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star Jets with di-hadron correlations in heavy-ion collisions

4+ Jets interact with colored matter and lose their energy : jet quenching
» probe energy loss mechanisms in the QGP

4<th<6 2<pra<prt (GeV/C)

Ty rrrroyr T T T I T T T T

e d+Au FTPC- Au 0-20%

0.2—
- k- — p+p min. bias SSTAR

* Au+Au Central

4+ high-pr : disappearance of back-to-back jet-
like peak in central Au+Au collisions
» jet suppression in the QGP

1/Ntriaaer AN/d(Ad)

STAR, PRL 91, 072304 (2003) A ¢ (radians)
only v2 subtraction

4+ low-pr : enhanced yield on both near and _ ' PHENIX, PRC 78, 014901 (2008)
: .. <
away side compared to p+p collisions <0.4
=
» re-distribution of deposited energy 7
=0.2
3

only v2 subtraction
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st Event plane and higher order flow harmonics

4+ Spatial anisotropy due to almond-like shape and event-by-event fluctuations
of overlapping region of nuclei in non-central heavy-ion collisions

4+ Deformation converted into momentum space by collective motion (flow)
> azimuthal anisotropy

azimuthal distribution : %Y « 1+ > 20, cosn(¢ — Ty,)

do -
1 ) w;sin(ng;)

n-th order event plane : ¥, =

n S w; cos(ng;)
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star Event plane dependent di-hadron correlations

STAR, PRC 89, 041901 (2014)

®s : trigger angle with respect to event plane (=¢-W») V2, V3, V4 subtracted
in-plane < » out-of-plane
- ¢, =0°-15° 15°-30° 30°-45° 45°-60° 60°-75° 75°-90°
3 03 Au+Au 200 GeV, 20-60%, 3<p.'<4 GeV/c, 1<p\"<2 GeV/c, Inl<1  |An|>0.7 | Au+Au 200GeV
= 02 T T d+Au 200GeV
AE" 0.1 ] ) W= o
5 Oi T g i s et
. I T L L T L
A(p:q)asso'q)trig
+ Possibility of control in-medium path length of jets path length difference
+ EP dependence of jet-medium interactions *
» Single peak in the away side with the in-plane trigger E
. . EP ! —
» Away-side peak becomes lower and broadened as trigger p ‘ i O
. . . : @Q
direction changes from in-plane to out-of-plane :
9}: C;,ﬁgff nGt:Ja\l’/'C i
10° v
et DR >
3 short
56l o
hA |
ridge’s v Rest of this talk : |An|<1 » jet cone AND away-side are focused on

STAR, PRC 80, 064912 (2009)
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star Event plane dependent di-hadron correlations

STAR, PRC 89, 041901 (2014)

¢s : trigger angle with respect to event plane (=¢-W>) V2, V3, V4 subtracted

A

» out-of-plane

in-plane <

=0°-15° 15°-30°

30°-45° 45°-60° 60°-75° 75°-90°

o O 9
- N W

o
|
1

Au+Au 200 GeV, 20-60%, 3<p$)<4 GeV/c, 1<p(Ta)<2 GeV/c, i<l |An|>0.7 Au+Au 200GeV
d+Au 200GeV

—4 [ S —

o
—

+ Possibility of control in-medium path length of jets
+ EP dependence of jet-medium interactions
» Single peak in the away side with the in-plane trigger
» Away-side peak becomes lower and broadened as trigger
direction changes from in-plane to out-of-plane

Au+Au central
3<p,"<4 GeVic

10°
534
;Esz;
o 51
< 50+
© 49

Rest of this talk : |An|<1 P jet cone AND away-side are focused on

2 J7Tas

STAR, PRC 80, 064912 (2009)
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stir Event plane dependent di-hadron correlations

STAR, PRC 89, 041901 (2014)

®s : trigger angle with respect to event plane (=¢-W») V2, V3, V4 subtracted

¢, =0°-15° 15°-30°

» out-of-plane

in-plane <

30°-45° 45°-60° 60°-75° 75°-90°

o
w

o
|

Au+Au 200 GeV, 20-60%, 3<p <4 GeV/c, 1<p ~<2 GeV/c, Inl<1  |An|>0.

—
7 1 Au+Au 200GeV
d+Au 200GeV
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N [ 2
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[ |

+ Possibility of control in-medium path length of jets
+ EP dependence of jet-medium interactions
» Single peak in the away side with the in-plane trigger
» Away-side peak becomes lower and broadened as trigger
direction changes from in-plane to out-of-plane

Au+Au central
3<p,"<4 GeVic

10°
534
?SZ;
T 517
< 50+
© 49

Rest of this talk : |An|<1 P jet cone AND away-side are focused on

2 J7Tas

STAR, PRC 80, 064912 (2009)
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R Event shape engineering (ESE)

NS
S20  ANaReS
R BRI
A R T
[ RS

+ Selection of event-by-event flow amplitude
» event-by-event vz largely fluctuates in a fixed centrality bin
» control fluctuating v2 by selecting the magnitude of flow vector g2

» Possibility to control the initial geometry
J.Schukraft, A.Timmins and S.A.Voloshin, PLB 719 (2013), 394-398

Q2. = sz cos(2¢;)/ sz

correlation between g2 and €2

Qoy =Y w;sin(2¢:)/1/ > w o (©) 06 ;me
_ 2 2 . i
42 = \/QQ,:I; + QQ,y T
_ | —3000
w; : weighting factor :cés 0.4 .
c N
A.M.Poskanzer, S.A.Voloshin, T 4 —2000
PRC 58 (1998), 1671-1678 w ]
0.2 AMPT m|
N v? —y?) {100
initial eccentricity €2 = -— 5 Pb+Pb at 2.76TeV -
<x + Y > b=8fm .
% 01 02 03
q2 J.Jia, P.Huo,

PRC 90 (2014), 034915

Separation of volume effect and geometry effect could be allowed
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4+ Combination of centrality selection and event shape engineering allows control
of the initial geometry while keeping the average energy density (multiplicity)
fixed
» Study difference of jet modification in medium expansion

4+ Di-hadron correlations with event shape engineering allow new differential
insight into energy loss mechanisms as a function of initial energy and shape
» Detailed information which was previously averaged out

4+ Analysis with minimum-bias Au+Au at Vsnny = 200 GeV data collected by
STAR in 2011

R. Aoyama, Quark and Nuclear Physics @Tsukuba 6 /12



TPC
two-particle
correlations

0 0.5

4 Event Plane W,

4 vh measurement via EP method

4+ Two-particle correlations

real
C(AQS) OC Npai’r (A¢)

]VWnﬂr(Z&¢0

pair

trigger angle selection w.r.t. EP

associate \

4+ g2 selection
» bottom 20% and top 20%

u) T T T T I T T T T I T T T
"GEJ 10° Au+Au \sy, =200 GeV _ LIJ
0 0-5% Ps = P-W2
()] . STAR preliminary
"6 10 — q, unbiased
3+ B o, top 20%

4] in-plane

. q,_ bottom 20%
2

IIIIII|_|_| IIIIII|_|_| IIIIII|_|_| IIIIII|_|_| II_

out-of-plane
Background subtraction :

assuming ZYAM with inclusive-triggered correlations
< > and subtract v2, v3 and va contributions
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ope. 0-5% 5-10% 1L 10-20% 1L 20-30% 1L 30-40% 1L 40-50% 1L 50-60% _

| Auru [ =200 Gov 5 ﬁ ﬁ f ﬁ ]

02 STAR preliminary T T g
| .

' [® g top 20% E

0.15 ?

o b ® g, bottom 20% I E ﬂ" 5 I E

> . |® g _inclusive
| 2

0.1 1+

0.05F

eIy | | | |

z o0y T Tes g Tee g e d Jresd 1% i

N>N O 01234501234501234501234501234 5
p. (GeV/c)

4+ v2 is measured via event plane method with TPC-EP with taking 1.0 n gap
4+ 20% largest and smallest g2 vectors are selected with the same region as TPC-EP
4+ Top 20% g2 selection leads to ~10% larger v2 events

4+ Bottom 20% g2 selection leads to ~8% smaller v2 events
R. Aoyama, Quark and Nuclear Physics @Tsukuba 8 /12 I
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star Polar representation of correlated yield

Au+Auys,, =200 GeV 30-40%
pEI' ® p'T'=4-1O® 1-2 (GeV/C) LI I LILELIL I LI I LILEL ISI-I-IAIRI P[lellirr]ilnlaer =

STAR preliminary 5 fAu+Auys, = 200 GeV | .
P 2 radial axis = 1/N'dN®/dA¢ ¥ NN ! :
0.8£30-40%, P Xxp =4-10x1-2 (GeV/c) -
) = ! “eq. top 20% E
) _ \II\ < 06: I ° o :
“ v RNy 0 [ —#-q, bottom 20%
> =\ /\\ _ cU\ 04:' E : -
A Z oz o e
) W % A E=_I_I'L=_ "I
> N 0 O@=E
‘ N\ = - I I )
WJ ‘W Z | .
A JL : _02_ : I E
- ’o _0.4;_ | I -2:”: . : —;
- -\ \ _()6E trlgger :T<¢S<F : _
\ [ | I | . | I 1. 1 11 I 1. 1 11 I 1. 1 11 I 1. 1 11 I 1 1 1+
—1 0 1 2 3 4
trigger ! b <me 3z
B E 2 A¢=¢2-¢t (rad)

4+ Two axes should be considered : back-to-back trigger axis and EP axis

>~ Polar representations are displayed so that the correlation shapes are visually clear
4+ Relative angle A¢ starts from red line and rotate toward counter-clockwise direction
4+ The amplitudes of correlated yield correspond to the radius
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star Polar representation of correlated yield

Au+Auyfs,, =200 GeV 30-40%
Pl ® p2=4-10® 1-2 (GeVrc) STAR preliminary

IIIIIIIIIIIIIIIIIIIIIII'IIIIIIII-
" -

STAR preliminary fAu+Auys, = 200 GeV ' .
2 radial axis = 1/N'dN"®/dA¢ N ! ;

0.8£30-40%, P xp;=4-10x1-2 (GeV/c) 5

B q, top 20% h
d, bottom 20%

\ \

\d ‘ [ ] — -

§A . .. -
s ols |7 it EanEREE.
:-;:’:'J :
"’\( \

trigger :'ZT“<¢S<§

10 1 2 3 4
trigger : =% b <me 3z
gger =g=<d <z T Ap=0¢2-¢t (rad)

\

4+ Two axes should be considered : back-to-back trigger axis and EP axis

>~ Polar representations are displayed so that the correlation shapes are visually clear
4+ Relative angle A¢ starts from red line and rotate toward counter-clockwise direction
4+ The amplitudes of correlated yield correspond to the radius
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star Polar representation of correlated yield

Au+Auyfs,, =200 GeV 30-40%
Pl ® p2=4-10® 1-2 (GeVrc) STAR preliminary

IIIIIIIIIIIIIIIIIIIIIII'IIIIIIII-
" -

STAR preliminary fAu+Auys, = 200 GeV ' .
2 radial axis = 1/N'dN"®/dA¢ N ! ;

0.8£30-40%, P xp;=4-10x1-2 (GeV/c) 5

B q, top 20% h
' g, bottom 20%

Q /\

X 1 $2-0>0
S | A

o

N | _uggeelietn g
1W ) k
A’:“ 3 . E

. trigger : 'ZT“<¢S<§ . :

1 0 1 2 3 4

’/
— - \

trigger

\

-t 3

: =27
trigger : z=<¢.<= 7 Adp=¢2-¢t (rad)

4+ Two axes should be considered : back-to-back trigger axis and EP axis

>~ Polar representations are displayed so that the correlation shapes are visually clear
4+ Relative angle A¢ starts from red line and rotate toward counter-clockwise direction
4+ The amplitudes of correlated yield correspond to the radius
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star Polar representation of correlated yield

Au+Au \/SNN =200 GeV 30-40%
p. ® p2=4-10 ® 1-2 (GeVic)

JT

STAR preliminary 5

\

trigger :'ZT“<¢S<§ %

trigger

zero-yield baseline

Hradial axis = 1/N'dN®/dA¢

/
- <! %
! / N v
.: AN

STAR preliminary

)-IIIIIIIIIIIIIIIIIIIIIIIlIIIIIIII-

1Au+Au |5, = 200 GeV

trigger

0.8:30-40%, P xp3=4-10x1-2 (GeV/c) -
E q, top 20% h
d, bottom 20%

{ . .
Ap=¢*-¢* (rad)

1

2

4+ Two axes should be considered : back-to-back trigger axis and EP axis
>~ Polar representations are displayed so that the correlation shapes are visually clear

4+ Relative angle A¢ starts from red line and rotate toward counter-clockwise direction

4+ The amplitudes of correlated yield correspond to the radius

3

4
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Trigger angle dependence

Au+Au \s =200 GeV  30-40% P. ® p;=4-10® 1-2 (GeV/c) STAR preliminary

3 radial axis = 1/NAN®/dAp 2 Fe4q, top 20%

- Elq bottom 20%
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-4 -3n 3n : -3 -2 3x rlgger n trigger . -7 3x
trigger :T<¢S<T = tl"lgger trigger :T<¢S<T = trigger : T<¢s< trigger :?<¢S<O =
out-of-plane trigger < » in-plane trigger
4+ Near side

» No difference between large-g2 and small-g2 events with trigger out-of-plane
» Peak height is enhanced with going to in-plane trigger
» The enhancement is larger in large-g2 events

4+ Away side
» Peak is almost fully suppressed with trigger out-of-plane both in large-g2> and small-q2
events and remnant yield in the EP direction has g2 dependence
» Peak height is enhanced with going to in-plane trigger
= Low-pr particles preferentially escape toward in-plane direction?

R. Aoyama, Quark and Nuclear Physics @Tsukuba 10/12



siar Centrality dependence

t a_ . .
Au+Au \/SNN =200 GeV pT X pT—4-1 o®1-2 (GeV/c) STAR prehmmary %} tbooﬁt(zjt)n/zoo/o

13
NIA

Z
2

0-10% 10-40% ~ 40-60%

,./” <\‘\\
\\\

A R

x T2
\ Q- | !

n .“ X LN \ \ 0
o % V' ) ¢ 3 \ y ! \)
A S MNN E Y5 )

-x- \“\\ peig A Sy A~ A&,‘ e,
/»\’ \e\ﬂ‘- N i . »' ) 3///
[ Arigger <[5 Aigger <1 trigger
3x - . 3 . . -—/t ta
trigger : Zhep <5 2 Mid-plane trigger = radial axis = 1/NdN“/dA¢
central peripheral

4+ See how shifting of away-side peak depends on centrality and q2
4+ Larger shift in large g2 events

4 g2 dependence is stronger in central events

4+ No g2 dependence in peripheral events

B> Related to path-length or initial eccentricity?

R. Aoyama, Quark and Nuclear Physics @ Tsukuba 11/12
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4+ Di-hadron correlations with respect to the event plane with event shape
engineering at the STAR experiment

» Separation between and small-g2 events enhances difference of
correlation shape while preserving average multiplicity in central and mid-central
collisions

= new handle to differentially study partonic energy loss mechanisms

4+ Future work
» Near- and away-side structure will be quantitatively discussed
» Experimental results will be compared with some models

R. Aoyama, Quark and Nuclear Physics @Tsukuba 12/12
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siar Correlations with g2 selection

thxpTa—4 10x2-4 (GeV/c) thxpTa 4-10x1-2 (GeV/c)

(D AB<pe<3B | | -ATUB<pe<-3rV8
0.2- out-of-plane 1 0.5" ~ out-of-plane -
: STAR preliminary . i E STAR preliminary'
ot B 5 o
R B
S ot e o8 E%E@@;@g@&iﬂ Opsta @@'E """" B “%E
50-2:‘ @ in-plane ‘:O.5j @ in-pliane ]
s . B
0.1t . 1 ﬁ ; e
Al "I I A foli
o e o o g, ....... @
"-"1"'0T1 s34 01234
EP direction AP=Passo-Prrig

4+ High-pr particles penetrate more with short path length
4+ Low-pt particles are pushed toward in-plane direction and this effect is stronger in large g2

B> path-length dependent yield on the away side

R. Aoyama, Quark and Nuclear Physics @ Tsukuba 14/12
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0.8 Au+Auys,, =200 GeV 0-10% F ! 10-40% 1F | 40-60% 1
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o e
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Mid-plane trigger 3

p. ®p =4-10® 1-2 (GeV/c)

STAR preliminary

o q, top 20%
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30-40%
82 STAR preliminary
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trigger :'-%E<¢S<
| | ]

Feq, top 20%
E q, bottom 20%

0
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trigger ::g<¢s<0

N
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sar Correlations before flow subtraction and EP correction

Au+Au |s,, = 200 GeV
20-30%, w/o g2 selection
prixp1@=4-10x2-4 (GeV/c)

e raw data
— background function (vo@®vi®va)

out-of-plane < » in-plane inclusive
| 8_ d)' | ®I®I | | II | @@I | | II | -- @@I | | I! | -- | E | | I: | -
.6 - >0 STAR prellmlnary ' | T ! 1 ! ! 1
»e_~|.4 <Ds<0 -
< .2 |

5;; xi\.f&&%# ﬁf P AT AR
SO I D e R I -
-—1 0O 1 F 3 4‘ —I1I‘II -10 1234 10 ‘II 2 3 —I1CI)‘II 2 3 4 |

EP direction Ad=Passo-Prrig ZYAM

4+ Correlation shape
» Left/Right mirror symmetric trigger selection w.r.t. EP leads to mirror-imaged
distributions on the away side
4+ Flow background subtraction
» Background shape is determined by data-driven simulation
» Background level is determined by inclusive trigger data with ZYAM assumption
4+ Correction of trigger smearing effect

» Smearing of trigger particle’s angle due to limited EP resolution is corrected with
unfolding method after flow subtraction

R. Aoyama, Quark and Nuclear Physics @ Tsukuba 17/12



Au+Au s, =200 GeV out-of-plane « » in-plane

10-40% D@ 3B<Ip<d8 (27 2rB<IpI<BUB[3® | WB<IPI<2B (2B :  O<ipsl<ry8 ]
0.5 T |prxpr=4-10x1-2(GeVig)| |t & '
~ | u ] ] s
A E:I _— : . . =
S T - T T L
£ = i mm b m = o=l == ==
O A RREAS LA REER AR LR RS R (MRS R IS R LI IR A IR L I M L IR RRRRS RRRRE AR MRS LR T
@ | STARpreliminary : prixpr?=4-10x2-4 (GeV/c)
=0.2F $s<0 E : -
S . -
0.1t i : i
L ! ! . 5
L oy "3 | ge | ® I |
O|_lul _1_ SpelinBega™ Paeulges” . _ _ii.“ll!lﬂ'_lll gae- - _I.i!.il._l ooy I!I_ I
ST T eI Tow: Nrs ot PP s vo RO UUT vl JOTTovit FUuet VOTIE Tty
-101234 10 1 2 4 10 1 2 3
A(P:q)asso'q)trig

4+ Amplitudes increase as going to in-plane trigger on both near and away side
4+ Left/Right separation leads to asymmetric path length

» averaged out in the previous measurement
4+ Away-side particles pushed toward in-plane direction

B> path-length dependent jet modification

R. Aoyama, Quark and Nuclear Physics @Tsukuba 18/12




Au+Au \s,, = 200 GeV
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4+ Amplitudes increase as going to in-plane trigger on both near and away side
4+ Left/Right separation leads to asymmetric path length

» averaged out in the previous measurement
4+ Away-side particles pushed toward in-plane direction

B> path-length dependent jet modification
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star Resolution of EP

Au+Au \/ Sy = 200 GeV

;,: 1:— STAR preliminary c_;: 1T STAR preliminary (_:,_: 1T STAR preliminary
}N 0.8 . :,B-* 0.8 ; mB; 0.8 ® qop20% |-
8w | o | CRR bottorn 20%| -
= i 1 B i ° 9 1

% 0.6~ J 1 & 0.6 1 F 0.6 ® g inclusive |~
o [ ° ° o o | o - |
S 0.4 ° 1 8 04 1 8 04 ]
~ PS ° ° i ~ i | ~ i ]
L [ ) | L | n i

0.2; ° . . 0.2°° ° ° 8 0.2 ]

: \ \ I: : \ \ . ° \ I: :.. . \ . \ . I:

20 40 60 80 ® 20 20 60 80 & 20 4o 6080

centrality (%) centrality (%) centrality (%)

EP resolution via 3 sub-event method

Res{WA} — \/ cosn \Df:m écgsggf - 05))

>
-1.0 -0.5 -0.2 0.2 0.5 1.0

EP determination
gz selection

Res{W¥,"} is shown in the upper figure
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star Data-driven flow MC simulation

Reconstruct flow distribution by Monte Carlo simulation

Input parameter : vz, Vs, V4, X42, and Res{W>}

and Wy
2. make flow distribution which reproduce vn

trigger particles angle

1. generate Wy, W3 at random and W4 with considering correlation between Wo

3. smear trigger particle’s angle with probability distribution when selecting

4. generate particles at random along the flow distribution and calculate A¢

examp

le of probability distributions of AW

Probability distribution can be written with xn which is
calculated with following formula :

2 2
obs real ﬁ 2 /4 Xn Xn
<Cos[l~m(\11n 2 )]> = —2\/§Xn€ Xn/ [I(k—l)/Q (Z) + L(k—1)/2 (Z)]

214z Vx{14Ed(2))e"]

1
x°

0.6
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e Trigger smearing correction via fitting method

Assuming the associate-particles yield are distributed with respect to the event plane, we can
correct the effect of trigger smearing due to the limited event-plane resolution which is similar
to the resolution correction in the flow measurement of the single particles.

dN1—|—PTY
d(¢* — ¥s)

=14+ Y(¢s, A0) t t
14200 cos 2y + Ag) +20) cosd(gy + Ag) .y 2T AOT 07 D) (0T =0

= % — Wy

Applying a Fourier fitting eq.(3) to 1+Y(¢ds,Ad) as a function of ¢s with a phase shift A}, vnY
can be determined and the azimuthal distributions can be corrected with corrected vnY by the
event-plane resolution eq.(5).

le—I—PTY ’UY ’UY
cor = 1422 cos2(ps + Ag) + 2— cosd(ds + Ag) ...(2)
d(¢* — ¥s) 02 042

F(¢s)™ ™™ =1+ 205% cos 2(¢s + Ap) + 205" cos 4(¢ps + Agp) ...(3)

F(ps)" =1+ 27}2 cos2(¢s + Ag) + 2?}4 cosd(os + Agp) ...(4)
g2 042
cor B F<¢S)COT | i O'2=<COS2(L|J2°bS-L|J2reaI)>
1 + Y <§b87 A(b) T F(¢s)7~aw (1 -+ Y (qu? A¢)) (5) 0-42=<COS4(L|J20bs_L|J2reaI)>

PHENIX, PRC 84 (2011) 024904
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sar Trigger smearing correction via iteration method

bin-by-bin iterative unfolding correction method for Y(A®,¢s) Yraw : yield before correction
O : offset
input A : n-th corrected data
(raw data) + offset B(" : n-th smeared correlation
C( : n-th correction function
AL) = Yraw+Q X,y : index of A and @s
Yeor: yield after correction

smear (n-1)-th corrected data
for s direction
with using probability distribution (P.21)

B(n = SAM-1)

make correction function
((n-1)-th corrected data) / (n-th smeared data)

C(x,y) = A1(x,y)/BM(x,y)

iteration
i correction of raw data smooth correction function
with n-th correction function with neighboring bins
AM(x,y) = CO(x,y)*AO(x,y) with using smoothing parameter |

C(x,y) = pap{CM(x-1,y)+CM(x+1,y)}

ft
after converge +Pes{CM(x,y-1)+CM(x,y+1)}

output
(corrected data) - offset

Yecorr = A(N-O
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star Sources of systematics

4+ Vo, V3 and V4
> including track cut, EP selection, and difference between vh{EP} and v,{2PC}

4+ EP resolution
> difference between East and West for trigger smearing in toy-MC

4 EP correlation between different order harmonics
> only Wo-Wy correlations

+ Ad range used for determination of zero-yield baseline
> TU6 (default), /12, /4

4+ Trigger smearing correction
> range of fitting method and iteration method
> RMS of various smoothing parameter for ¢s and A¢
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