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Jet�

! Experiments*at*LHC*are*
suitable*for*Jet*measurements.�

Parton'Jet�

Par*cle'Jet�

Reconstructed''Jet�

Perturbative QCD fits to data [8, 9, 10, 11, 12, 13, 14, 15] use different coupled choices forKNLO

and ⟨k2
T ⟩ and the extracted values are thus not directly comparable. However, similar agreement between

data and theory at the level of spectral shapes and the
√

s dependence of the corrective factors discussed
above is found. In [16] the factorization and fragmentation scales were set to QPDF = pT /2 and
QFF = pT /2zc and no KNLO factors were employed. The extracted ⟨k2

T ⟩ decreases from 2.7 GeV2 at√
s ≃ 50 GeV to 0.75 GeV2 at

√
s ≃ 2 TeV. Alternatively, in [17] no primordial kT -smearing was used

and the scales in the calculation were fixed to be QPDF = QFF = pT . The deduced KNLO decreases
from ∼ 6 at

√
s ≃ 50 GeV to ∼ 1.5 at

√
s ≃ 2 TeV.

In the fits shown in Fig. 1 we have used the GRV98 LO PDFs [18] and the BKK LO FFs [19].
Proton+antiproton fragmentation has been parameterized as in [20], inspired from PYTHIA [21] results.
A fixed ⟨k2

T ⟩pp = 1.8 GeV2 has been employed, leading to a KNLO parameter that naturally exhibits
a smaller variation with

√
s. A ±25% error band about the KNLO value, fixed by the requirement to

match the moderate- and high-pT behavior of the data, is also shown. The fragmentation and factorization
scales were fixed as in [17]. In the lower right panel the systematic decrease of the next-to-leading order
K-factor is presented. Two fits to KNLO have been used: linear KNLO = 2.7924 − 0.0999 ln s and
quadratic KNLO = 3.8444 − 0.3234 ln s + 0.0107 ln2 s in ln s. For center of mass energies up to 1 TeV
the two parameterization differ by less than 15% but this difference is seen to grow to 30%-50% at√

s = 5 − 10 TeV.
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Fig. 2: The predicted LO differential cross section dσpp/dyd2pT for inclusive neutral pion and charged hadron
production at midrapidity y = 0 in p + p (p̄ + p) reactions is shown for

√
s = 17, 200, and 5500 GeV. The ratio of

neutral pions to inclusive charged hadrons versus pT is given in the right panel.

In Fig. 2 the predicted transverse momentum distribution of neutral pions and inclusive charged
hadrons is shown, corresponding to the quadratic in ln s fit toKNLO for energies typical of SPS, RHIC,
and the LHC. The significant hardening of the spectra with

√
s has two important consequences for p+A
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π0 - jet azimuthal correlations in pp collisions 11
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Fig. 6: Charged particle pesudorapidity density, dNch/dη , per participant as a function of collision energy
√

sNN
for nucleus-nucleus, proton-nucleus and proton-proton collisions with several experiments.
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integrated cross section of Di-jet production in proton-proton collisions is calculated by the QCD and117

given by as following,118

σ jet(
√

s, p0,∆y) = ∑
k,l

1
1+δk,l

∫

p0

d p2
T

∫

∆y
dy3

∫

∆y
dy4

d3σ jet

dy3dy4d p2
T

(9)

119

According to the results of heavy ion collisions of experiments at the RHIC and LHC, the particle yield120

in high pT region is suppressed compared with the yield of pp collisions. The right figure in Fig.5 shows121

the sketch of jet production in Pb-Pb collisions. These results indicate that partons in a jet lost their122

energy through by the medium. We can describe amount of energy loss of a parton using parton position123

l, path length L, scattering probability density dP(l)/dl and mean free path λ in general,124

∆E =
∫ L

0
dl

dP(l)
dl

λ (l)dE(l,E)
dl

,
dP(l)

dl
=

1
λ (l)exp

(
−l

λ (l)

)
(10)

It is considered that there are two mechanisms. The first one is collisional energy loss when the parton125

lose their energy colliding constituents partons of QGP. Latter one is radiative energy loss when the126

parton radiate gluons.127

Thus, Ep.10 can be describe by sum of energy loss as follows,128

∆E = ∆Ecollisional +∆Eradiative (11)

2.6 Experimental results of high pT physics129

We show current experimental results about jet modification before the motivation of this thesis. You130

will see the history and progression of jet modification measurement in this section131

2.6.1 Energy density132

The dNch/dη measurement is very important to study the initial energy density of the matter produced by133

heavy ion collisions. We can obtain the initial energy density from the equation proposed by Bjorken[9],134

and then the equation is given by as following,135

εB j =
1

A⊥τ
dET

dy
(12)

where τ is the formation time and A⊥ is the nuclei transverse overlap area. Fig.6 shows the charged par-136

ticle pesudorapidity density dNch/dη per participant as a function of collision energy
√

sNN for nucleus-137

nucleus, proton-nucleus and proton-proton collisions with several experiments. The energy density of the138

LHC reached ε = 15 GeV/ f m3 which is almost three times higher than the RHIC, because of increasing139

collision energy. And this value is well above the critical energy density required for the predicted phase140

transition.141

2.6.2 Initial temperature142

The initial temperature at LHC for central Pb-Pb collisions expected to increase up to 300 MeV with the143

relative increase of energy density (in the previous section) from RHIC to LHC. The initial temperature144

was obtained by the direct thermal photons measurement which are emitted from the initial stage in a145

collision. Fig.7 shows Direct photon pT distribution which is measured by the γ conversion method, with146

NLO calculation and exponential fit at the low pT region, in Pb-Pb collisions at
√

sNN = 2.76 TeV from147

LHC-ALICE experiment. The distribution at pT > 4 GeV/c is good agreement with the NLO pQCD148

calculation for pp collisions. However, below 2 GeV/c is seen an excess from contribution of thermal149

photons. The initial temperature T is estimated 304 ± 51 MeV from an inverse slope parameter by an150

exponential fit in the pT range 0.8-2.2 GeV/c yiels. And, this value is about 40 % higher than the results151

of PHENIX experiment at the RHIC[11].152
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Bulk Properties of Pb-Pb collisions at
√
sNN = 2.76 TeV measured by ALICE 5

Figure 3: (left) Charged particle pseudo-rapidity density (dNch/dη)/(< Npart > /2) per
participant pair as function of Npart for Pb-Pb collisions at 2.76 TeV and Au-Au collisions at
200 GeV (RHIC average) [8]. The scales for the different data sets are shown on the left and on
the right respectively. The values for the pp collisions (LHC) are interpolations between data
at 2.36 and 7 TeV. The pp value at RHIC energy is from [9]. (right) (dNch/dη)/(< Npart > /2)
compared with model calculations (see Sec. 7).
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Figure 4: (left) Transverse
energy per participant pairs
(dET /dη)/(< Npart > /2) as
function of Npart for Pb-Pb col-
lisions at 2.76 TeV and Au-Au
collisions at 200 GeV. The RHIC
data are multiplied by a fac-
tor of 2.5 [8]. (right) Ratio of
(dET /dη) and (dNch/dη) as func-
tion of Npart.

of Npart. As the multiplicity, it shows a steady rise with the number of participants,

very similar to that shown at RHIC but increased by a factor of 2.5. This measurement

can be used to extract the energy density using the Bjorken estimate

ϵ =
1

πR2τ

dET

dy
(2)

where τ is the formation time and πR2 is the effective area of the collision. The most

central (0-5%) value of dET/dy gives an ϵτ ∼ 16 GeV/(fm2c) at LHC, about a factor

3 larger than the corresponding one at RHIC [8]. Assuming that the multiplicity is

proportional to the entropy of the final state, and that ϵ ∝ T 4, the factor 3 increase

in energy density corresponds to a 30% increase in the temperature of the quark-gluon
plasma produced in these collisions (at the same time after the onset of the reaction)

compared with RHIC.

5. Energy dependence of (dNch/dη) and (dET/dη)

The energy dependence is analyzed by comparing the results in the most central (0-5%)

centrality bin at LHC energy with those for the same centrality bin at lower energy
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2.6.3 Azimuthal anisotropies153
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Fig. 8: Comparison of the vn as function of pT obtained by the event plane method in the ALICE experiment to
the results of the ATLAS, CMS and STAR experiments[12].

To measure the azimuthal particle anisotropies is very important to probe collective phenomena charac-154

teristic of a thermal bulk system. In non-central collisions, the overlap region of the two colliding nuclei155

expand with pressure gradients through by interactions between the produced particles. And then, the156

initial spatial anisotropy into observed momentum anisotropy is led to an anisotropic particle distribution157

dN/dϕ . The anisotropy is measured via a Fourier expansion of the azimuthal distribution. The Fourier158

coefficients are given by as following,159

vn =< cos[n(ϕ −Ψn)]> (13)

where n is the order of the flow harmonic, ϕ is the azimuthal angle of a particle and Ψn is the event160

plane angle of harmonic n which is the azimuthal angle of the initial state spatial plane of symmetry.161

Fig.8 shows the comparison of the vn as function of pT obtained by the event plane method in the ALICE162

experiment to the results of the ATLAS, CMS and STAR experiments. The vn results of the ALICE163

experiment are good agreement with the results of the other experiments in all pT regions.164

2.6.4 Nuclear modification factor RAA165

High momentum particles and jets are produced from hard parton scattering with large momentum trans-166

fer at the initial state in a collision. Such probes are the strong tool to measure the properties of the167

medium. At first, the results by using hard probes were measured as suppression of high pT particle at168

the RHIC. These suppression was quantified by the two analysis methods, first is the nuclear modifica-169

tion factor RAA and other is two particle correlation measurement. The nuclear modification factor RAA170
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1.5. EXPERIMENTAL RESULTS 29

Probe of Energy Loss

Because of energy loss of partons, momentum distribution of particles also modified. Then high
momentum particles looks re-distributed into low momentum particles. And if jet modification
has pass length dependence, energy of reconstructed jet also has pass length dependence so that
smearing of jet shape depends on pass length. In heavy ion collision, jets with small pass length
come from surface of QGP. So if we trigger shape jet, away-side jet should be strongly modified
due to trigger effects.

1.5 Experimental Results

Let we show current experimental results concerning jet modification before starting to describe
the motivation of the thesis. You will see the history and progression of jet modification mea-
surement in this section.

1.5.1 At RHIC

a) Suppression of High Momentum Particles (jet) 5
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R
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FIG. 3: RAA(pT ) measured in central Au+Au at √sNN = 200 GeV
for η, π0 [8, 9] and direct γ [25]. The error bars include all point-
to-point errors. The error bands at RAA = 1 have the same meaning
as in Fig. 2. The baseline p+p → γ+X reference used is a NLO
calculation [25, 30], that reproduces our own data well [31], with
theoretical uncertainties indicated by the dash-dotted lines around
the points. The solid yellow curve is a parton energy loss prediction
for a medium with density dNg/dy= 1100 [16].

= 4 – 14 GeV/c, independent of their mass (note that the η is
four times heavier than the π0). The results are in agreement
with expectations of in-medium non-Abelian energy loss of
the parent parton prior to its fragmentation in the vacuum. The
initial gluon densities needed to quench the high-pT hadrons
by such an amount are of the order of dNg/dy = 1100 (solid
curve in Fig. 3) [16].
An additional way to determine possible differences in the

suppression pattern of π0 and η is to study the centrality de-
pendence of the η/π0 ratio in Au+Au collisions and com-
pare it with the ratio in more elementary systems (e+e−, p+p,
d+Au). The η/π0 ratio in hadron-hadron, hadron-nucleus and
nucleus-nucleus collisions is seen to increase rapidly with pT
and flatten out above pT ≈ 2.5 GeV/c at an asymptotically
constant Rη/π0 ≈ 0.5 for all systems [27]. Likewise, in e+e−

at the Z pole (
√
s = 91.2 GeV) one also finds Rη/π0 ≈ 0.5 for

η and π0 at large scaled momenta xp = phadron/pbeam ! 0.3 –
0.7 [27] consistent with the range of fractional momenta ⟨z⟩
relevant for high-pT production discussed here. It is interest-
ing to test if this ratio is modified in any way by final- and/or
initial-state medium effects in Au+Au collisions at RHIC.
Figure 4 shows Rη/π0(pT ) for three Au+Au centrality selec-

tions and for p+p and d+Au collisions [27]. A fit to a constant
for pT > 2 GeV/c gives RAuAu0−20%

η/π0
= 0.40 ± 0.04, RdAuMB

η/π0
=

0.47± 0.03 and Rpp
η/π0

= 0.48± 0.03, where the quoted errors
are the quadratic sum of statistical and systematic uncertain-
ties. The Au+Au ratio is consistent within ∼ 1σ with both
the essentially identical d+Au and p+p ratios. The Rη/π0 ra-
tio shows thus no apparent collision system, centrality, or pT
dependence. The dotted curve is the predicted PYTHIA [32]
result for the p+p ratio at

√
s = 200 GeV which is also co-
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FIG. 4: η/π0 ratio in Au+Au (centralities: 0-20%, 20-60%, 60-92%)
compared to the ratio in p+p and d+Au [27] at √sNN = 200 GeV. The
error bars include all point-to-point errors that do not cancel in the
ratio of yields. The dashed curve is the PYTHIA [32] prediction for
p+p at

√
s = 200 GeV consistent with the asymptotic Rη/π0 ≈ 0.5

measured in hadronic and e+e− collisions in a wide range of c.m.
energies [27].

incident with the world data measured in the same momen-
tum range in hadronic, nuclear, and e+e− collisions in a wide
range of energies (

√
s≈ 3 – 1800 GeV) [27].

In summary, the transverse momentum spectra of ηmesons
have been measured at mid-rapidity in the range pT = 2–
10 GeV/c in Au+Au at√sNN = 200 GeV. The invariant yields
per nucleon-nucleon collision are increasingly depleted with
centrality in comparison to p+p results at the same center-of-
mass energy. The maximum suppression factor is ∼5 in cen-
tral Au+Au. The magnitude, pT , and centrality dependences
of the suppression are the same for η and π0 suggesting that
the production of light neutral mesons at large pT in nuclear
collisions at RHIC is affected by the medium in the same way.
The measured η/π0 ratio is flat with pT and amounts to Rη/π0

= 0.40± 0.04. This value is consistent with the world value at
high-pT in hadronic and nuclear reactions and, at high xp, in
e+e− collisions. We conclude that all these observations are in
agreement with a scenario where the parent parton first loses
energy in the produced dense medium and then fragments into
a leading meson in the vacuum according to the same proba-
bilities that govern high-pT hadroproduction in more elemen-
tary systems (p+p, e+e−).
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Figure 1.10: Nuclear modification factor RAA as function of pT for η,π0

and γ in central collision of Au+Au collision at
√

sNN =
200GeV/c[16]. The solid yellow curve is a parton energy loss
prediction for a medium with density dNg/dy = 1100

Manifestation of the characteristic energy loss of parton is

a) Suppression of high momentum particles (jet)

30 CHAPTER 1. INTRODUCTION

b) Loss of away-side jet

In the beginning of jet modification measurements,suppression of particle production in high
momentum region were measured with experiments at the RHIC. Fig.1.10 provides us yield ratio
for neutral π,η mesons and direct γ which is measured in Au+Au collisions with respect to
the yield measured in pp collisions called RAA. The definition of RAA of particle species h is
following.

Rh
AA(pT , b) ≡

dNAA→h+X

d2pT

Nbin(b)dNpp→h+X

d2pT

(1.43)

Direct γ in high pT range are produced by scattering process with high momentum process
like as jet. However γ has no color charge, so they are not sensitive to interaction with matter
which is constituents of QGP. On the other hands, neutral π meson produced by partons via
hadronization characterized by fragmentation function. But Coulomb effects are minimized after
the hadronization because the π0 mesons has no charge. As far as we see Fig.1.10 the yield of
π0 of Au+Au is suppressed compared with pp collisions scaled by number of collisions. The
fact indicates that π0 production is affected by some effects before hadronization like as parton
interaction in hot/dense matter.

b) Loss of Away-Side Jet

Fig1.11 shows us associated charged particle yield as function of azimuthal direction with respect
to trigger particle which is measured at STAR experiment. In bottom figure of Fig.1.11, it is
compared that particle yield from pp,d+Au and Au+Au collisions.Around near-side to trigger
particle, there are no drastic modification, however, in away-side from trigger particle we can see
strong yield suppression in Au+Au collisions compared with the other.It is considered that this
modification also come from jet modification effects, in near-side surface bias in trigger particle
due to jet modification should contain, so near side peak looks almost same as the peak from pp
collisions. In contrast, associate particles distributions are constrained by trigger particle, then
yield from Au+Au suppress strongly.

Several results were measured which indicate strong modification in high momentum particle
region due to jet modification. However, they could not measure jet directory because of low
statistics due to collision energy. From end of 2010, LHC start circulate heavy ion. At LHC
energy,we can reconstruct jets with fine resolution and efficiency and we are in new stage for
these kind of measurements.
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る事によるパートンのエネルギー損失についてより詳しく解析することが可能になった。
　本研究では、ハドロン-ジェット相関を用いてエネルギー損失の通過距離依存性の測定を
目的としている。さらにトリガーとなるハドロンを高運動量まで識別できる π0中間子に
限定して解析を行った。

図 1.8 LHC-CMS実験における重イオン衝突実験のイベントディスプレイ [11]

1.6.1 重イオン衝突実験における高運動量の π0中間子生成の抑制
重イオン衝突実験では、高運動量の粒子の収量が陽子・陽子衝突に比べて抑制されるこ

とが観測された。これは衝突初期に生成された高運動量のパートンがQGP中を通過する
際に、エネルギー損失を起こし高運動量のハドロン生成が抑制されることに起因している。
このことは π0中間子にも当てはまると考えられる。
　 ALICE実験では、2010年に行われた √

sNN = 2.76 TeV 鉛・鉛衝突実験のデータを
使って π0中間子の収量についての解析が行われた。重イオン衝突での粒子の収量と陽子・
陽子衝突での収量を比較するために RAA(nuclear modification factor)という量が使われ
た。式で表すと以下のように定義される。

RAA =
1

< Ncoll >

(1/NAA
event)d2NAA

π0 /dydpT

(1/Npp
event)d2Npp

π0/dydpT
, (1.6.1)

< Ncoll >はグラウバー模型から求めた 2体核子衝突の数である。もし重イオン衝突での
収量が陽子・陽子衝突の収量の重ね合わせと同じならば、RAAは１となる。
　図 1.9の右の図は、横軸に π0の pT、縦軸に π0のRAAとなっている。高 pT の π0およ
び中心衝突になるほど RAAの値が１より小さくなっているので抑制が強くなっているの
がわかる。π0も他のハドロンと同様にエネルギー損失による抑制を受けている。

1.6.2 ハドロン-ハドロン相関
RICH-STAR実験 √

sNN = 200 GeV 金・金衝突では２粒子相関を用いた解析で、低運
動量の粒子 (ptrigger

T > 4.0 GeV)をトリガーにした場合、away sideのピークの抑制が観測
された。(図 1.10) しかし高運動量粒子 (ptrigger

T > 8.0 GeV) をトリガーにした場合には、
away sideのピークが再び現れた。(図 1.11)　これは away sideのピークを構成している
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Fig.15 shows the geometry of trigger hadron and its recoil jet in transeverse plane, trigger hadron goes157

to the right with traversing length L1 in matter, while its recoil jet goes to the left with traversing length158

L2. Fig.16 shows the path-length bias of both the trigger pion and the recoil jet with various q̂ and trig-159

ger pion energy threshold which is generated by qPYTHIA. Assuming no in medium energy loss per160

unit path length (q̂ = 0 GeV 2/ f m), the distribution follows the unbiased distibution of hard scattering,161

whereas for a large q̂ values and high energy trigger pions, it is srongly biased towards short jet path162

lengths.163

At first, Suppression of high momentum particles with triggering high momentum hadron was measured164

by the experiments at the RHIC. Fig.12 shows the azimuthal yields of the associated charged particles165

yields with respect to the trigger particle. The bottom figure of Fig.12 is the comparison of azimuthal166

yields of pp, d+Au and Au+Au collisions. The azimuthal yields of pp and d+Au collisions are seen two167

clear jet like peaks, while the away-side peak in Au+Au collisions are strongly suppressed relative to pp168

and d+Au collisions. These result indicate that Suppression of away-side peak is caused by jet modifi-169

cation effect, in near-side surface bias in trigger particle due to jet modification should contain, so the170

near-side peak is similar in all three collision systems.171

At the LHC, Suppression of high mometum jet yields with triggering high momentum hadron was172

mesured by the charged hadron-charged jet correlation analysis. Fig.13, 14 are the results of away-side173

charged jet (recoil jet) yields and angle distributions with respect to trigger charged hadron in central174

Pb-Pb collisions at
√

sNN = 2.76 TeV from LHC-ALICE. ∆recoil is the difference between two semi-175

inclusive recoil jet distributions for the Signal and Reference TT (Trigger Track) classes and given by as176

following equation,177

∆recoil =
1

NAA
trig

d2NAA
jet

d pch
T, jetdη jet

∣∣∣∣∣
pT,trig∈T TSig

− cre f ·
1

NAA
trig

d2NAA
jet

d pch
T, jetdη jet

∣∣∣∣∣
pT,trig∈T TRe f

(15)

The scale factor cre f is with in a few percent of unity. Signal Trigger Track class (T TSig) is 20 < pT,trig <178

50 GeV/c and denoted by T T{20,50}, Reference Trigger Track class (T TRe f ) is 8 < pT,trig < 9 GeV/c179

and denoted by T T{8,9}. ∆IAA is the ratio of ∆recoil of Pb-Pb and pp collisions simulated by PYTHIA.180

Eq.15 is extended to measure the angular distribution of recoil jet yield with respect to the jet axis defined181

by the trigger charged particle momentum. The azimuthal correlation between trigger charged particle182

and recoil jets is given by183

Φ(∆ϕ) = 1
NAA

trig

d2NAA
jet

d pch
T, jetd∆ϕ

∣∣∣∣∣
pT,trig∈T TSig

− cre f ·
1

NAA
trig

d2NAA
jet

d pch
T, jetd∆ϕ

∣∣∣∣∣
pT,trig∈T TRe f

(16)

where the recoil jet acceptance of this observable π/2 < ∆ϕ < π .184

Fig.13 shows the ∆IAA as function of recoil jet pT and constant suppression of yield of recoil jets of185

Pb-Pb collisions in all recoil jet pT regions compared with the yields of pp simulation. The results186

of Suppression of recoil jet yields are good agreement with the results of the two particle correlation187

analysis from the RHIC (Fig.12). Fig.14 shows the Φ(∆ϕ) distributions of central Pb-Pb collisions and188

pp simulation with 40 < precoil,ch
T, jet < 60 GeV/c. The width of the azimuthal correlation of recoil jets189

relative to the trigger charged particle axis is measured to be similar in Pb-Pb and pp collisions.190

1.6.6 Jet measurements191

As mentioned in the previous section, we can study about energy loss of high momentum partons through192

by medium using the jet measurement directly. The first results were measured by the Di-jet energy193

asymmentry analysis from the CMS experiment. Fig.17 shows the clear asymmetry Di-jet distribution194

on ϕ −η plane in an event of Pb-Pb
√

sNN = 2.76 from LHC-CMS. The two jets are reconstructed from195

charged particles and neutral particles. The leading jet is seen sharp peak with large transverse momen-196

tum (pleading
T = 205.1 GeV/c), while the sub-leading jet is seen small peak and transverse momentum197
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ICP(pp0

T , ph±
T ) =

Y PbPb
central(pp0

T , ph±
T )

Y PbPb
peripheral(pp0

T , ph±
T )

(27)

Flat background:673

Fig. 62 shows the modification factor, IAA, as a function of pT on near side, away side in 0-10% Pb-Pb674

collisions. The results subtracted flat backtround from the p0-hadron correlations are compared to the675

published similar results from hadron-hadron correlations [2]. The measurements of p0-hadron correla-676

tions are good agreement with di-hadron correlations in all shown pT range within the errors.
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Flow background:678

Fig. 63 shows the modification factor, IAA, as a function of pT on near side, away side in 0-10% Pb-679

Pb collisions. The results subtracted flow background from the p0-hadron correlations are compared680
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factor RAA depends on both the energy loss as well as on the input parton spectra
shape. For the single particle, the expected Nbinary scaled p+p spectra have a typ-
ical power-law shape with a power of 8. In the di-hadron correlation, the away-side
spectra associated with the leading particles have much flatter distribution with a
much smaller power. Thus for the same amount of energy loss for single jet and
away-side jet, the suppression level observed for IAA could be smaller than the that
for RAA.

To illustrate this idea, we follow the prescription in Ref. 13. The fractional
energy loss Sloss is related to RAA as:

Sloss = 1 − RAA(pT )1/(n−1) or RAA = (1 − Sloss)
n−1 (1)

The power “n” is 7.1 for single particle spectra in dN/dpT . The power for the away-
side associated spectra can be determined from RUN5 p + p data in Fig.4 (see also
RUN3 p+p data results 10) via a modified power-law fit :dN/dpT = A/(pT + p0)n.
The power n is found to be about 4.8.

If we assume the away-side jet have same fraction energy loss as single particles,
we have:

Sloss = 1 − RAA(pT )1/(nR−1) = 1 − IAA(pT )1/(nI−1). (2)

RAA = 0.2 in central Au+Au collisions would lead to IAA = R(nI−1)/(nR−1)
AA = 0.37,

indicating a much smaller suppression than that for RAA. On the other hand,
if we require IAA = RAA, then the away hadron energy loss fraction would be
SI

loss = 1 − IAA(pT )1/(nI−1) = 0.345, much bigger than the single hadron energy
loss fraction SR

loss = 0.23, as expected (about 50% more energy loss). If we apply
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  pp	
  collisions	
  at	
  √	
  

s=	
  7	
  TeV	
  from	
  LHC-­‐ALICE	
  (talk)	
  
–  TGSW2014	
  :	
  Jet	
  azimuthal	
  distribu2ons	
  with	
  high	
  pT	
  neutral	
  pion	
  triggers	
  in	
  pp	
  collisions	
  √s	
  =	
  

7	
  TeV	
  from	
  LHC-­‐ALICE	
  (talk)	
  
–  QM2015	
  :	
  Jet	
  azimuthal	
  distribu2ons	
  with	
  high	
  pT	
  neutral	
  pion	
  triggers	
  in	
  pp	
  7	
  TeV	
  and	
  Pb-­‐Pb	
  

2.76	
  TeV	
  collisions	
  from	
  ALICE	
  at	
  the	
  LHC	
  (poster)	
  
•  Detector	
  work	
  

	
  -­‐	
  Dcal	
  construc2on	
  (M1)	
  
	
  -­‐	
  SRU	
  construc2on	
  and	
  test	
  (M2)	
  
	
  -­‐	
  EMCal	
  commisioning	
  (D1,	
  D2)	
  
	
  -­‐	
  ShiZ	
  taking	
  (M2,	
  D2,	
  D3)	
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•  Data	
  set	
  
-­‐  pp	
  collisions	
  at	
  √s	
  =	
  7	
  TeV	
  with	
  EMCal	
  triggered	
  (7	
  M)	
  	
  
-­‐	
  	
  	
  	
  Pb-­‐Pb	
  collisions	
  at	
  √sNN	
  =	
  2.76	
  TeV	
  with	
  centrality	
  0-­‐	
  10	
  %	
  and	
  EMCal	
  triggered	
  (12M)	




Par2cle	
  reconstruc2on	
  detectors	
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28 ALICE Analysis Note 2014

– Particle identification and primary, secondly vertex reconstruction with good momentum resolu-317

tion.318

– Two track separation and dE/dx resolution to study about hadronic and leptonic signals in the319

region pT < 10 GeV/c and the acceptance |η |< 0.9.320

– Generate a fast online “Lavel-3” trigger to select low cross section events and rare processes.321

3.2.4 Electromagnetic Calorimeter (EMCal)[27]322

Fig. 28: Sketch of Electro-magnetic Calorimeter (EMCal)

The Electro-Magnetic Calorimeter (EMCal) in the ALICE detector is the Pb-scintillator sampling calorime-323

ter with a longitudinal pitch of 1.44 mm Pb and 1.76 scintillator and constructed from the 12,288 towers324

of the 12 super-modules. The EMCal is designed to measured electrons and photons with large accep-325

tance for high momentum physics and also used as the photon and jet trigger detector.326

Energy resolution of EMCal is given by,327

σE

E
=

√

(
a
E
)2 +(

b√
E
)2 + c2 (18)

where b is the stochastic term, a is the system noise in readout channel, and c is the constant term. Low328

energy and intermediate region are important factor in energy resolution, photon yield and collection329

efficiency.330

Fig.29 shows the energy resolution as function of electron energy measured from PS and SPS in CERN331

and the simulation results calculated from GEANT 3 as the dashed carve.332

π0 - jet azimuthal correlations in pp collisions 25

3.2.1 VZERO[24]283

The V0 detector is constructed from 32 scintillator counters in 4 rings and installed on both side of the284

ALICE interaction point. The detector of A side is named V0A, the detector of C side is named V0C.285

Fig.22 shows the segmentation of the V0 detector.286

Fig. 22: Segmentation of the V0 detector[24]

This detector was designed for three purposes, first is to provide minimum-bias trigger for the central287

detectors in pp and Pb-Pb collisions, second is to determine centrality in Pb-Pb collisions and last is to288

determine event plane angle in Pb-Pb collisions.289

3.2.2 Inner Tracking System (ITS) [25]290

Fig. 23: Sketch of Inner Tracking System (ITS)

The Inner Tracking System (ITS) is constructed from the 6 cylindrical layers of silicon detector. The pair291

of each two layers are called the Silicon Pixel Detector (SPD), Silicon Drift Detector (SDD) and Slicon292

Strip Detector (SSD) from the interaction point. The main purposes of the ITS are,293

– reconstruction of primary vertex and secondly vertex from a heavy flavor decay,294

– particle identification and reconstruction of low-momentum particle,295

π0 - jet azimuthal correlations in pp collisions 27

between only ITS and ITS+TPC as a function of transverse momentum. Momentum resolution get better308

using to sort and refit TPC track to ITS track in high momentum region.

Fig. 26: Comparison of momentum resolution between only TPC and combining ITS+TPC as a function of
transverse momentum.

309

3.2.3 Time Projection Chamber (TPC)[26]310

Fig. 27: Sketch of Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is the most important sub-detector which is installed in the ALICE311

experiment to reconstruct charged particles. The TPC is a drift chamber with MWPC for three dimen-312

sional charged particles reconstruction with good resolution and less materials and can detect transverse313

trajectory as track of induced charge on read pad and longitudinal trajectory as difference of drift time.314

The main purposes of the TPC are,315

– Charge particle momentum measurement with the ITS.316

ITS	
  and	
  TPC	
  (charged	
  par2cle)	

EMCal	
  (π0)	


•  EMCal	
  :	
  Pb-­‐scin2llator	
  calorimenter	
  
•  Acceptance	
  :	
  |η|	
  <	
  0.7,	
  Δφ	
  =	
  110°	


•  ITS	
  :	
  Silicon-­‐Pixel,	
  DriZ,	
  Strip	
  detector	
  
•  TPC	
  :	
  Time	
  Projec2on	
  Chamber	
  
•  Acceptance	
  :	
  |η|	
  <	
  0.9,	
  Δφ	
  =	
  360°	
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•  Centrality	
  	
  
	
  -­‐	
  used	
  to	
  classify	
  events	
  instead	
  of	
  impact	
  parameter	
  
	
  -­‐	
  determinated	
  from	
  Glauber	
  fiyng	
  to	
  V0	
  detector	
  amplitude	


-­‐3.7	
  <	
  η	
  <	
  -­‐1.7,	
  2.8	
  <	
  η	
  <	
  5.1	


V0	
  detector	




EMCal	
  trigger	
  determina2on	

•  L0	
  trigger	
  :	
  OR	
  of	
  the	
  32	
  L0	
  calculated	
  by	
  the	
  TRUs　(trigger	
  threshold	
  :	
  4.5,	
  5.5	
  GeV)	
  
•  L1-­‐	
  gamma	
  trigger	
  :	
  Same	
  patches	
  as	
  L0,	
  but	
  no	
  boundary	
  effect	
  (trigger	
  threshold	
  :	
  centrality)	
  
•  L1-­‐jet	
  trigger	
  :	
  Energy	
  summed	
  over	
  a	
  sliding	
  window	
  of	
  4	
  x	
  4	
  subregions	
  
	
  	
  	
  	
  	
  (1	
  jet	
  patch	
  =	
  16	
  x	
  16	
  fastOr	
  =	
  64	
  x	
  64	
  towers)	


Global EMCaL triggers computed in STU

L0 trigger: OR of the 32 L0 calculated by the TRUs

L1-gamma trigger: Same patches as L0, but no boundary e↵ect

L1-jet trigger: Energy summed over a sliding window of 4⇥ 4
subregions (1 jet patch = 16⇥ 16 fastOr = 64⇥ 64 towers)

TRU #1

TRU #2

TRU #3
Energy deposit

Subregion size

TRU #4
L0 patch

L1 photon patch

L1 jet patch

8 towers
=
4 fastor

48 towers=24 fastor

phi

eta

1 SM

L0 trigger: 2208 patches

L1-gamma trigger: 2961 patches

L1-jet trigger: 117 patches

O. Bourrion ALICE/EMCaL L1 operational experience, TWEPP-12, Oxford 12 / 27
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図 1.11:
√

sNN=200GeV金+金衝突で測定された v2にBWフィットを行なっ
ている図 [11]

v2 に対してフィッティングすることで、フリーズアウト時の温度は 120MeV程度であるという結果が得られて
いる。

1.4.2 高次方位角異方性
本研究で行なった高次方位角異方性の起こる原因、測定目的について説明する。
加速される重イオンに含まれる粒子数が無限で形状がなめらかであるという理想的な重イオンを想像した場合、

図 1.6のように反応関与部の形状は対象な形が生成される。1.4.1で述べたように、異方性は初期形状に大きく影
響しているため、対象な形状からは v3, v5といった奇数の項は生成されない。しかし、実際の重イオンは含まれる
粒子数は有限であるため、重イオン内での核子の位置がゆらぎ、衝突に関与する粒子数が変化し、反応関与部の
形状が変形する。そのため、衝突により生成される QGPが変形し、奇数項 (v3, v5)が生成される。

図 1.12: participantの変形のイメージ図

そのことから、高次の方位角異方性というのは 1回 1回の衝突におけるQGPの形状の変形により生成されると
考えられる。現在、初期形状を決定するモデルはいくつか考えられており、モデルごとに変形具合が異なる値を
計算されている。初期形状を計算するモデルの確立のために、高次の方位角異方性の研究が重要となっている。
また、1.4で説明したように、異方性は初期形状に加え QGPの粘性 (η/s)などの影響ををうけて生成される。

この η/sは高い次数ほど大きくはたらくと考えられている。[9] そのため、η/sの測定のためにも高次の方位角異
方性の研究は重要となっている。
本研究では、高次方位角異方性の中でも v3, v4 について測定を行なった。

Centrality依存性

1.4.1の図 1.7で v2は Centralityに対して依存性を持っていることを説明した。そして、その結果から方位角異
方性は反応初期の形状が非常に重要であることを説明した。
高次の異方性ではどのような Centrality依存性を持っているか、そして、初期形状とどのように関係している

かについて説明する。v3, v4の Centrality依存性を示したのが図 1.13である。v3は Centralityに対して変化がほ
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Figure 1.5: timeevolution

free path l quite smaller than system size R (l << R).The Particle emission pattern is subject
to influence by energy/pressure anisotropy. This azimuthal anisotropy of particle distribution is
so called flow.

The particle azimuthal distribution with respect to reaction plane ψn in transverse plane can
be given by following.

E
d3N

d3p
=

d2N

sπptdpT dy
(1 +

∞∑

n=1

2vn cos[n(φ− ψn)]) (1.21)

ψn =
1
n

(tan−1

∑
i
wi sinnφi

∑
i
wi cos nφi

) (1.22)

The strength of first-order of series on Func.?? is called directed flow.The effect is so small
in mid-rapidity.The second-order is called elliptic-flow and third-order called triangular flow.The
latter two flow influence to azimuthal particle distribution in mid-rapidity and these flow can be
described as perfect fluid on hydrodynamics model.And measurements of flow is quite important
in order to understand initial condition of collision and state of hot/dense matter.

1.4.3 Jet Production

In this section,let’s consider simple two body scattering with large momentum transfer.As shown
Fig.??,two parton from protons participates in inelastic collision.

The cross section of deep inelastic parton collision in proton-proton collision might be given
with PDF and short distance cross-section of two body scattering by.

d2σjet

dx1dx2
(pp → 3 + 4) =

∑

i,j=q,q̄,g

fi(x1, p2
T)fi(x2, p2

T)σ̂ij→kl (1.23)

Rainer Schicker, Univ. Heidelberg, Plenary meeting hadronphysics2,  sept 28-29,  2007,  Frascati
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図 1.11:
√

sNN=200GeV金+金衝突で測定された v2にBWフィットを行なっ
ている図 [11]

v2 に対してフィッティングすることで、フリーズアウト時の温度は 120MeV程度であるという結果が得られて
いる。

1.4.2 高次方位角異方性
本研究で行なった高次方位角異方性の起こる原因、測定目的について説明する。
加速される重イオンに含まれる粒子数が無限で形状がなめらかであるという理想的な重イオンを想像した場合、

図 1.6のように反応関与部の形状は対象な形が生成される。1.4.1で述べたように、異方性は初期形状に大きく影
響しているため、対象な形状からは v3, v5といった奇数の項は生成されない。しかし、実際の重イオンは含まれる
粒子数は有限であるため、重イオン内での核子の位置がゆらぎ、衝突に関与する粒子数が変化し、反応関与部の
形状が変形する。そのため、衝突により生成される QGPが変形し、奇数項 (v3, v5)が生成される。

図 1.12: participantの変形のイメージ図

そのことから、高次の方位角異方性というのは 1回 1回の衝突におけるQGPの形状の変形により生成されると
考えられる。現在、初期形状を決定するモデルはいくつか考えられており、モデルごとに変形具合が異なる値を
計算されている。初期形状を計算するモデルの確立のために、高次の方位角異方性の研究が重要となっている。
また、1.4で説明したように、異方性は初期形状に加え QGPの粘性 (η/s)などの影響ををうけて生成される。

この η/sは高い次数ほど大きくはたらくと考えられている。[9] そのため、η/sの測定のためにも高次の方位角異
方性の研究は重要となっている。
本研究では、高次方位角異方性の中でも v3, v4 について測定を行なった。

Centrality依存性

1.4.1の図 1.7で v2は Centralityに対して依存性を持っていることを説明した。そして、その結果から方位角異
方性は反応初期の形状が非常に重要であることを説明した。
高次の異方性ではどのような Centrality依存性を持っているか、そして、初期形状とどのように関係している

かについて説明する。v3, v4の Centrality依存性を示したのが図 1.13である。v3は Centralityに対して変化がほ
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Figure 1.5: timeevolution

free path l quite smaller than system size R (l << R).The Particle emission pattern is subject
to influence by energy/pressure anisotropy. This azimuthal anisotropy of particle distribution is
so called flow.

The particle azimuthal distribution with respect to reaction plane ψn in transverse plane can
be given by following.

E
d3N

d3p
=

d2N

sπptdpT dy
(1 +

∞∑

n=1

2vn cos[n(φ− ψn)]) (1.21)

ψn =
1
n

(tan−1

∑
i
wi sinnφi

∑
i
wi cos nφi

) (1.22)

The strength of first-order of series on Func.?? is called directed flow.The effect is so small
in mid-rapidity.The second-order is called elliptic-flow and third-order called triangular flow.The
latter two flow influence to azimuthal particle distribution in mid-rapidity and these flow can be
described as perfect fluid on hydrodynamics model.And measurements of flow is quite important
in order to understand initial condition of collision and state of hot/dense matter.

1.4.3 Jet Production

In this section,let’s consider simple two body scattering with large momentum transfer.As shown
Fig.??,two parton from protons participates in inelastic collision.

The cross section of deep inelastic parton collision in proton-proton collision might be given
with PDF and short distance cross-section of two body scattering by.

d2σjet

dx1dx2
(pp → 3 + 4) =

∑

i,j=q,q̄,g

fi(x1, p2
T)fi(x2, p2

T)σ̂ij→kl (1.23)

Rainer Schicker, Univ. Heidelberg, Plenary meeting hadronphysics2,  sept 28-29,  2007,  Frascati
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J one interaction/ 80 bunches
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•  Large	
  η	
  gaps	
  to	
  reduce	
  non-­‐flow	
  effects	
  
	
  -­‐	
  V0A	
  side	
  :	
  >	
  0.9,	
  V0C	
  side	
  :	
  2.0	
  

•  V0	
  gain	
  and	
  re-­‐centering	
  correc2on	
  are	
  applied	
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To#do#list�

ALICE&Physics&Week&in&Padova� ���

•  Study#on#π0#iden-fica-on#by#using#shower#shape.##
# # # # # # # # #(simula-on,#pp#7TeV,#PbPb#2.76#TeV)#

1)par1cle)cluster)

2)par1cles)cluster)

Photon(:(
0.1)<)λ02)<)0.27)

π0(:(
λ02)>)0.5))

7(

•  Try#to#include#the#flow#BKG#subtrac-on#method#for#PbPb.#
•  Comparison#with#pp,#PbPb,#simula-on.#
•  Concentrate#on#away#side#recoil#jet#condi-onal#yield#and#width,##

# # # # # # #and#make#IAA#etc#to#extract#physics#message.#

ALI-PERF-29549

���	
�

•  The	
  opening	
  angle	
  of	
  the	
  neutral	
  mesons	
  decay	
  photon	
  becomes	
  smaller,	
  
	
   	
   	
   	
  when	
  increasing	
  the	
  neutral	
  meson	
  energy	
  due	
  to	
  Lorentz	
  boost	
  

•  In	
  the	
  EMCAL,	
  when	
  the	
  energy	
  of	
  π0	
  is	
  lager	
  than	
  5	
  GeV	
  
	
  -­‐	
  The	
  two	
  clusters	
  of	
  decay	
  photon	
  start	
  to	
  be	
  close	
  
	
  -­‐	
  The	
  electromagne2c	
  showers	
  start	
  to	
  overlap	
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Figures 12, 13, 14 and 15 show the result of the splitting procedure for selected V1 clusters with453

NLM = 1 (2 cases), NLM = 2 and NLM = 5, respectively.454

455

In the next sections, we explain the different selection criteria and then what are the efficiency and purity456

of this method.457
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Fig. 12: Example of what look like the split clusters using the procedure described in the text. The squares
represent the cells energy, being the y and x axis the position in the super-module. Upper plot: V1 input cluster
with NLM = 1 measured in real data, pp collisions

p
s = 7 TeV, coming likely from a p0 (tagging done by the

method described in the note). Bottom plots: sub-clusters formed after splitting. Each plot contains the fraction
of energy measured in a cell of the cluster. In this case the 2 selected maxima are in diagonal, compared to next
figure that are in the same column.
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Overlap	
  cells	


Overlap	
  cells	


1.  Select	
  neutral	
  cluster	
  with	
  λ02	
  >	
  0.3,	
  track	
  matching	
  etc.	
  
2.  Find	
  local	
  maxima	
  in	
  the	
  cluster.	
  
3.  Split	
  the	
  cluster	
  in	
  new	
  two	
  sub-­‐clusters	
  taking	
  
	
  	
  	
  	
  	
  	
  	
  the	
  two	
  highest	
  local	
  maxima	
  cells	
  and	
  aggregate	
  
	
  	
  	
  	
  	
  	
  	
  all	
  towers	
  around	
  them.(form	
  3x3	
  cluster)	
  
4.  Get	
  the	
  two	
  new	
  sub-­‐clusters,	
  and	
  calculate	
  energy	
  
	
  	
  	
  	
  	
  	
  	
  asymmetry	
  and	
  invariant	
  mass	


•  Overlap	
  cell	
  energy	
  is	
  calculated	
  
	
  	
  	
  	
  	
  	
  by	
  using	
  weight	
  of	
  each	
  local	
  	
  
	
  	
  	
  	
  	
  	
  maxima	
  cell	
  energy	


π0 - jet azimuthal correlations in pp collisions 7

– Rejected exotic clusters : Exotic clusters have cells with larger energy compared with its surround-114

ing cells. In this analysis, we rejected clusters with 1-Ecross/Emax
cell > 0.97 as the exotic cluster. More115

details in Ref. [4].116

– Timing cut : The cluster time is the time of the cell with highest energy in the cluster. It is not117

calibrated during the reconstruction. At the analysis level, a recalibration procedure has been118

implemented allowing to improve the time cell resolution and recenter the time distribution to 0119

ns[1]. After recalibration, The cluster time was required window |t|< 20 ns, because recalibration120

procedure centers the cluster timing at 0 with a spread of ± 25 ns. At n*50 ns pile-up contribution121

can be clearly observed (Fig. 1).122

– Charged particles veto : There are clusters which are generated by charged particles. In order to123

remove such clusters from the analysis, we apply a cut in the residual angular position between124

the clusters and the projection of the TPC tracks to the EMCal surface. We reject clusters with125

residuals in η and ϕ direction of ∆η < 0.025 and ∆ϕ < 0.03 (Fig. 2).126

Fig. 1: Photon clusters (0.1 < λ 2
0 < 0.27) time before (left plot) and after (right plot) time recalibration in pp

collisions at
√

s = 7 TeV, real data triggered with EMCal.[1]

3.3 Number of Local Maxima in cluster127

A local maxima cell in the cluster is defined as cell with higher energy than its adjacent cells so that:128

E(Local Max candidate)−E(ad jacent cell)> ∆ELM (1)

when comparing to all the adjacent cells and with energy above a certain threshold ELM−seed . In this129

analysis, ∆ELM−seed = 30 MeV was used, like in the EMCal reconstruction code used for the unforlding130

procedure, and an energy threshold ELM−seed = 100 MeV in pp collisions.131

132

The Number of Local Maxima, NLM, will be used later in the analysis to select the clusters, since the133

shape of the shower depends on this number. With the V1 clusterizer, photon clusters can have only134

NLM = 1 unless the suffered previously a conversion in the material in front of EMCal or they have135

a random contribution from other particles, and π0 clusters will have a priory NLM = 2 at low energy136

and NLM = 1 at higher energy. The reason of more photons converted in the material in front of the137

calorimeter, producing at least two separated e+e− particles, or some spurious noise in the calorimeter.138



Invariant	
  mass	
  reconstruc2on	
  (cluster	
  spliyng	
  method)	


15/12/27	


•  3σ	
  invariant	
  mass	
  window	
  from	
  peak	
  mean	
  is	
  selected	
  as	
  π0	
  

•  We	
  can	
  iden2fy	
  π0	
  up	
  to	
  40	
  GeV/c	
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FastJet: sequential clustering algorithms ���
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 Parameters 
    - R size  (= √dϕ2 +dη2) 
    - pT cut of single particle 
    - Jet enregy threshold 

Procedure of Jet Finding 
Calculate particle distance  : dij 
Calculate Beam distance      : diB=kti

2p 

Find smallest distance (dij or diB) 
If  dij is smallest combine particles 
If diB is smallest  
   and the cluster momentum 
                           larger than threshold 
                                     call the cluster a Jet. 

arXiv:0802.1189v2 
 [hep-pn] (2008)�€ 
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kT algorithm 
Cambridge/Aachen algorithm 
anti-kT algorithm 

Cone jet KT jet 
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:**10****GeV/c�

2012/Dec./19� TAC*seminar� ���

FastJet: sequential clustering algorithms ���
��������
����
���	�����������������
����

 Parameters 
    - R size  (= √dϕ2 +dη2) 
    - pT cut of single particle 
    - Jet enregy threshold 

Procedure of Jet Finding 
Calculate particle distance  : dij 
Calculate Beam distance      : diB=kti

2p 

Find smallest distance (dij or diB) 
If  dij is smallest combine particles 
If diB is smallest  
   and the cluster momentum 
                           larger than threshold 
                                     call the cluster a Jet. 

arXiv:0802.1189v2 
 [hep-pn] (2008)�€ 

dij =min(kti
2p,ktj

2p )ΔR
2

R2

p =1
p = 0
p = −1

$ 

% 
& 

' 
& 

kT algorithm 
Cambridge/Aachen algorithm 
anti-kT algorithm 

Cone jet KT jet 

Jet*Reconstruc2on*(FASTJET)�

:**0.4*
:**0.15*GeV/c*
:**10****GeV/c�

2012/Dec./19� TAC*seminar� ���

Charged	
  jet	
  reconstruc2on	
  (FASTJET)	
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Procedure	
  of	
  jet	
  finding	
  
1.  Calculate	
  par2cle	
  distance	
  :	
  dij	
  
2.  Calculate	
  Beam	
  distance	
  :diB	
  =	
  k22p	
  
3.  Find	
  smallest	
  distance	
  (dij	
  or	
  dib)	
  
4.  If	
  dij	
  is	
  smallest	
  combine	
  par2cles	
  
	
  	
  	
  	
  	
  	
  	
  If	
  dib	
  is	
  smallest	
  and	
  the	
  cluster	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  momentum	
  larger	
  than	
  threshold	
  	
  

	
   	
   	
   	
   	
  call	
  the	
  cluster	
  Jet	
Parameters	
  
	
  -­‐	
  R	
  size	
  (	
  =	
  √Δφ2	
  +	
  Δη2)	
  	
  	
  	
  :	
  0.4	
  
	
  -­‐	
  pT	
  cut	
  on	
  a	
  single	
  par2cle	
  :	
  0.15	
  GeV/c	
  
	
  -­‐	
  Jet	
  energy	
  threshold	
  	
  	
  	
  	
  :	
  10	
  GeV/c	
  
	
  -­‐	
  Jet	
  acceptance	
  :	
  |η|	
  <	
  0.5,	
  0	
  <	
  φ	
  <	
  2π	


Jet	
  pT	
  bin:[10-­‐20],[20-­‐40],[40-­‐80]	
  GeV/c	
  
Leading	
  par2cle	
  pT	
  cuts	
  :	
  >	
  	
  7,	
  9	
  GeV/c	




E-­‐by-­‐E	
  calcula2on	
  of	
  BKG	
  density	
  in	
  Pb-­‐Pb	
  collisions	

•  In	
  order	
  to	
  es2mated	
  the	
  underlying	
  event	
  energy	
  from	
  hydrodynamic	
  flow,	
  

	
   	
   	
   	
   	
  fit	
  to	
  each	
  event’s	
  	
  	
  	
  	
  	
  	
  	
  	
  distribu2on	
  (with	
  0.2	
  <	
  pT	
  <	
  5	
  GeV/c)	
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Fig. 9: Example of r(j) and its v

n

harmonics. In red, r(j) is plotted, i elliptic (v2) and triangular (v3) flow. The
green (v2) and cyan (v3) line represent the separate components of the fit. The original hri estimate is plotted
as a dashed magenta line. As an illustration, an event where azimuthal correlation is largely dominated by v2 is
presented (left) as well as an event where both the considered harmonics are present (right).

fixed value for each event, but instead is a function of azimuthal angle j , by which one can account for361

the background flow of the underlying event on an event-by-event basis9.362

This ‘local’ estimate, r(j), is obtained by fitting the first three terms of a Fourier expansion363

r(j) = r0 ⇥
⇣

1+2
n

v

obs
2 cos(2[j �Y2,EP

])+ v

obs
3 cos(3[j �Y3,EP

])
o⌘

(3.2.1)

to the d Â pT
dj distritubion - the distribution of total transverse momentum per Dj window - of an event364

(where the assumption has been made[10] that v2 and v3 are the dominant contributions to the flow signal,365

and therefore higher harmonics can be omitted). In this equation, Y
n,EP

represents the n

th order event366

plan of the collision system, its extraction will be described in detail in the coming sections. Figure 9367

shows two examples of such a fit.368

3.2.1 Implementation and technique369

Equation 3.2.1 is fitted to a histogram filled with a d Â pT
dj distribution event-by-event to obtain v2 and v3370

values. This subsection describes in detail the steps that are taken in this procedure.371

Normalization and r0 Parameter r0 in 3.2.1 - which is the normalization of the Fourier expansion - is372

calculated in the ‘classical’ way, i.e. is the hri estimated from the median of the distribution of kT373

jets, excluding the two leading jets from each event, but is not a fixed parameter and can change by374

fitting. Later on in this section, when equation 3.2.7 is introduced to explain how the energy of a jet375

or random cone can be adjusted, it will become clear that the integral over r(j) is normalized in376

such a way that when integrating over the full azimuth, hri is recovered. Hence, the introduction377

of a modulation can change the local energy density of an event, but the total energy still equals378

hri and is by design unchanged after a transformation to r(j);379

The fit histogram The fit to 3.2.1 is performed on a histogram with a d Â pT
dj distribution, which is ob-380

tained by filling a histogram of the j value of tracks using for each track a weight of pT. The tracks381

that are a subset of the pico track selection:382

– Only ‘soft’ pico tracks (0.2 < pT < 5 GeV/c) are accepted (in the systematic studies of this383

analysis this cutoff is varied);384

9Note that also in this approach, unfolding for statistical fluctuations in the background energy density still has to be
performed in- and out-of-plane separately, but the used response matrices will be by good approximation diagonal.

1.  Calculate	
  ρ0	
  by	
  using	
  median	
  method	
  
2.  Fill	
  a	
  histogram	
  of	
  the	
  φ	
  of	
  soZ	
  track	
  (0.2<pT<5.0)	
  
3.  Exclude	
  area	
  of	
  the	
  leading	
  jet	
  of	
  an	
  event	
  from	
  the	
  sample	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  all	
  tracks	
  within	
  the	
  same	
  η	
  region	
  of	
  leading	
  jet	
  are	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  rejected	
  from	
  the	
  sample	
  (|ηtrack-­‐ηleading	
  jet|	
  <	
  R)	
  
4.	
  	
  	
  	
  	
  Calculate	
  the	
  event	
  plane	
  (applied	
  V0	
  gain	
  correc2on	
  and	
  re-­‐centering)	
  
5.  Fit	
  a	
  histogram	
  
6.  Check	
  the	
  fiyng	
  quality	
  (Reject	
  fits	
  when	
  PDF(x２)	
  <	
  0.01	
  and	
  any	
  φ	
  ρ(φ)	
  <	
  0)	
  
7.  If	
  a	
  fiyng	
  is	
  failed,	
  the	
  median	
  method	
  is	
  used	
  to	
  es2mate	
  BKG	
  density	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  instead	
  of	
  ρ(φ)	
  
	
  

Procedure	
  of	
  Local	
  BKG	
  density	
  es9ma9on	
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and the p`-value of the constant function587

y ⌘ hri (3.2.6)

to the same distribution. If p` > py,hri is a better estimate of background energy density.588

As a nominal setting in this analysis, the r(j) estimation is accepted when the c2 p-value is larger than589

0.01. The lower panels of figures 15 and 16 show the percentages of accepted and rejected fits as a590

function of centrality. A more general check on the validity of the background estimate is analyzing the591

mean and width of the dpT distribution of random cones; this will be described in detail in section 3.5.592

3.2.3 Evaluating local energy density from r(j)593

To obtain a value for the background energy of a jet or random cone (see 3.5), r(j) is integrated over a594

region of phase-space14
595

rlocal =
hri

2Rr0

Z j+R

j�R
r(j)dj. (3.2.7)

The pre-factor of the integral, hri
2Rr0

, is chosen such that integration over the full azimuth yields hri15.596

Figure 17 shows the result of integrating 3.2.7 over the full azimuth for all events in a data sample. The597

plot is - by design - identical to 11.598

3.3 Event plane estimates599

The orientation of the second and third order event plane, denoted by YEP,2 and YEP,3 in 3.2.1, are fixed600

for each event in the sense that they are not free parameters in the fit, but determined separately. This601

section will describe the steps that are taken to obtain YEP,2 and YEP,3.602

3.3.1 General machinery603

Collision symmetry planes cannot be determined directly. In general, the symmetry of an event is charac-604

terized by an experimental approximation, the event plane YEP,n, which is a symmetry estimate derived605

from the density of outgoing particles in the transverse plane. The general equation for the calculation606

of the nth-order event plane is607

YEP,n =
1
n

atan2(¡ [Qn] ,¬ [Qn]) (3.3.1)

14By integrating over j only, the background energy density is in principle evaluated over a square in h ,j , whereas jets are
expected to have a more or less circular area. Extending 3.2.7 to h ,j leads to an integral which has no analytical solution. By
approximating the integral however, it has been shown that integrating over a circular area does not lead to a different analysis
outcome, additional information is supplied in F.4.

15This can easily be seen by taking R = p and j = p . The integral, normalized to some arbitrary constant a, is then given by

r|R=p = a
Z 2p

0
r(j)dj

= ar02p. (3.2.8)

As the initial conditions tell us that r(j) has been integrated over the full azimuth, the integral should equal hri so that

a =
hri

2pr0
(3.2.9)

or more generally for areas or radius R around azimuth j ,

a =
hri

2Rr0
. (3.2.10)
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1.5.2 Fitting procedure73

In order to obtain v2 and v3 value, we fitted a dσ pT
dϕ distribution event-by-event by using Func.3.74

ρ0 calculation75

Parameter ρ0 in Function.3 which is the nomalization of the Fourier expansion is calculated by the76

median methodof the distribution of kT jets with excluding two leading jet in a event. And then,77

this parameter is not fixed parameter and can change by fitting.78

Fit histogram79

A dΣpT
dϕ distribution is obtained by filling of the ϕ value of tracks using for each track a weight of80

pT , and then fitted by Function.3 like Fig.3. pT range of tracks filled to a dΣpT
dϕ distribution is from81

0.2 to 5 GeV/c. Tracks that are part of the leading jet of an event excluded from the sample. All82

tracks within the same η region of the leading jet are rejected from the sample (i.e. a cut excluding83

all tracks |ηtrack −ηleading jet | ¡ R where R is the jet resolution parameter is performed). For the84

semi-good runs, tracks with an azimuthal angle ϕ > 4 are rejected to obtain uniform efficiency85

oer the azimuthal region. In order to obtain the good fitting quality, the number of bins of a dΣpT
dϕ86

histogram is setted corresponding to the square root of the number of accepted tracks selected by87

the hybrid track cut. In case of the semi-good runs, the region 0 < ϕ < 4 is divided into
√

N bins.88

Finally, we checked the fitting quality by using the two quality check method and will discribe89

how to check the fitting quality in the next section.90

1.5.3 Fitting quality check91

ρ(ϕ) does not necessarily give a better description of the background energy density than ⟨ρ⟩. When92

ϕ dependence is either absent, ill-described by Function.3 or if for some reson the fitting procedure has93

failed, ⟨ρ⟩ is taken as an estimate for the background energy desity instead of ρ(ϕ).94

pT,ch jet = praw
T,ch jet −ρlocalA (11)

Jet	
  pT	
  is	
  corrected	
  on	
  a	
  jet-­‐by-­‐jet	
  basis,	
  where	
  A	
  is	
  the	
  jet	
  area	
  and	
  ρlocal	
  is	
  flow	
  modula2on	
  UE	
  energy	
  density	


Number	
  of	
  bins	
  in	
  	
  	
  	
  	
  	
  	
  spectrum	
  ≈	
  √Nentries	
  
Filled	
  track	
  pT	
  renge	
  :	
  0.2	
  <	
  pTtrack	
  <	
  5	
  GeV/c	
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Work	
  in	
  progress	


•  Distribu2ons	
  of	
  median	
  method	
  have	
  the	
  differences	
  between	
  	
  
	
  	
  	
  	
  	
  	
  in	
  and	
  out-­‐of-­‐plane	
  due	
  to	
  flow	
  effect	
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In order to select efficient the p0, we apply a selection of the clusters based on l 2
0 and asymmetry cuts,

plus a cut on the invariant mass. We defined a cut selecting those clusters with mass within 3 s of the
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4 Charged jet reconstruction

4.1 Charged track selection

This analysis used the charged tracks reconstructed ITS and TPC with the track momentum range p

T

>
0.15 GeV/c and h range |h | < 0.9. In order to avoid the azimuthally-dependent efficiency due to non-

•  π0'reconstruc*on'efficiency'
'$'ΔpT'='1.0'GeV/c'

•  Jet'finding'efficiency'
'$'10~20'GeV':'0.93,'20~30'GeV':'0.97,'30~GeV':'1.0�
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My analysis note 9

– Charged particles veto : There are clusters which is generated by charged particles in all clusters. In
order to subtract these clusters, we apply a cut in the residual angular position between the clusters
and the projection of the TPC tracks to the EMCAL surface, we reject clusters with residuals in h
and f direction of Dh = 0.025 and Df = 0.03.

5 charged jet reconstruction
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Fig. 15: Jet pT , ϕ end η distributions with R=0.4, Aarea > 0.4 and input track ptrack
T > 0.15 (GeV/c), used EMCal

triggered events.

5 Corrections208

In this analysis, the azimuthal correlations was calculated by the following function to obtain the associ-209

ated par trigger yields as function of ∆ϕ = ϕπ0 −ϕ jet .210

dNjet

d∆ϕ =
1

Nπ0
trigger

dNpair

d∆ϕ (5)

The azimuthal correlation is obtained in five different pT bins for trigger π0, and three different associated211

jet pT bins. Trigger π0 pT regions were required [8-12] [12-16] [16-20] [20-24] [24-36] GeV/c, and212

associated jet pT thresholds were require [p jet
T,ch > 10, 20, 30] GeV/c.213

5.1 Event mixing214

We selected trigger particles π0 within EMCal acceptance, and associated jets within all azimuthal ac-215

ceptance. In order to correct the effect of detector acceptance, this analysis is used event mixing method.216

We analyzed π0-jet correlation with EMCal triggered events. Such events can not be used to construct217

the mixed event pool due to the limited EMCal acceptance and the trigger, which make most of the time218

the selected associated particles close to the trigger particle in the calorimeter. Fig. 17 shows azimuthal219

correlations of real events and mix events and after applying event mixing.220

– 100 events in the pool221

– z vertex divided by 2 cm step bin size (10 bins) from -10 cm to 10 cm222

– Track multiplicity, 8 bins on multiplicity of hybrid tracks being : [0-5], [5-10], [10-20], [20-30],223

[30-40], [40-55], [55-70], [>70]224

For mixed events we get Nsame
pair (pπ0

T ,∆ϕ) and Nmixed
pair (pπ0

T ,∆ϕ). In order to get the final par-trigger yield,225

we calculate the following formula:226

C(∆ϕ) =
∫

Nmixed
pair (pπ0

T ,∆ϕ)d∆ϕ
∫

Nsame
pair (pπ0

T ,∆ϕ)d∆φ
·

Nsame
pair (pπ0

T ,∆ϕ)
Nmixed

pair (pπ0
T ,∆ϕ)

(6)

1
Nπ0

trig

dN jet

d∆ϕ =

∫
Nsame

pair (pπ0

T ,∆ϕ)d∆ϕ
Nπ0

trig(pπ0
T )

·C(∆ϕ) (7)

Fig. 17 shows the azimuthal correlation of real events and mix events and applied event mixing.227
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Result	


π0	
  pT	
  region	
  :	
  8	
  <	
  pT	
  <	
  16	
  GeV/c	
  
Jet	
  pT	
  bin	
  :	
  [10-­‐20],	
  [20-­‐40],	
  [40-­‐80]	
  GeV/c	
  
Leading	
  par2cle	
  pT	
  threshold	
  :	
  >	
  7,	
  9	
  GeV/c	
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Azimuthal	
  correla2on	
  pp	
  7	
  TeV	


•  Two	
  clear	
  jet-­‐like	
  peaks	
  are	
  observed,	
  indica2ng	
  that	
  high	
  pT	
  
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  π0	
  produc2on	
  is	
  correlated	
  with	
  jet	
  produc2on	
  

•  Associated	
  jet	
  yields	
  in	
  the	
  low	
  momentum	
  regions	
  decrease	
  	
  
	
   	
   	
   	
   	
   	
  with	
  increasing	
  the	
  leading	
  par2cle	
  momentum	
  thresholds	
  

•  Away	
  side	
  peaks	
  become	
  sharp	
  with	
  increasing	
  the	
  associated	
  jet	
  momentum	
  regions	
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•  Clear	
  near	
  side	
  peaks	
  in	
  the	
  all	
  jet	
  momentum	
  regions	
  	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
  are	
  observed	
  similar	
  to	
  the	
  pp	
  7	
  TeV	
  results	
  

•  Small	
  peaks	
  in	
  away	
  sides	
  are	
  observed	
  from	
  Di-­‐jet	
  produc2on	
  
•  Evolu2on	
  of	
  jet	
  momentum	
  range	
  of	
  side	
  shapes	
  are	
  not	
  seen	
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•  Enhancement	
  of	
  near	
  side	
  jet	
  yields	
  in	
  Pb-­‐Pb	
  collisions	
  increases	
  
	
   	
   	
   	
   	
   	
   	
   	
  with	
  increasing	
  the	
  associated	
  jet	
  momentum	
  regions	
  

•  Shape	
  differences	
  between	
  pp	
  and	
  Pb-­‐Pb	
  collisions	
  are	
  not	
  seen	
  clearly	
  

near	
  side	
  :	
  |Δφ|	
  <	
  0.7,	
  away	
  side	
  :	
  |Δφ-­‐π|	
  <	
  0.7	
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non-zero chemical potential and resonace gas model. According to current calculation the energy density41

increase rapidly at critical temperature Tc ∼ 175 MeV.42

Fig. 2: The energy desity in the SU(3) gauge theory (n f = 0), two and three flavor QCD for quark masses corre-
sponding to mPS ≃ 770 MeV

1.3 High energy nuclear collision43

As seen in the previous section, to generate deconfied matter so called quark-gluon plasma, we need44

to produce high temperature or high density in the nuclear collision. Recently, relativistic heavy ion45

collisions are unique tool to creates such high energy state. The high energy heavy ion collisions can46

create high energy in so small volume by bombarding nucleons over a short time experimentally. In47

this chapter, it is described abut picture of QGP which is created by heavy ion collisions, in particular48

collision geometry, time evolution and particle production.49

IAA(pπ0

T , pT,ch. jet) =
YPb−Pb(pπ0

T , pT,ch. jet)

Ypp(pπ0
T , pT,ch. jet)

(9)
•  Enhancement	
  of	
  jet	
  yields	
  on	
  the	
  near	
  side	
  
•  Suppression	
  of	
  jet	
  yields	
  on	
  the	
  away	
  side	
  	
  
•  Same	
  results	
  with	
  π0-­‐hadron	
  correla2on	
  analysis	
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•  Away	
  side	
  widths	
  in	
  pp	
  collisions	
  	
  decrease	
  with	
  increasing	
  jet	
  momentum	
  regions	
  
•  Differences	
  between	
  pp	
  and	
  Pb-­‐Pb	
  in	
  near	
  side	
  collisions	
  are	
  not	
  seen	
  	
  
•  Will	
  measure	
  RMS	
  instead	
  of	
  Widths	




Summary	

•  π0-­‐jet	
  correla2ons	
  have	
  been	
  measured	
  in	
  pp	
  at	
  √s	
  =	
  7 TeV	
  

and	
  Pb-­‐Pb	
  √sNN	
  = 2.76	
  TeV	
  
•  Two	
  jet	
  peaks	
  are	
  observed	
  in	
  azimuthal	
  correla2ons	
  in	
  both	
  

collision	
  systems	
  
•  Enhancement	
  of	
  Near	
  side	
  jet	
  yields	
  in	
  Pb-­‐Pb	
  collisions	
  are	
  

observed,	
  while	
  Away	
  side	
  jet	
  yields	
  are	
  suppressed	
  due	
  to	
  
energy	
  loss	
  in	
  the	
  medium.	
  

•  Away	
  side	
  widths	
  in	
  pp	
  collisions	
  decrease	
  with	
  increasing	
  the	
  
associated	
  jet	
  momentum	
  regions	
  

•  No	
  significant	
  differences	
  of	
  near	
  and	
  away	
  side	
  widths	
  	
  can	
  
be	
  seen	
  between	
  pp	
  collisions	
  and	
  Pb-­‐Pb	
  collisions	
  in	
  sta2s2c	
  
and	
  systema2c	
  uncertain2es.	
  	
  

•  To	
  do	
  list	
  
	
  -­‐	
  correct	
  jet	
  yields	
  by	
  using	
  unfolding	
  method.	
  
	
  -­‐	
  Comparison	
  of	
  PHYTHIA	
  embedded	
  jets	
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π0	
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Invariant	
  mass	
  method	
  (4	
  <	
  pT	
  <	
  8	
  GeV/c)	
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Fig. A.1: Inclusive g and hadron correlation with photon trigger pT bin at 8 < ptrig
t <15 GeV/c . Left panel, real

event (in red) and mixed event (in black) for associated hadrons pT bin at 2 < passoc
t < 4 GeV/c . Right panel, two

associated hadron pTbins correlation subtracted by mixed event.

A.3 p0and h reconstruction and correlation extraction747

In this section, we mainly introduce the p0and h via invariant mass reconstruction, including peak region748

and side band region (background under the meson peak) selection, for p0and h , and p0and h trigger749

correlation with charged hadrons extraction.750

A.3.1 p0
and h reconstruction751

p0and h mesons can be reconstructed in the 2 g channel on a event-by-event basis using the invariant752

mass analysis. The invariant mass is given by753

Mgg =
p

2E1E2(1� cosDf) (A.5)

In order to extract the p0or h signal event-by-event, we select photons pairs with invariant mass inside754

the mass window 120 to160 MeV/c2 for p0 and 520 to 580 MeV/c2 for h , as shown in Fig. A.2 as755

region B. The side band mass window, used to estimate the background under the peak, includes two756

ranges, left side band (A in figure) and right side band (C in figure). For p0 the left and right side bands757

are 75 to 95 MeV/c2 and 170 to 190 MeV/c2, respectively. While for h , the two side bands are 380 to758

430 MeV/c2 and 650 to 700 MeV/c2.759

With the selection window around the p0 (h ) peak we measure the signal plus combinatorial background.760

In order to get the fraction of signal and background of p0 (h ) in peak the range, we need fit the761

p0 (h ) peak. Figure A.3 shows the fitting with Gauss+Pol3 for p0 and Gauss+Pol2 for h in pp762

collisions at
p

s = 7 TeV and 2.76 TeV. The fit shows the S/B = 6.02 for p0 and S/B = 0.7 for h at 8 <763

ptrig
t <15 GeV/c range in 3s in pp collisions at

p
s = 7 TeV, and S/B = 4.89 for p0 at 5 < pt < 12GeV/c764

in pp collisions at
p

s = 2.76 TeV.765

A.3.2 p0
and h trigger correlation extraction766

According the three regions in Fig. A.2, we do three correlations of photon pairs with hadrons, being767

the pairs real p0(h ) or fake p0(h ). We assume that the correlation of side band regions (A and C)768

are the same as in the fake pairs under the peak (B), and we use them to estimate the contamination769

under the peak. The per-trigger yield with trigger in the three regions is extracted as YB(le f t) , YS+B770

and YB(right) , respectively. The three per-trigger yields with p0 are shown in Fig. A.4. We found that771
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– Timing cut : After recalibration, The cluster time was required window |t| < 20 ns, because pho-
tons come to EMCAL about 20 ns from collision point.

– Charged particles veto : There are clusters which is generated by charged particles in all clusters.
In order to subtract these clusters, we apply a cut in the residual angular position between the
clusters and the projection of the TPC tracks to the EMCAL surface. We reject clusters with
residuals in η and φ direction of ∆η = 0.025 and ∆φ = 0.03.

3.3 Cluster splitting for π0identification

For the illustration, Fig. 1 shows cluster splitting procedure, taken from the analysis note [1]. The briefe
description of the cluster splitting is as follows.

1. Select neutral EMCal cluster with λ 2
0 > 0.3 and track matching cut.

2. Find local maxima in the cluster

3. Split the cluster in new two sub-clusters by taking the two highest local maxima celles and aggre-
gate all towers around them from 3×3 cluster.

4. Overlapped cell energy is re-calculated by weighting the local maxima cell energy.

5. Obtain the two newly produced sub-clusters, and calculate the energy asymmetry and invariant
mass from these new sub-clusters.

3.4 Shower shape

The shower shape parameter λ 2
0 depends on the cluster energy and the NLM value. This analysis required

λ 2
0 as function of cluster energy and the different NLM value. Fig. 2, 3 show the λ 2

0 distribution as
function of the cluster energy with different NLM. Fig. 2 is used the real data (LHC11c,d) and fig. 3 is
used the simulation data (LHC12f2a) with each different particle clusters. We defined a minimum and
maximum value of λ 2

0 as two reference black lines. Writen as:

λ 2
0,max,min(E) = ea+b∗E + c+d ∗E + e/E (1)

The parameters can be found in Tab. 1.

a b c d e
NLM = 1,2 Min 2.135 -0.245 0 0 0
NLM = 1 Max 0.0662 -0.0201 -0.0955 1.86x10−3 9.91
NLM = 2 Max 0.353 -0.0264 -0.524 5.59x10−3 21.9

Table 1: The paramter of λ 2
0 cuts

3.5 Split sub-clusrter pair energy asymmetry

The two photons coming from π0 decay are the same energy, but in laboratory we should observe an
energy asymmetry defined as |A|= |E1−E2|/|E1+E2|, spanning from -1 to 1. The energy asymmetry
is related to the opening angle that becomes smaller with increasing π0 energy. Fig. 4, 5 show the
energy asymmetry of the split sub-cluster as function of cluster energy with different NLM. Fig. 4 is
used the real data (LHC11c,d) and fig. 5 is used the simulation data (LHC12f2a). The black line define
the maximum value cut. This line is a polynomial fit of older 3:

Amin(E) = a+b∗E + c/E3 (2)

The parameters can be found in Tab. 2.
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– Timing cut : After recalibration, The cluster time was required window |t| < 20 ns, because pho-
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For the illustration, Fig. 1 shows cluster splitting procedure, taken from the analysis note [1]. The briefe
description of the cluster splitting is as follows.
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2. Find local maxima in the cluster
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4. Overlapped cell energy is re-calculated by weighting the local maxima cell energy.

5. Obtain the two newly produced sub-clusters, and calculate the energy asymmetry and invariant
mass from these new sub-clusters.
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3.5 Split sub-clusrter pair energy asymmetry

The two photons coming from π0 decay are the same energy, but in laboratory we should observe an
energy asymmetry defined as |A|= |E1−E2|/|E1+E2|, spanning from -1 to 1. The energy asymmetry
is related to the opening angle that becomes smaller with increasing π0 energy. Fig. 4, 5 show the
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3.6 Invariant mass

Fig.6, 7 show the mass distribution as function of cluster for different NLM without applying lambda2
0

and energy asymmetry cuts. Fig.6 is used the real data (LHC11c,d), and fig.7 is used the simulation data
(LHC12f2a).
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Fig. 6: Invariant mass distributions as function of cluster energy with three different NLM in pp collisions at
√
(s)

= 7 TeV. The two black lines show the selection windows defined in this section.

Fig.8 are projections of the previous mass versus cluster energy after λ 2
0 and energy asymmetry cuts.

Based on these observations from real data, a rough parametrization of the evolution of the mass and the
width as a function of the cluster energy is found and it will be used later to select the clusters falling at
3σ from the expected mass. the data points were fitted with a polynomial fit of the first order:

M(E),σ(E) = a+b∗E (3)

and the parameters can be found in Tab. 3. The parametrization is shown in the red lines displayed in
Fig. 9.

Function NLM E range(GeV) a b
M(E) 1 12-50 0.044 0.0049
M(E) 2 6-21 0.115 9.6x10−4

M(E) 2 21-50 0.1 0.0017
σ (E) 1 12-19 0.012 0
σ (E) 1 19-50 0.0012 6x10−4

σ (E) 2 6-10 0.009 0
σ (E) 2 10-50 0.0023 6.7x10−4

Table 3: The parameters of mass mean and sigma.

Fig. 10 shows π0 raw transverse momentum spectra after applying λ 2
0 , asymmetry and invariant mass

window cuts.

•  Selected	
  clusters	
  as	
  π0	
  at	
  3σ	
  from	
  each	
  mean	
  points.	
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p-values and goodness of fit The second fit criterion is a cut on the probability p which is derived from455

the the c2 statistic. The c2 statistic of the fit is given by11
456

c2 =
i

Â
n=0
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�µ
i

s
i

◆2

(3.2.2)

where x

i

represents the the content of bin i, µ
i

is the theorized value of the bin content (the null457

hypothesis) and s
i

represents the error on the measured point. The c2 definition is useful as it takes458

into account the estimates of the errors on the measurements when determining the goodness of fit,459

but the estimate is only accurate when the bin errors are Gaussian - as argued in previous sections460

of this session this is not the case. Therefore, it is a-priori known that for finite data samples461

statistic 3.2.2 will not follow the c2 distribution exactly. The c2 statistic however is well-known462

and easy to use and therefore used in this study.463

In a simple case, where the number of bins (and consequently the degrees of freedom) in the fitted464

histogram would be equal for each event, a goodness of fit criterion could be imposed by cutting465

on the c2 or the reduced c2,466

fc2 =
c2

k

, (3.2.3)

where k denotes the number of degrees of freedom. However, since the binning of the d Â pT
dj467

histogram varies from event to event, the width of the c2 distribution - and hence an acceptable468

cut on fc2 - depends on the multiplicity of accepted tracks. To find a measure of goodness of fit469

which does not depend on the number of degrees of freedom explicitly, the p-value, which is the470

probability of finding a test statistic at least as extreme as the observed one in a c2 distribution,471

of each fit is calculated. The p-value can analytically be obtained from evaluating the cumulative472

distribution function (CDF) with the appropriate number of degrees of freedom k and c2 value:473

CDF(k,c2) =
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(3.2.4)

The corresponding p-value (the probability) of the fit is obtained from 3.2.4 by474

p = 1�CDF. (3.2.5)

Hence, the lower the p-value, the higher is the confidence that the observed deviation from the null-475

hypothesis (i.e. the fact that 3.2.1 described out data) is significant, in which case the fit should be476

rejected. The p-value distribution itself is expected to be uniform when the null-hypothesis (i.e.477

3.2.1) perfectly describes the observed data, which is argued not to be exactly true.478

To test however the bias that is introduced by our assumptions, a simple Toy Monte Carlo is run479

where the the azimuthal distribution of each event is sampled from 3.2.1. The results of this test480

can be seen in 11, where both the p-value distribution of fits is shown as a function of centrality -481

which scales with the number of degrees of freedom - and the correlation between the p-value and482

fc2. As can be seen from the figure, the p-value distribution is approximately flat, and the reduced483

c2 is centered around 1.484

Figure 12 shows p-value distribution as a function of centrality and the correlation between the485

p-value and fc2 of fits performed on data (with the VZERO event plane estimate). As can be seen486

the p-value distribution is no longer flat, an effect which is more pronounced at higher centrality.487

11Equations here are taken from [11].
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3.1.2 Event plane resolution

The event plane resolution was estimated using the 3 sub-event method based on  calcu-
lated from TPC, V0A, V0C [3]:

hcos(n( a

n

� 
n

))i =

s
hcos(n( a

n

� b

n

))ihcos(n( a

n

� c

n

))i
hcos(n( b

n

� c

n

))i , (11)

where a = V 0A(V 0C), b = V 0C(V 0A), c = TPC. Figure 7 shows the event plane
resolution for n = 2, 3, 4.
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Figure 7: Event plane resolution from the three sub-event method for V0A and V0C.

4 v

n

for unidentified particles

All the results shown in this section were obtained using tracks that pass the filter bit
1 selection, p

t

> 0.2 GeV/c, |⌘| < 0.8, at least 70 clusters in the TPC, dE/dx > 10.
The centrality determination was based on the o�cial class using V0 multiplicity as an
estimator. Similar cuts as described in version 1 of the note [1] were used to remove the
outliers presented in the centrality selection.

Figures 8, 9, 10, 11 present the pt-di↵erential anisotropic flow coe�cients (v2, v3, v4)
measured for di↵erent event centralities. v4 is measured with respect to the fourth ( 4),

9
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3.2 Background Fluctuations

The background in heavy-ion collisions flucuates from region-to-region from the average sub-
tracted background rAjet. One could consider using a local range to estimate r to reduce
sensitivity to long-range correlations. Since the soft particle distribution for |h | < 0.9, the
track acceptance for this analysis, is uniform there is no need to estimate r as function of h .
The modulation of soft particles in j due to collective flow is hard to disentangle from the
the back-to-back production of jets in j . The area in which r is calculated Ar has to contain
enough background clusters to extract a reliable median: typically Ar > 10Ajet. Considering
the enhanced bias one would get from jet fragments and the small number of background clus-
ters one would have to work with in a local range in j the global r is used for the average
background calculation with the price of a larger width of the background fluctuations.

Background fluctuations are studied by embedding three different probes into the measured
Pb–Pb events:

– Rigid random cones

– Single high pT particles

– Simulated PYTHIA jets

3.2.1 Sources of Background Fluctuations

The contribution to the background fluctuations of different sources are studied by placing rigid
cones with radius R = 0.4 in the measured Pb–Pb event at a random position in h and j of the
cone axis while the cone is fully contained in the detector accepance. The fluctuations of the
background are characterized by looking at the difference between the summed pT of all the
particles in the random cone (RC) and the estimated background:

d pT = Â
i

pT,i �A ·r, (12)

where A is the area of the cone A = pR2. In contrast to what happens when clustering jets with
an algorithm, the position and area of the random cones are not influenced by the structure of
the event. Figure 8 shows the normalized d pT distribution of random cones for central events
and pconst

T > 0.15 GeV/c in the filled red circles. The distribution shows the probability that the
pT of a jet fluctuates up or down with pT = d pT. The fluctuations are centered around zero
indicating that on average the pT density r is estimated correctly. The background fluctuations
are characterized by the width of the measured distribution s(d pT), which for this radius,
R = 0.4, and pT constituent cut, pconst

T > 0.15 GeV/c, is 11 GeV/c. The d pT distribution is
asymmetric with an enhanced probability for positive fluctuations: the high pT tail. The left-
hand-side can be described with a Gaussian. To obtain a stable result a Gaussian fit is done
iteratively in the range [µLHS � 3sLHS,µLHS + 0.5sLHS] with the mean µLHS and standard
deviation sLHS from the previous iteration. Iterations continue until the change in µLHS is less
than 0.01 GeV/c resulting in a robust result of the fit. As can be seen in Figure 8 the Gaussian

•  The	
  δpT	
  distribu2on	
  has	
  two	
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  width	
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Fig. A.2: Di-photon invariant mass distribution in a real event. p0and h mass peaks clearly visible. The sig-
nal+background and side band regions are indicated.

YB(right)> YB(le f t)> YS+B . In order to understand this relation, let’s assume that the detector response772

is ideal, and do not take into account h meson contribution. Di-photon pairs for p0 with invariant mass773

Mgg in B region has two cases: signal (real p0) and background (fake p0). If the pair is a fake p0, or774

the di-photon is decayed from two different p0, there are at least two p0 in this event compared with the775

case of a real pair with one p0. If the two photons pair at B region in a event, it indicates that the number776

of p0 is one at least in the event (tagged with “a”). We assume the parton which fragments into two777

photons with pair in B region takes transverse momentum pa
t . When di-photon pair for p0 with invariant778

mass Mgg in A or C regions, that is to say the two photons are decayed from two different p0 in this779

event. So in this case, it indicates that the number of p0 is two at least in the event (tagged with “b”). We780

also assume the parton which fragments into two photons with pair in A or C regions takes transverse781

momentum pb
t . At last, it can be concluded that pa

t < pb
t . Obviously, the number of tracks fragmented782

from pb
t is more than from pa

t , and it will result into YS+B < YB(le f t) or YB(right) .783

In Fig. A.4, we observe that YB(right) > YB(le f t) and that YB(right) > YB(le f t) > YS+B . This could be784

due because we have also have the assumption that the detector response is ideal. According to Eq. A.5,785

the invariant mass is given by energy (E1, E2) of two photons, and Df= f1 � f2. For convenience, we786

use a “A” and “C” to tag the variables (E, f ) in A region and C region, respectively. It is better to assume787

Df A = DfC. Since MA
gg < MC

gg , it is obvious to obtain E1EA
2 < E1EC

2 . We also assume two photons pair788

at A region are fragmented from the parton pA
t , and at C region from the parton pC

t . Finally, we can789

conclude that pA
t < pC

t . Obviously, the number of tracks fragmented from pC
t is more than from pA

t , and790

it will result into YB(right) > YB(le f t) .791

From the fig. A.2, the right side band shows a close flat background, but left side band distribution does792

not like the right, and its distribution slope is inclined. In order to extract better background of p0 Only793

right side band is taken into account in the analysis.794

Assuming YB , YS and YS+B are the per-trigger yield of p0(h ) background, signal and signal+background,795

respectively, and the ratio of signal to background: NS/NB = fbkg, Nab as pair number, Na as trigger num-796

ber. The YS is written as797

YS =
Nab

S
Na

S
=

Nab
S+B �Nab

B

Na
S+B �Na

B

Signal+Bkg	
  :	
  3σ	
  from	
  peak	
  mean,	
  Bkg	
  (leZ)	
  :	
  75	
  ~	
  95	
  MeV/c2,	
  Bkg	
  (right)	
  :	
  170~190	
  MeV/c2	
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Figure A.5 shows the p0and h signal and hadron correlations in pp 7 TeV and 2.76 TeV.798
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The p0 identification efficiency is defined as the ratio of identified real p0 clusters to all input p0 where320

both decay photons are in the EMCal acceptance. The p0 identification efficiency is shown in Fig. 6 for321

pp (left) and 0-10% Pb-Pb (right) estimated using PYTHIA and HIJING simulations.322
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4.4 Changed cuts for systematic uncertainty323

In Sec. 3.4.1 and 3.4.2, the default analysis cuts to tracks and clusters are presented. According to324

the introduction of p0 identification in this section, in order to estimate the systematic uncertainties of325

some main cuts, some cuts are changed in the uncertainty analysis. Tab. 3 shows the main changed cuts326

for uncertainty analysis. The obtained raw results with changed cuts are corrected by the MC analysis327

correction factors in new cuts.328
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In order to select efficient the p0, we apply a selection of the clusters based on l 2
0 and asymmetry cuts,

plus a cut on the invariant mass. We defined a cut selecting those clusters with mass within 3 s of the
mean mass depending on the energy, and used dependencies are :
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Fig. 8:

4 Charged jet reconstruction

4.1 Charged track selection

This analysis used the charged tracks reconstructed ITS and TPC with the track momentum range p

T

>
0.15 GeV/c and h range |h | < 0.9. In order to avoid the azimuthally-dependent efficiency due to non-

•  π0'reconstruc*on'efficiency'
'$'ΔpT'='1.0'GeV/c'

•  Jet'finding'efficiency'
'$'10~20'GeV':'0.93,'20~30'GeV':'0.97,'30~GeV':'1.0�
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•  LHC12a15a:	
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  pp	
  2.76	
  TeV,	
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•  LHC12a15f:	
  	
  PYTHIA	
  pp	
  7	
  TeV,	
  jet-­‐jet	
  event,	
  LHC11d	
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•  Analyzed	
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  level	
  data	
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Systema2c	
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Total	
  systema2c	
  uncertainty	


My analysis note 39

Jet pT threshold \ π0 pT region (GeV/c) [8.0-12.0] [12.0-16.0] [16.0-20.0] [20.0-24.0] [24.0-36.0]

10 < p jet
T (GeV/c) 1.7 (%) 2.2 (%) 2.1 (%) 1.4 (%) 4.0 (%)

20 < p jet
T (GeV/c) 4.8 (%) 4.7 (%) 5.2 (%) 6.7 (%) 5.0 (%)

30 < p jet
T (GeV/c) 8.8 (%) 9.0 (%) 9.8 (%) 12.0 (%) 9.8 (%)

Table 14: The amounts of pair resolution systematic uncertainties of the azimuthal correlations.

Jet pT threshold \ π0 pT region (GeV/c) [8.0-12.0] [12.0-16.0] [16.0-20.0] [20.0-24.0] [24.0-36.0]

10 < p jet
T (GeV/c) 3.2 (%) 2.4 (%) 0.3 (%) 1.5 (%) 0.2 (%)

20 < p jet
T (GeV/c) 4.1 (%) 3.3 (%) 0.9 (%) 0.1 (%) 1.9 (%)

30 < p jet
T (GeV/c) 2.8 (%) 3.3 (%) 0.7 (%) 0.1 (%) 1.8 (%)

Table 15: The amounts of pair resolution systematic uncertainties of the near side width.

Jet pT threshold \ π0 pT region (GeV/c) [8.0-12.0] [12.0-16.0] [16.0-20.0] [20.0-24.0] [24.0-36.0]

10 < p jet
T (GeV/c) 0.2 (%) 3.7 (%) 3.5 (%) 5.1 (%) 8.7 (%)

20 < p jet
T (GeV/c) 1.9 (%) 4.0 (%) 10.0 (%) 7.0 (%) 8.2 (%)

30 < p jet
T (GeV/c) 2.2 (%) 1.2 (%) 1.6 (%) 4.6 (%) 10.0 (%)

Table 16: The amounts of pair resolution systematic uncertainties of the away side width.

6.5 Total systematic uncertainty

The total systematic uncertainties of this analysis are calculated by using quadrature sum method. Writ-
ten as:

Total systematic error =
√

Error2
M02 +Error2

IM +Error2
pair purity +Error2

pair resolution (13)

Tab. 17, 18 and 19 show the total systematic uncertainties of azimuthal correlations and near, away-side
width with each different trigger π0 and associated jet pT regions.

Jet pT threshold \ π0 pT region (GeV/c) [8.0-12.0] [12.0-16.0] [16.0-20.0] [20.0-24.0] [24.0-36.0]

10 < p jet
T (GeV/c) 2.1 (%) 2.3 (%) 2.6 (%) 3.3 (%) 4.3 (%)

20 < p jet
T (GeV/c) 5.4 (%) 5.1 (%) 6.2 (%) 8.5 (%) 6.9 (%)

30 < p jet
T (GeV/c) 9.3 (%) 9.5 (%) 10.9 (%) 13.9 (%) 11.5 (%)

Table 17: The amounts of total systematic uncertainties of the azimuthal correlations.

Jet pT threshold \ π0 pT region (GeV/c) [8.0-12.0] [12.0-16.0] [16.0-20.0] [20.0-24.0] [24.0-36.0]

10 < p jet
T (GeV/c) 5.1 (%) 2.6 (%) 4.6 (%) 7.0 (%) 7.0 (%)

20 < p jet
T (GeV/c) 5.9 (%) 4.3 (%) 5.3 (%) 9.3 (%) 7.3 (%)

30 < p jet
T (GeV/c) 5.9 (%) 4.8 (%) 5.3 (%) 9.2 (%) 8.4 (%)

Table 18: The amounts of total systematic uncertainties of the near side width.
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II.3 DCal Physics  
 
The RHIC studies presented in the previous section show the detail with which the physics 
of jet quenching can be probed by correlation measurements. Kinematic reach will be vastly 
greater at the LHC, and we now present the major capabilities for jet measurements in 
ALICE that will be enabled by addition of the DCal. We concentrate on those measurement 
channels where the DCal brings qualitatively new physics, namely triggered hadron+jet and 
jet+jet correlations. Inclusive measurements of π0, photons, and non-photonic electrons 
from heavy flavor will also be enhanced by the DCal, However, their rates scale linearly 
with acceptance and the improvement brought by the DCal relative to existing ALICE 
capabilities is not as significant as that for correlation measurements, thus we discuss them 
only briefly in this document.  
 
We present several classes of simulations, to explore the physics capabilities of the DCal: 
 

A. Event generator: qPYTHIA  
B. Detector-Level simulation: detailed Geant model of the ALICE detector and DCal, 

for studying the instrumental response of DCal. 
C. Particle-Level simulation: only detector acceptance is considered, with interactions 

in material. Detector response is approximated by utilizing only charged hadrons and 
photons (including decay photons from π0 etc.) from the generator. 

Event generation  
 
We utilize the qPYTHIA model (N. Armesto, 2009) to investigate the effects of jet 
quenching. This is a modification of the standard PYTHIA Monte Carlo code, introducing 
Salgado-Wiedemann quenching weights in the parton shower and calculating the path 
length in medium using realistic nuclear geometry. Calculations are carried out at √sNN = 5.5 

Figure II.2 Hadron+jet correlations in 200 GeV central Au+Au collisions (M. 
Ploskon (STAR Collaboration) 2009). 
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•  Near	
  and	
  away-­‐side	
  widths	
  decrease	
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  with	
  increasing	
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  this	
  analysis)	
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  ini2al	
  parton	
  of	
  hard	
  sca�erings	
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II.3 DCal Physics  
 
The RHIC studies presented in the previous section show the detail with which the physics 
of jet quenching can be probed by correlation measurements. Kinematic reach will be vastly 
greater at the LHC, and we now present the major capabilities for jet measurements in 
ALICE that will be enabled by addition of the DCal. We concentrate on those measurement 
channels where the DCal brings qualitatively new physics, namely triggered hadron+jet and 
jet+jet correlations. Inclusive measurements of π0, photons, and non-photonic electrons 
from heavy flavor will also be enhanced by the DCal, However, their rates scale linearly 
with acceptance and the improvement brought by the DCal relative to existing ALICE 
capabilities is not as significant as that for correlation measurements, thus we discuss them 
only briefly in this document.  
 
We present several classes of simulations, to explore the physics capabilities of the DCal: 
 

A. Event generator: qPYTHIA  
B. Detector-Level simulation: detailed Geant model of the ALICE detector and DCal, 

for studying the instrumental response of DCal. 
C. Particle-Level simulation: only detector acceptance is considered, with interactions 

in material. Detector response is approximated by utilizing only charged hadrons and 
photons (including decay photons from π0 etc.) from the generator. 

Event generation  
 
We utilize the qPYTHIA model (N. Armesto, 2009) to investigate the effects of jet 
quenching. This is a modification of the standard PYTHIA Monte Carlo code, introducing 
Salgado-Wiedemann quenching weights in the parton shower and calculating the path 
length in medium using realistic nuclear geometry. Calculations are carried out at √sNN = 5.5 

Figure II.2 Hadron+jet correlations in 200 GeV central Au+Au collisions (M. 
Ploskon (STAR Collaboration) 2009). 
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