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1. Introduction

Jet-like angular correlation studies with high transveneenentum pr) trigger particles have
provided valuable information on the properties of the medicreated in relativistic heavy-ion
collisions [1, 2]. In such studies, correlation functions formed in azimuthal angle difference
between an associated particle and a hpghrigger particle, which preferentially selects (di-)jet.
One important aspect of these studies is the subtractionrabmatorial background which itself
is non-uniform due to anisotropic particle distributiontlwviespect to the reaction plane— both the
trigger particle and the associated particles are coe@latith the common reaction plane in an
event. The critical part is to determine flow parameters,nigiatlliptic flow (v»), to be used in
constructing background.

There are many, measurements [3, 4]. They contain various degrees of nenetmtribu-
tions, such as those from resonance decays and jet casngatiThose non-flow effects should
not be included in jet-correlation background. We shalérdd this jet-correlation background
as flow-background. The anisotropic flow to be used for floekigeound should be ideally that
from two-particle methody,{2} [5, 6], because jet-like correlation is analyzed by twotiphe
correlation method. Moreover, two-particle anisotropaslcontains fluctuations which should be
included in jet-correlation flow-background [5, 6].

Non-flow is due to azimuthal correlations unrelated to tteetien plane, such as resonances,
(mini)jets, or generally, clusters. In this proceedingg study non-flow contributions in two-
particle v»{2} in a cluster approach as in [7]; analytical form is deriveddach non-flow com-
ponent. We shall demonstrate that the flow to be used in jeéledion background subtraction
should be the two-particle,{2} excluding cluster correlations unrelated to the reactiangy but
including cross-terms between cluster correlation andtetuflow [8]. We verify our analytical
result with Monte Carlo simulations. We discuss how one niagia the elliptic floww, parameter
for jet-correlation background experimentally.

2. Non-flow effect from cluster correlations

Suppose an event is composed of particles from hydro-mednahclusters of various types
(such as minijets and resonance decays). Particle paidsecdacomposed into four sources:

e particle pairs from hydro-mediunBj,

e particle pairs from same clustet)

e particle pairs between hydro-medium and clustés énd
e particle pairs between clusterg)(

The total sum of the cosines of pair opening angles is

cosAq@; =B+ C+ 2X + Y, (2.1)
Z : kec% Z

i) ster kecluster (k1 #£ko)ecluster
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where

B = z cos A\q;, (2.2)
(i#j)ehydro

C= Z cos A\q;, (2.3)

X = cos Aq;j, (2.4)
gkjehzydro

Y = cosS\@;. (2.5)
iEZl J';z

Herei, j are particle indicesh@j = @ — ¢;, andk stands for a cluster. Below we derive analytical
form for each source.

2.1 Background flow correlation

Hydro-background particle correlation is only from hydyadmic anisotropic flow:

B= 5  cosD@j = Phy(cos Dhy) = PnyV3{2}ny (2.6)
(i#]j)ehydro

where Zhy = (Nny(Nny— 1)) is the number of background pairs.

2.2 Particle correlation within cluster

Particle correlation within cluster is given by

21 . . .
C= 5 cosdqy = [ Zal@)pa(@)dd
(i£])ek 0

2m - 21 ~
| b na [ 100, @)ddg cosbg -Ag).  2.7)

HereAq ; = @ j — @ is the azimuthal angles of particles in cluskerelative to cluster axigy
(which can be defined just for convenienc&){Ag, 0 @) is the correlation function of (associated)
partlcles inside clustek relative to the cluster axigk, generally dependent of the cluster axis
@& = @ — Yrp relative to the reaction plane, arj@" fa(Ag, @)A(p =1, ,@a(m() is number of
(associated) particle pairs in clustergenerally dependent of the cluster apa(cn() is the density
function of clustei relative to the reaction plane, which we will assume is gikgrelliptic flow
of clusters, anq})z"pd(qﬁ()dcﬁ( = 1. Note, there can be many types of clusters (e.g. jet-ativel,
resonance decays); the subscrgbtstands for one type of clusters and we have omitted summatio
over all types of clusters from the formulism; in this work wil discuss only one type of clusters
at a time.
In general,
C = Z(cos D@ )ci (2.8)

where Z, is average number of pairs per cluster dods 2\@;j )¢ is the average cosine of twice
pair opening angle in the cluster.
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If particles inside cluster are independent of each otheegixall of them are correlated with
the cluster axis, then we can factorize the correlation $eand obtain

2 2

C= /0 zn%(@)pcl(@)d@ [( /0 zn fa(A@, ) cos ZﬂfpdA<p> + ( /0 " fa(A@, @) sin 2A<pdA<p>

— /O‘anza(@) <(Cos%q0>2@ + (sin 2A(p>2@> et (@) dg. (2.9)

Here (cos’zAcpm and (sin 2A(~p>@ (Ap = @ — @) are averages within clusté&r and are generally
dependent of the cluster axgs.

If the cluster correlation functio,(Ag, (Zk) is symmetric abouA@ = 0, then(sin 2A(p>(;k =0.
Further, in the special case where patrticle correlatiodusters does not vary with cluster location
O, i.e., P, = const and fa(Ap, @) = const, then

C = Z,(cosDg)3. (2.10)

2.3 Background-cluster correlation

Correlation between cluster particles and hydro-mediurtighes is given by

2n - - - 2T ~ o~
X = cosNgj = / Nhy(@=1,2....) Phy(¢hy)d¢h / Pel (@) A <
%qe;ydro j 0 y y\¢hy Y )y Fe

21

Na(@) fa(A@, g)dAQ@ [cOSA@ — Ghy)] - (2.11)

Hereghy = ¢hy — Wrp, andpny(@y) is the density function of hydro particles relative to thaaton
plane (i.e., anisotropic hydro flow)sla(@) is number of (associated) particles in cluster and is
generally dependent of the cluster agis For generality we have taken the number of hydro-
medium particles\lhy(qﬁ(ﬂ,gm) to depend on positions of all clusters. Such dependencertm a
in real data analysis, such as jet-correlation analysisn finterplays between centrality cut and
biases due to selection of specific clusters. Rewriging ¢hy =A@ + (h( — (ﬁny, we have

21T - - - -
X = /0 Nhy(@=1.2....) Py(thy) COS Aphydhy X

27T . . [r2n - ~ ~
| pa@)dd [ Na(@) (8@, &) cos 280 + @) ddq. 2.12)

2m - 2n - -
Here we have use dcn<pc|((n<)/ dAg fa(Agk, @) Sin 2 A+ ¢«) = 0 because of symmetries
0 0

fa(Ag, %) = fa(—A@, — @) andpe (@) = pa (—@). Note, due to elliptic flow of clusters, cluster
particles acquire elliptic flow

1 2 - - 21 - - -
V2a = (COSZQ— Yre)) = - A Pel (@) dgx A Na(¢) fa(A@, @) cos 2A@ + @)dA@. (2.13)
a
Using the notation in Eq. (2.13), we have



Non-flow, and what flow to subtract in jet-correlation Fugiang Wang

Here the product of th&,’s includes flow fluctuation, and equals to the product of festicle
v2's. This is because,{2} of hydro-particles and cluster particles contain only flation; non-
flow does not exist between hydro-particles, nor betweeticpes from different clusters. (Note,
two ‘clusters’ can originate from a common ancestor, sugetasagmentation into tw@ mesons
which in turn decay into two pairs of pions. In our formulissuch ‘clusters’ are considered to be
parts of a single cluster rather than twealecay clusters.)

Again, in the special case where particle correlation irstelts does not vary with cluster
location ¢k (Na = const, Npy = const, and f,(A@, &) = fa(A@)), EQ. (2.13) becomes

2

. - . 21
Vaa= [ pa(@)d@cos /0 f2(A) cOS DQAAQ = V2.0 (COS D), (2.15)

and we have
X = NpyNaVo{ 2} nyV2{2} | (COS D\ @) ). (2.16)
2.4 Particle correlation between clusters

Correlation between particles from different clustersivgg by

Y = ZCOS%(RJ‘
€K2

ieky j
21T - . 2 . .
= /O Pl (@ )d @ A Na(@ ) fa(A@, @y )dA@ x
2n - - 2 - ~
/0 Poi (o )die | Na(o) fa(A01, @i )dAG [COS TG — )] (2.17)
wherek; andk; stand for two clusters. Rewriting — ¢, = Aq@ + ch(l —Ag — @2, we obtain
Y = N2, = N23{2},, (2.18)

wherev, 5 is given by Eq. (2.13). Again the cluster particle elliptiol squared in Eq. (2.18)
contains flow fluctuation.
In the special case where particle correlation in clusteesahot vary with cluster locatiog,
we have
Y = N3V3{2}a (cos D). (2.19)

2.5 Summary of non-flow effect from cluster correlations

To summarize, let us now obtain the relationship betweenparticle elliptic flow v»{2}
that is affected by non-flow, and the real hydro-type twdipkr elliptic flow vo{2}ny. Assuming
Poisson statistics, Eq. (2.1) gives

NAV3{2} = NEV3{2}ny+ NeiNZ(CoS ;) el + 2NnyNeiNaVo{ 2 nyVo{ 2} a +
NcI(NcI - 1)N§V%{2}a
— (NopV2{ 2}ty + NatNava{2}a)* + NaiNZ ((cos D@ ) —V3{2}a)  (2.20)

whereN = Nny + NiNa, N¢i is average number of clusters, and we have taken distriizitod
total multiplicity and number of particles per cluster toPeisson, so thatN(N — 1)) = N? and
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(Na(Na— 1)) = N2. We have taken the number of cluster pairs toNgéN — 1) (i.e., not Poisson)
so that the total number of pairs adds upNfo Rearranging, we have

2
v2{2}_< Vo {2}y + NCI'\INavz{z}a> +N‘,’\'l';'a ((cos D@ )el —V3{2}a) - (2.21)

For many cluster types, Eq. (2.21) is generalized to

v2{2}a ) Z

We shall focus on the special case where all clusters areecddme type and particle corre-
lation in clusters does not vary with cluster axis relativdlte reaction plane. Using Eq. (2.15),
Eq. (2.21) becomes

NcI Na NcI N

V3{2} = <—v2{2}hy+z ((cosn@j)e —V3{2}a).  (2.22)

2
V3{2} _< v2{2}hy+NN vz{2}c|<cosmcp>c|> +

N? ((cos D@ el — V5{2}ci (cOs D)) - (2.23)

Eqg. (2.23) can be rewritten into

Nhy Ncl Na

V3{2} = v2{2}hy+2 Vo{ 2}y (V2{2}cl (COS D@ et — Vo{2}hy) +

) (v%{zm (COSBR; —E{2h) +

N ((cos i) —VB(2halcos D)) (2.2

The second term on the r.h.s. is non-flow (beyond hydro-flave t correlation between hydro-
particles and cluster particles in excess of that betweenhydro-particles, and the third term
is that due to correlation between particles from differelusters. These non-flow contribu-
tions, which are beyond hydro-flow, can be positive or negatilepending on the relative mag-
nitudes of background particle flow and cluster flow diluted darticle spread inside cluster.
The non-flow contributions are positive whep{2} (cos 2Ag)q > vo{2}hy and negative when
Vo{ 2} (COS D\@) ¢ < Vo{ 2}hy. This can be easily understood because{}¢ = v2{2}ny, then the
angular smearing of particles inside each clusmrs 2\¢)., makes the angular variation of clus-
ter particles less than that of hydro-particles, resulting negative non-flow contribution. If the
net effect of cluster anisotropy and particle distributinside clustersy,{2} (cos @), equals

to hydro anisotropy, then cluster particles and hydroiglag have the same angular variation rel-
ative to the reaction plane, resulting in zero non-flow frawses-pairs between hydro-particles and
cluster particles and between particles from differenstels.

The second part of the last term of Eq. (2.24) rh'\—'ﬁzfvz{Z}m (cos D)3, arises from the
fact that number of clusters is fixed in order to have Poistatistics for hydro particle multiplicity,
particle multiplicity in clusters, and total number of peles [7]. It can be safely neglected because
generallyv3{2}¢ << 1. The first part of the last term of Eq. (2.24) r.h.ﬂﬂ%& (cos @), is
non-flow due to correlation between particles in the samstetu This non-flow contribution can
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also be positive or negative. If particle emissions withirsters are independenos 2@ )¢ =
(cosA@)? , then Eq. (2.24) becomes

Nhy NcI Na

cl

V3{2} = V3{2}py + 22 Vo{ 2} hy (V2{2}el (COS DQ)c) — Vo 2}ny) +

<NC&Na> (v%{Z}d (cos ) —v2{2}ny) +

Ng| Ng
N2
In this case the non-flow contribution due to particle catieh within clusters can only be positive.
We note that the non-flow contributions from the second aind tarm of Eq. (2.24) r.h.s. have
the identical azimuthal shape relative to the reaction las that of hydro-flow, because they
arise from the common correlation of clusters and hydrdiglas to the reaction plane. As a
result these non-flow contributions will unlikely be sepgadafrom medium hydro-flow in inclusive
measurement of azimuthal correlation. To separate thesedwtributions, one needs to identify
clusters and measure two-cluster azimuthal correlatiofiadt, elliptic flow is often defined as the
second harmonic of particle distribution relative to thaateon planey,{RP} = (cosZ ¢ — (rp))
. For events composed of hydro-particles and clusters, we ha

(1-v3{2}q) (cos D)3 (2.25)

N 2(cos 29— Yrp))c

V2{RP} ¢ (COS D). (2.26)

N N
Vo{RP} = ,\Ty<005 29— Yrp))ny+
NcI Na

Np
= Wyvz{RP}hy—l-

This is analogous to the terms in the first pair of parenthesegq. (2.23) r.h.s. except the lat-
ter contains flow fluctuation. The elliptic flow definition bygE(2.26) contains cluster contri-
bution through angular spread of particles in clustéess 2¢);, and anisotropy of the clusters
themselvesy,{RP}. This raises question to comparisons often made betweptieflow mea-
surements and hydro calculations which may include flow dlatmbn but does not include cluster
correlations.

3. Elliptic flow for jet-correlation background

In this section, we derive an analytical form for flow-baakgnd to jet-correlation in the clus-
ter approach, as used in our non-flow study above and in [7]sWgpose a relativistic heavy-ion
collision event is composed of hydrodynamic medium pastic|et-correlated particles, and parti-
cles correlated via clusters. Hydro-particles, hghtrigger particles, and clusters are distributed
relative to the reaction plangsj by

dN N

a0 5_[[14‘ 2v,c0s 29— )] (3.1)
with the corresponding elliptic flow parameterand multiplicityN. Particle azimuthal distribution
with respect to a trigger patrticle is

1 dN  dNy dNak dNak dNa.jet
N dAg  dA@ dAg Z dAcp dAg

(3.2)
k# jeteclus
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whereAg = @ — @. In Eq. (3.2),dN, jet/dA@ is jet-correlation signal of interest. All other terms
are backgrounds. If trigger particle multiplicity is Passand effects due to interplay between
collision centrality selection (usually via multiplicityand trigger bias are negligible, then the back-
ground event of a triggered (di-)jet should be identicalng mclusive event, without requiring a
high pr trigger particle, but with all other event selection reguients as same as for triggered
events [10]. Thus, we can use inclusive events to obtain faskground:

L dN —a(d—N“y+ AN (3.3)

- dNa,k + dNa,jet
N; dAg dAg -

Y =
k+ jeteclus dAg kezjet dAg dAg
wherea is a normalization factor, often determined by the asswnptif ZYAM or ZYAL (zero

jet-correlated yield at minimum or &t = 1) [15], and is approximately unity. The background is

dNog _ ANy dNoic ¢ Nk _ ANy o dNe

dAep — dAg dAg +kezjet dAg — dAg * 2" dAg

(3.4)
k+ jeteclus

where we have eliminated subscrimc’ to lighten notation. We have summed over all cluster
types tl’ including jet-correlation, wher@&l; is number of clusters of typel’. Different cluster
types include jet and minijet correlations, resonance yiecc.

The hydro-background is simply

ANy _ Nhy

dbo ~ 21 (14 2v24 V2 hyCOS D) (3.5)

wherevy; is elliptic flow parameter of trigger particles amgh, is that of hydro-medium particles.
The cluster particles background is given by

dNa 2 - 2m - 2 - 1 . .
B dap(@) [ depa(@) | dA@fa(A@, @) x ——0(A@+ @g—Ap—@) (3.6)
@ 0 0 0 21T

where@ = @ — ), = &~ Y, 5@ = @ — ¢, andp (@) = 55 (1 +2v2¢ cos2p) and P (k) =

%7 (1+ 2V ¢ COS 2,q<) are density profiles (i.evp-modulated distributions) of trigger particles and
clusters relative to the reaction plane, respectively. \&eehassumed that the cluster axis (or
cluster parent) distribution is also anisotropic with mdpto the reaction plane. In Eq. (3.6),
fa(A(n,cZk) = %T'\';f is distribution of particles in cluster relative to clustetis (cluster correlation
function), which may depend on the cluster axis relativéé&reaction planey [11]. Decomposing

pi(@), we obtain

d'\'a l 21T - - 21 ~
e = ), d@ea(@) /0 dAQ fa(dA@, @) +
2V2t 2T, - 2n ~ ~
S o G%eal(@) | dAafa(g, @) cosAAA+ G- Ag). (3.7)

Because of symmetrfa(Ad. G) = fa(—Aq, @) andpa(G) = Pa (— &), we have

21

21T - ~
d@oe (o) A dAq@ fa(A@, @) sinA@ + @) = 0. (3.8)
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Therefore
dNa 1 2T .
dde ~ 21t d @Ol (@)Na( @) +
2V 2 2 ~ ~
Z—COSM d@pe (@) A dAq fa(A@, @) cos 2@ + @). (3.9)

Realizing that elliptic flow parameter of particles from stiers is given by Eq. (2.13), we rewrite
Eq. (3.9) into

dN; Ny
e 27T(1+ 2V21Vo 2 COS N\Q) . (3.10)
From Eg. (3.5) and (3.10) we obtain the total background eengdy
dA(p S 1+ 2vy, vzhy+Z vza cosAg| , (3.11)
where
C

Thev,'s in Egs. (3.5), (3.10), and (3.11) include fluctuationstreey should be replaced Ry (v).
The hydro-particles / (v3) is equivalent to two-particle,{2} because there is no non-flow effect

between hydro-particle pairs; same for the clus\g@ because there is no non-flow effect be-
tween different clusters (we consider sub-clusters to begptheir parent cluster). Thus Eq. (3.11)

should be

Np Np
5 Afp— 27?( + 22 V2 pg COS \@) (3.13)

where
Ncl Na

N
Vapg = N—EZVZ{Z}hy-I- Z V2{2}a. (3.14)
C

We note that here cluster includes single-particle (W|m|g|ve pr range) cluster. Those single-
particle clusters do not contribute to non-flowmvir{ 2} 5, but they differ from single hydro-particles
because they may possess differentalues.

In principle,v»; should have a similar expression as Eq. (3.14) out of synyme#&son:

Nei tNt cl tVZ{Z}t,cI_t- (3.15)

Vot = Nt—Vz{Z}t y+z
whereN; hy is number of highpr trigger particles from hydro-medium (i.e., backgroundgger
particles),v2{2} ny is the elliptic anisotropy of those background trigger joées, N ¢ is num-
ber of clusters of typeci_t’ containing at least one trigger particl ¢ ¢ is number of trigger
particles per clusten,{2}:q ¢ is elliptic flow parameter of trigger particles from clusteand
Nt tot = Nty + Z Nei_tNeci_t- The only difference is that trigger particles are domidadg clusters

ot
(mostly jets), and those clusters are dominated by simmgjgdr-particle clusters; hydro-medium
contribution to trigger particle population should be sm#Ve note that jet-correlation functions
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are usually normalized by total number of trigger partidleduding those from hydro-medium
background.

If particle correlation in clusters does not vary with clrsaxis relative to the reaction plane,
elliptic flow of particles from clusters is given by Eq. (2)16r

V2{2}a = V2{2} ¢ (COS D) - (3.16)
Therefore N LN
_ Nhy clNa
Vohg = Nbgv2{2}hy+; Nog V2{2} ¢ (COS D). (3.17)

4. Jet-backgroundv; is the reaction planev;

Obviously, the elliptic flow in Eqg. (3.14) or (3.17) containst only the two-particle anisotropy
relative to the reaction plane, but also non-flow relatechtgudar spread of clusters. How to obtain
the elliptic flow as in Eq. (3.14) or (3.17)? In Section 2, wedderived Eq. (2.22) for two-particle
v2{2} in the cluster approach. The quantity in the first pair of ptiveses in r.h.s. of Eq. (2.22) is
elliptic flow due to correlation with respect to the reactmane. The second term in the r.h.s. arises
from cluster correlation. Since elliptic flow is formally fiteed to be relative to the reaction plane,
the firsttermin r.h.s. of Eq. (2.22) may be considered a®"taliiptic flow (except flow fluctuation
effect), voriow. The second term in r.h.s. of Eq. (2.22) can be consideredmslow, V2 non—fiow;
non-flow is due to correlations between particles from tmeesdijet or the same cluster. Eq. (2.22)
can be expressed into

V%{Z} = V%,ﬂow + V%.nomflow- (4.1)

Comparing Eq. (2.22) with Eq. (3.14), we see that

V2 bg = V2 flow; (4.2)

i.e., the quantity in the first pair of parentheses in r.H.E@ (2.22) is thes, parameter in Eq. (3.14)
that is needed in constructing jet-correlation backgroundother words, elliptic flow parameter
that should be used in jet-correlation flow background is‘thee” two-patrticle elliptic flow (i.e.,
due to the reaction plane and including fluctuation).

5. Monte Carlo checks

In this section, we verify our analytical results by Monteri@asimulations. We generate
events consisting of three components. One component i®+mddium particles according to
Eg. (3.1), given hydro-particles elliptic flow parameter,, and Poisson distributed number of
hydro-particles with average multiplicitiny. The second component is clusters, given cluster
elliptic flow parameten, and fixed number of clustens; each cluster is made of particles
with Poisson multiplicity distribution with averadéd, and Gaussian azimuth spread around cluster
axis with gz. The third component is trigger particles with accompagyassociated particles; the

10
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trigger particle multiplicity is Poisson with averadjg, and the elliptic flow parameter is;. The
associated particles are generated for each trigger lgabtjccorrelation function:

~ Nos(@) ex [_ (Ap)? }—F

f(Ap,@) = C(q) +

\/ETUnS((h) 20}%((2})
Nas(@) (bp— T+ 6(@))° (bp— - 6(@))°
V2noad ) (exp @ | @ )

where the near- and away-side associated particle maitipt are Poisson with averagﬂﬁs((ﬁ)
and Nas(qﬁ), respectively. The Gaussian widths of the near- and avwdey/fstaks are fixed, and the
two away-side symmetric peaks are set equal and their s&paisa fixed. All parameters in the
jet-correlation function of Eq. (5.1) can be dependent enttigger particle azimuth relative to the
reaction planeg.

We first verify Eq. (2.22) by generating events with hydrotisgtes and jet-correlated parti-
cles. (We do not include other clusters except jet-conaiat) We useN,y = 150, vo hy = 0.05,
andN; = 2, vo; = 0.5. We use the large trigger particle in order to maximize the effect of
non-flow. For jet-correlation function, we generate bamhack dijet withNps= 0.7, Nas = 1.2,
Ons = 0.4, 0,5= 0.7, and@ = 0 (referred to as dijet model). We fix in the simulation, i.e.y»
fluctuation is not included. We simulate ®8vents and calculatg{2} = (cos 2\@;). Including
only hydro-particles, we obtaiw {2}y = 0.05005+ 0.00009, consistent with the input. Includ-
ing all simulated events and all particles (hydro-particénd jet-correlated particles), we obtain
v2{2}inc = 0.05560+ 0.00008. Using triggered events (events containing at le@strigger parti-
cle) only, we obtain/{2}ig_evt = 0.05642+0.00008. Using triggered events but excluding one
dijet at a time (i.e., using the underlying background ewéiiie dijet) and repeating over all dijets
in the event, we obtaim, {2}y = 0.05568+ 0.00008. We see that the backgroundis as same
as that obtained from inclusive events{2}pg = V2{2}inc, and both are smaller than that from
triggered events only.

We can in fact predict the inclusive eventby Eq. (3.17) using the “hydro + dijet” model.

The average/(cos A ) of jet-correlated particle pairs within the same dijetigcos ;) ot =
(cos \@) jet = 0.5054=+0.0004. This is consistent with the expected value

(COS\P) jet = exp(—207) + exp(—20%) cos D = 0.5046

Nhs
N Nas an Nas
where 8 = 0. The average/(cos A\@;) of pairs of particles from different dijets iSZb16+
0.0008; it equals t®2{2} 4 jet = V21 (COS N\@) jet = 0.5x 0.5046=0.2523. The average/ (cos D\@;)
for cross-talk pairs of background particle and jet-cated particle is 10064+ 0.00004; and it
equals to the expected valygvo{2}hyVo (COS D) jer = v/0.05% 0.5 x 0.5046=0.1123. The in-
clusive event two-particle elliptic flow parameter is

150 3.8 2 2%x1.92
Vo{2} = \/ 1538 5+ Tra5 02523> +W(O.50542—0.252§)_0.05553,

this is indeed consistent with{2}inc or vo{2}pq obtained from simulation.
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We now verify EqQ. (3.14) or (3.17) as the corregtto be used for jet-correlation background
subtraction. We generate Poisson distributed hydrogbestiwith average multiplicityN,, = 150
and fixed elliptic flow parametes hy = 0.05. We generate Poisson distributed trigger particles with
average trigger particle multipliciti; = 2.0; we use different jet-correlation functions (discussed
below). We also include clusters that do not have triggetigdas (referred to as minijet clusters);
the particle multiplicity per minijet cluster is Poissorsttibuted with averagel, = 5, and the num-
ber of minijet clusters is fixed dd.; we fix the cluster shape to be Gaussian with width= 0.5
(and average angular sprefms N\g)y = exp(—202) = 0.6065), and also fix the cluster elliptic
flow parametew, ¢ = 0.20. We simulate 1Devents and form raw correlation functions normalized
by the number of trigger particles. In order to extract thed beckgrounds, from the simulations,
we subtract the input jet-correlation function. If the getrrelation function varies with the trigger
particle angle relative to the reaction plane, the triggeltiplicity weighted average jet-correlation
function is subtracted. We fit the resultant background tiondo B (1+ 2v2; V- it COS A@) where
B andv, st are fit parameters. We treat the inpyt as known; we did not include any complication
into v2t. We compare the fitz 5t to the calculated one by Eq. (3.14) or (3.17). We study sévera
cases with different shapes for jet-correlation functiaswell as varying values for some of the
input parameters:

() “hydro + dijet” model: we generate back-to-back dijeteampanying trigger particles, with-
out other clusters. The calculat@glyg by Eq. (3.17) isvapg = 7 x 0.05+ 2519 % 0.5 %
0.5046= 0.05500.

(ii) “hydro + minijet + dijet” model: we include minijet clusrs in addition to (i). The calculated
Vapg by EQ. (3.17) isvopg = sk x 0.05+ 3530 x 0.2 x 0.6065+ 2512 x 0.5 x 0.5046=
0.07126.

(i) “hydro + minijet + near-side + away-side double-peakibdel: we generate jet-correlated
particles by correlation function with double-peak awaedo replicate the experimentally
measured reaction-plane averaged dihadron correlatiartifun [13, 14]. We used the same
Gaussian parameters for the correlation peaks as in (§ bul, thus(cos 2¢) jet = 0.1689.
The calculated’, ng by EQ. (3.17) is/zpg = 553% x 0.05+ 35219 x 0.2 x 0.6065+ 5512 x 0.5 x
0.1689=0.06813.

(iv) “hydro + minijet + near-side + reaction-plane depertdmmay-side double-peak” model: we
include reaction-plane dependent jet-correlation fumcsimilar to preliminary experimental
data [11]. We have to use Eq. (3.14) to calculatgy, which givesv,pg = % x 0.05+
2212 % 0.2 x 0.6065+ Z5LLt % 0.1423= 0.06910. Note that, in this simulation of reaction-
plane dependent jet-correlation signal, the number ofgetelated particles is not 1.9, but
rather 1.74. Also note that, due to the reaction-plane digray of the jet-correlation signal,
the elliptic anisotropy of jet-correlated particles canbe factorized into the product of the
trigger particle elliptic flow and the average angular sgrefthe jet-correlation signal as in
Eq. 2.15, but has to be calculated by Eq. 2.13.

We list our comparison in Table 1. The fif 5 is supposed to be the real backgroundy.
The fit errors are due to statistical fluctuations in the satioh. As can be seen, the calculated
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Table 1: Monte Carlo verification of analytical results of elliptiof parameter to be used in jet-correlation
background. Hydro-particle multiplicity, trigger patécmultiplicity, jet-correlated near- and away-side
multiplicities, and particle multiplicity per minijet chier are all generated with Poisson distributions, with
averagedNny, Ni, Nns, Nas, andN,, respectively, while number of minijet clusters is fixedMg The jet-
correlation function is given by Eq. (5.1), with near- andgvwside Gaussian width fixed to logs= 0.4 and
0gas = 0.7, respectively. The minijet cluster Gaussian width is fitk@d,; = 0.5. The elliptic flow parameters
for hydro-particles, trigger particles, and clusters\aig, vo, andvo ¢, respectively, and are fixed over all
events without fluctuation. We udgy = 150,N; = 2,Na = 5, vo hy = 0.05, andv, o = 0.20. Four cases are
studied; the parameters for the cases are, respectielNg @= 0, Vo = 0.5,C = 0, Nns = 0.7, Nas = 1.2,
Ons= 0.4, 0as= 0.7, and@ = 0; (ii) Ngy = 10,V = 0.5,C =0,Nps=0.7,Nas= 1.2, Ons = 0.4, 055 = 0.7,
and@ = 0; (i) Ngy = 10,vot =0.5,C =0, Nns= 0.7, Nas = 1.2, 0ns = 0.4, 0as = 0.7, and6 = 1; and (iv)
Ng =10,v2;1 =0.1,C=0,Nps =0.7,Nas = 1.2, Ons = 0.4, 0as= 0.7, andf = 1.

Case vo{2} Vo fit Calculatedv, pg
() hydro + dijet 0.05557(8) 0.05505(8) 0.05500
(i) hydro + minijet + dijet 0.08465(6) 0.07115(8) 0.07126
(i) hydro + minijet + near-side +
away-side double-peak 0.08172(6) 0.06815(8) 0.06813

(iv) hydro + minijet + near-side +
reaction-plane dependent away-side  0.08279  0.06883(35) .06900
double-peak + clusters

Vo g reproduces the real backgroumsh,g in every case. The g values differ from the hydro-
backgroundv, due to contributions from cross-talks between clusteredation and cluster flow.
Also shown in Table 1 are the two-particlg{2} from all pairs in inclusive events. The{2}
values differ fromv, ,y due to non-flow contributions between particles from theesdijet or the
same cluster.

Figure 1(a) shows the raw correlation function for casé &iid flow background using the
calculatedv, hg and normalized by ZYA1. Figure 1(b) shows the ZYAl-backgmbsubtracted jet-
correlation function, using the calculategl,g by Eq. 3.14 for flow background. The background-
subtracted jet-correlation is compared to the input sigAalshown in Fig. 1(b), the shapes of the
input signal and extracted signal are the same, which isurptising because the calculateghg
is the correct value to use in flow background subtractione idughly constant offset is due to
ZYAl-normalization.

6. How to “measure” jet-correlation background (reaction plane) v

Two-particle angular correlation is analyzed by STAR anddésomposed into two compo-
nents [12]: one is the azimuth quadrupole{2D}, that is due to correlations of particles to a
common source, the reaction plane; the other is minijetetation that is due to angular correla-
tion between particles from the same minijet or the sameaeanuBroperly decomposed, the azimuth
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Figure 1: (Color online) (a) Simulated raw correlation from the “hgdr minijet + near-side + away-side
double-peak” model, Case (iii) in Table 1. ZYAl-normalifémiv-background using the calculteglyg is
shown as the red histogram. (b) Background-subtractezbjeelation (black data points) compared to the
input correlation signal (red histogram). The backgrousebithe calculated g and is normalized to signal
by ZYAl. The input signal shifted down by a constant is showthie blue histogram. (c) As same as (b)
except the subtracted background uses the decompggeid}.

guadrupole should correspond to the first term in r.h.s. of{E£82),

N Ny N
Vo{2D} = N—EZVZ{Z}hy—i—Z SbgaVZ{Z}a' (6.1)
Ci

This is identical to Eq. (3.14). That is, the elliptic flow pareter from a proper 2D quadrupole-
minijet decomposition is exactly what is needed for jetretation background calculation. De-
composition of minijet correlation and flow, assuming thediional form for minijet correlation,
has been carried out by STAR as a function of centrality keltioing all pr [12]. One may restrict
to narrow pr windows to obtainv,{2D} as a function ofpr, however, statistics can quickly run
out with increasingpt because the 2D decomposition method requires particls. pair

Figure 1(c) shows the ZYAl-background subtracted jetetation function, using the de-
composed/,{2D} from the simulation data for flow background. The backgresabtracted jet-
correlation is compared to the input signal. The shapeseoinut signal and the extracted signal
are the same, which demonstrates that the decompg$@b} is close to the input elliptic flow
value. Again, the roughly constant offset is due to ZYAlmalization.

One natural question to ask is why not to decompose jetdetior and jet-background di-
rectly from high{r triggered correlation function. One obvious reason isjetatorrelation shape
is unknown a priori, thus one cannot simply fit triggered etation to a given functional form.
However, even when the functional form of jet-correlatiaggnal is known, as is the case in our
simulation, we found that the decomposed jet-correlatignat shape deviates significantly from
the input one. This is because the jet-correlation signabiorthogonal to flow background, but
rather entangled, both with near- and away-side peaks, @amtklone can get false minimyyd in
decomposing the two components with limited statistics.

7. Implications and Summary

In experimental analysis, values from various methods have been used for jet-caoelat
background. STAR used the average of the reaction pla§fRP} and the four-particle,{4} and
used the range between them (or betwegf?} andv,{4}) as systematic uncertainties [15, 9].
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The reaction plang{RP} and the two-particle,{2} contain significant non-flow contributions,
while the non-flow contributions are significantly reducadhe four particle,{4}. On the other
hand, any, fluctuation reduces,{4}. The recently measureg{2D} magnitudes from STAR
are similar to thes,{4} results, suggesting that the usedvalues for background calculation are
too large, by about & systematic uncertainty. PHENIX used results from the reaction plane
method where the reaction plane is determined by partiglesral units of pseudo-rapidity away
from particles used in jet-correlation analysis. Some lotiai non-flow is removed; the remaining
non-flow may be dominated by the long ranye correlation (ridge) observed in non-peripheral
heavy-ion collisions [15, 16, 17]. Thus the values used by PHENIX for background calculation
are also too large.

In summary, we have derived an analytical form for jet-cdatren flow-background in a clus-
ter approach. We argue that the elliptic fleywparameter to be used in jet-correlation background
is that from two-particle method excluding non-flow cortela unrelated to the reaction plane, but
including cross-terms between cluster correlation angtetuflow. We verify our result by Monte
Carlo simulation for various jet-correlation signal sheps well as varying other input parameters
to the simulation. We demonstrate that theparameter to use in jet-correlation flow background
is as same as the{2D} from a proper 2D quadrupole-minijet decomposition of tvastigle an-
gular correlation. However, we note that 2D quadrupoleijgtiiecomposition requires a model
for minijet correlation shape, which gives rise to systamancertainty on the extracted{2D}.
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