 0.4 - O - mgmm -
:\;g-;l_o' 10.0 Gev/. indication that specific jet

- &

K structure is unimportant!
—— P = 0.0 GeV/c, Au = -0.877 GeVic +*+

«— pe™ = 10.0 GeVle, Ay =0 T

> verify this with Pythia, QPythia...

-50 -40. =30 «20 -10 0 10 20 30c| 40 50
P. Jacobs, Hard Probes 2010 8p, = p - pxA® - pI™ (GeVic)
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Op_: sensitivity to fragmentation

Placobs arfiwivieame 3¢ + fluctuation distribution
%o e ~universal: independent

| of p,*™°, fragmentation
PR R 3

- within factor 2 at 30 GeV/c
Ap = p'ef - uProbe (GeVic)

L | Centroid shift ~+1 GeV to do:

- fully characterize dp,

- distribution
Single Particle, p:™ = 30.0GeV/c ® |mp|ement |n unf0|d|ng

Single Particle, pi™ = 0.0GeV/c

AutAu @\[s, = 200 GeV _

central (0-10%) g™ Ty 0.4 | |
“w - 0.2 :+: +

=I —

anti-kt R=0.4 .Gi% o0l

=— PYTHIA, pi™ > 30.0 GeVic (30 jets)

—s— PYTHIA, pi™ 1.0 < 5.0 GeVic (30 jets) * 30 different j ets

,  each embedded into ~8M
—=— QPYTHIA, p°™ > 30.0 GeVic (30 jets)
—a— QPYTHIA, p=™ 1.0 < 5.0 GeVic (30 jets) bac kg round events

I =
10 20 | 30 40
SpT = p?' - pxA° - pi"‘b (GeVic)

Outliers from QPYTHIA:
2 out of 30 jets

ephysics or modeling? . .
-t ° Irresolution due to background fluctuations

negligible effect for final ~independent of fragmentation pattern!
correction: it's for 6p, < 0
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Jet shapes

- elementary particle collisions: jets getting narrower at high p,
« modification of jet structure in HI collisions -> changes in jet shape!

differential jet shape:

max

1 p pre

| dp; (r){

— = Vacuum L ring at radius r, width dr

s Medium Au+Au

—— Medium CusCu L= A: jet area

in the presence of background:
Ring P~
.Iu,_

signal

1 dp™ | dp™ /dr—2mpr

Tiet

signal " A
P dr P — PA |

Jet P

I. Vitev, B. W. Zhang, Phys.Rev.Lett.104 (2010), 132001
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Jet shapes distortion: embedding

« Au+Au central events (0-10%) STAR Preliminary
- embed 30 GeV/c pion as a probe >
anti-k_ algorithm (R=0.6)

analyze the cluster containing the probe
area cut: mR? < A < *R? + 0.05
only charged particles

-3y )
Alan Davila, WW

jet shape obtained from this cluster:

pure background ring area increases with r/R

5(1)[/) = l)[/.w'grmf—i—Bac'kgrm.uu.f _l)[/.w'grmf SO doeS the ﬂUCtuatlon Wldth
l)y.w'gm?f = O
cluster

Sly) =
Pr _pA
p: from k. algorithm, R=0.6

C zp.;fz.mrer / d},_.. _ 2 }Tl)}
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Dependence on r/IR

Charged v/R = 0.049, area = 0.018) Cha9e v/R = 0.349, area = 0.132) P29°% /R = 0.849, area = 0.320)

3, 2, - 0 1
Alan Davila, WWND 2011

« dependence of fluctuations on r: expected from ring area dependence onr

« study in progress: variable r bins -> same area rings

Stay tuned:
> checks of (in-)dependence on fragmentation
> unfolding of jet shapes from real data coming soon...
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Jet-triggered correlations

Hydrodynamics
Renk & Eskola, Phys.Rev.C75 (2007) 054910

« use highly biased jet sample: jets containing
BEMC tower with E.>5.4 GeV

» strong surface bias
 idea: maximize recoil jet medium path length

- trigger jets reconstructed with p; =2 GeV/c to
achieve similar jet energy scale in p+p, Au+Au

 trigger jet energy uncertainty: £ 2 GeV

> di-jet correlations (away side)
> jet-hadron correlations (near+away side)
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Di-jet correlations

. _ recoil jet spectra ratio AuAu/pp
° tngger Jet: pT>20 GeV/ @ R=0.4p, _ =0.2 GeV p(trig)>20 GeV

R=0.4 pT‘cut=2 GeV pT(trig)>20 GeV

 look for away-side jet modification: + 2 GeV Trigger une

« construct ratio of AuAu/pp spectra - &

of the recoill jets

- test for 2 different p, , values for
recoil jets

15 20 25
Elena Bruna, arXiv:1010.3184

35
pT,iet [GeV/c]

Gaussian unfolding of away-jets:

Pr=0.2 GeV/c: 0 =6.5GeV > suggestive of energy profile
Pr.=2 GeV/c: o= 1.5 GeV broadening beyond R=0.4
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Jet-hadron correlations

trigger
oo charged

> azimuthal correlations of charged jet hadion
hadrons with respect to HT (trigger) jet \} !
axis

interaction”-.,

> increased kinematic reach compared to rsion
di-hadron correlations

initial results - flat background subtraction, p; . > 20 GeV/c:

0.2<prassoc<1.0 GeV 1.0<Prass0c<2.5 GeV Prassoc>2.5 GeV

STAR Preliminary

STAR Preliminary
0-20% Au+Au

0-20% Au+Au

enla
STAR Preliminary
0-20% Au+Au

o
t

e
- |
3
=
L)
]
—
-

1/N,,, dNidA

Open symbols p+p
suppression

8
7
6
5
4
3
2
1
0}
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Background model: jet v, ZYAM

« ZYAM is known to overestimate background level in the presence of
broad peaks (central collisions, low p; )

o jet v, a-priori unknown (analysis in progress)
2

In the following, background estimated by fitting (zYAM used for comparison):

2 Gaus + B*(1‘|‘2*v?““m*V?_jEt*COS(zA(P))

(v,{2}+v,{4})/2 v,{2} (p,=6 GeV/c)

maximum v, uncertainties:
nov,
nominal v, + 50% v jety assoc {2 }
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Nearside: Gaussian width, |,

A 111«:;;:et <15GeV

ZYAM ,
[7] max. v, uncertainties . .._ — ZYAM

s p+p HT || max. v, uncertainties
[ Trigger jet energy uncert.

1I]¢p:ic<1 5GeV

£
=}
=2
E
c
i
w0
w0
=
m
=13
@
=
w
“
m
@
=

STAR preliminary
Au+Au 0-20% HT

STAR preliminary
AutAu 0-20% HT

A
12 14 10 0

ass0c. [GeV/c] 2 ] 6
A.Ohlson, WWND 2011 s A.Ohlson, WWND 2011

passoe. [Eew'::]
T

broadening & softening on the nearside:
> unsubtracted background (ridge, v,)?

> jet modification (energy loss)?

let's assume there is energy loss on the nearside: from |, there is ~2GeV
excess “charged” energy in Au+Au -> adjust the p+p reference: + 2GeV * 3/2
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Nearside energy balance: D, ,

A 1o<pj“:'ec<1seav Jet

a1 0<p <1 5GeV

— ZYAM

— ZYAM
[ | max. v, uncertainties

Near-side IM
Near-side D, ,

I:l max. v, uncertainties
D Trigger jet energy uncert.

I:] Trigger jet energy uncert.

adjusted p+p reference

STAR preliminary

STAR preliminary
Au+Au 0-20% HT

Au+Au 0-20% HT

-1

107 2 4 10 - y -
A.Ohlson, WWND 2011 Py pasoc [GeVic]

assoc assoc

) pT,pp AD = alpr™™)

DAA( assoC) YA ( a“sc;oa) p%s;sl(ﬁ pp(p

AB: is low-p, enhancement compensated by suppression at high p.?
before p+p energy shift: AB ~ 1.6 GeV

after p+p energy shift: AB = 0.4 +- 0.2 (stat) GeV
indication of energy loss even for HT trigger jets
Jan Kapitan 20
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Awayside Gaussian width & 1, ,

AA
iy
o

— ZYAM Normalization Au+Au 0-20% HT

Jet
max. v, uncertainties 4 10<pT,rec<15

Jet
trigger jet uncert. A 15<p-,-__,ec<20

— ZYAM Normalization Au*Au 0-20% HT

Jet
max. v, uncertainties 4 10<pT!m<15

Jet
trigger jet uncert. A 15<PT__e,ec<2°

Away-side

Jet

. 20<p:jtec<40 STAR preliminary A 20<p_|_.rec<40

STAR preliminary

£
et
z
H
c
3
]
]
3
m
=2
@
=
P
>
:
<

2 4 6 12 14 ' 2 6 12 14
A.Ohlson, WWND 2011 p3=ec- [GeVic] A.Ohlson, WWND 2011 pissec [GeVic]

> significant broadening and softening of awayside peak

> less modification of jets with higher p.
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Awayside energy balance: D

DAA( GHSOC) YA ( (LSQO(,) p%S;SlOfCl l/;)p(p%&:‘:()(,) p%s;;))c

AA

=Y

Au+Au 0-20% HT
A 10<pJ*" <15

— ZYAM Normalization
max. v, uncertainties
J t
trigger jet uncert. a 15<p_ ) <20

A 20<pJet 40
STAR preliminary Trec

>
©
O,
3
o
@
°
?
>
3
<

12 14

A.Ohlson, WWND 2011 py>*°* [GeVic]

> significant compensation of low p. enhancement and high p,
suppression: jet quenching in action
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Conclusions

d+Au jet spectrum:
> no significant Cold Nuclear Matter effects observed

Au+Au jet spectrum:
>R =0.4 jet R,, compatible with 1

> consistent with jet broadening from R=0.2 to R=0.4

background fluctuations:
> Op.:

* non-Gaussian tails

 largely independent of fragmentation pattern of the probe
> jet shapes:

 studies in progress, stay tuned!

di-jet suppression suggestive of awayside broadening

jet-hadron correlations:
> softening, broadening and p, redistribution observed

> HT trigger jet energy loss?
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Thank you!
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Backup
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Algorithms detalls

005.

JHEP0804 (2008)

(

, Salam and Soyez,

larl

Cacc

= Py

+A¢?)/R* d
d. -> merge i,

An?

")

=> New

- dij = min(pTi”,pTj

J

’

jet

d, -

(d,d,)

e MIN

ter
E scheme with massless particles

anti-kt

-2
ion parame

kt, n

2
resolut

°n
* R

e recombination

high-pt @ LHC 2011

itan
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dAu details

kt jets, R=0.4, Py ek > 0.2 GeVlc Mean 1.444
i RMS 0.9686

background et fiducial
den5|ty P aciceptanéce :

d+Au 200 GeV
STAR Preliminary

d+Au 200 GeV, MB trigger

1

N

3
<
2
-
©
-

-
o0

-
o

30
Pt (GeV/c)
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Jet cross section & relation to p+p

compare to STAR p+p jet number of binary collision scaling:

cross section:

« Mid Point Cone algorithm

‘R =0.4

STAR, PRL 97 (2008), 252001

H— Combined MB
—e— Combined HT

—— NLO QCD (Vogelsang)

Jan Kapitan

STAR

p+p —*jet 4+ X
J5=200 GeV
midpoint-cone
Foone =04
0.2<n<0.8

if there are no nuclear effects, hard
processes scale according to <N_. >

for 20% most central run 8 d+Au
collisions, <N, > = 14.6 = 1.7 from MC

Glauber

d+Au: jet yield normalised per event
rescaling p+p to this level:

Yjet'p+p @+auteved — jet,p+p / Oinel,p+p * <Nyn>
Oinelpip — 42 mb is p+p inelastic cross
section

128 high-pt @ LHC 2011



Pseudorapidity acceptance

jet dN/dn not flat: focusing towards n=0 for high jet p.
In|<0.55 vs 0.2<|n|<0.8: 50% effect at 50 GeV/c, negligible below 20 GeV/c:

Pythia d’N/dptdhn ratio: [n|<0.55 / 0.20<n|<0.80, anti-kt R=0.4

60 70
particle level jet pt
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Jet spectra - unfolding

—= Pythia smeared
I

= Pythia unfolded

30

Gaussian widths -
smearing/unfolding
from Pythia
embedding:

4: 6.8 GeV
2: 3.7 GeV
systematic
uncertainty
(bands): +-1 GeV
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AUAU Jets & theory

JETR,,

Au+Au \[s,, = 200 GeV QPYTHIA...

I

* Au+Au STAR ————
qPYTHIA — 0-10% Central
0.01E @ = Gevitm —3& Anti-k,, R=0.4

RHIC

45 50 55
p;** (GeV/c)
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False Jets

e Definition: Residual contribution of correlated background to the
distribution of true jets after background subtraction

 Note 1: the pT irresolution caused by the background non-uniformities
introduces false hard component to the reconstructed spectra (low pT
objects are smeared and populate higher pT bins)

* Note 2: ideal unfolding procedure and complete knowledge of the
background should revert the process -> retract the background objects
from the pT spectrum leaving out only the true population of energy flow
from hard scatterings

— Ideal de-convolution case: NO FALSE JETS

e False jet yield is nothing but an estimate of how much of the residual
background correlations are contaminating the reported jet yield ->
precision of the unfolding matrix crucial(!)

= T ]

Hard Probes 2010 HI Jets in STAR 32



Simple background model: e
uncorrelated particle emission

Inclusive single particle distribution:

Phys. Lett. B498 (2001) 29

do

b2p e—bpt
de o

E_fluctuations in finite acceptance via n-fold convolution:

(np) b

Fu (6pr) = o - [b (90 +

np—1 o (5p Jrnzo)
)l

® No hard scattering

e No correlations
e Two parameters: np, b
e <p.>=2 GeV/b~500 MeV

e n~740/2~370 “sources”

Simple uncorrelated-emission model
can account for the bulk of
background fluctuations (!)

Hard Probes 2010

N’{Nernb jets

107
= Background vy, Probe
- Au+A s =200 GeV "“4.‘_ Single Particle
107 - " @\ow = ° , ptme = 30.0 GeV/c
; central (0-10%) Independent "t, = 0.0
102 — Particle Emission %,
10 :_ ..."._.' anti-kt R=0.4
10° = A
= .
- +— embedding
10% B —— fitted function (5p_<0) L4
= b = 4.0 (GeV/c)™ (fixed) oy +
- np =739 % *
107 Y | T extrapolation (3p_ > 0) o[ #
§I 1 11 | Ll 1 | 111 1 | 1 111 | 1 1 11 I | | 1 111 | 1 1 1 1 | 1 1 1 .‘r | dedo il
-50 -40 -30 -20 -10 0 10 30 50
dp_= p" pxA” - "““' (GeWc)
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