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Outline

T. Niida, WWND2019

STAR Important features in non-central heavy-ion collisions
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Orbital angular momentum

L ⇠ 105~

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005) 

L

reaction plane

Strong magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl.Phys.A803, 227 (2008) 
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) 

B

B ⇠ 1013 T

(eB ⇠ MeV2 (⌧ = 0.2 fm))

J

B~10 Gauss 
18

L~10 h 3-

STAR Experiment at RHIC

Large Coverage: 0 < φ < 2π,  |η| < 1.0 
Uniform acceptance:  transverse momentum (pT) and rapidity (y) 
Excellent particle identification capabilities (TPC and TOF) 
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Year √sNN 
(GeV) 

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

•  M. Anderson et al., Nucl. Instrum. Meth. A 499 (2003) 659 
•  W. J. Llope., Nucl. Instrum. Meth. A 661 (2012) S110–S113 

12/02/16 

STAR detector 

This talk: High statistics 27 GeV data 
with Event Plane Detector provides new 
capabilities for CME search at lower 
energy in STAR

Year 2018 Run of RHIC : dedicated to search for chiral & vortical effects:
Isobar Ru+Ru/Zr+Zr@200 GeV
Au+Au @ 27 GeV 
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The Chiral Magnetic Effect (CME)
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#1: Non-conservation of chirality

QM2017, Student day, February 5, 2017page S.A. Voloshin

Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions
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Kharzeev, Krasnitz, 
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Buividovich 0907.0494,                                                                     
Mace, Schlichting, 
Venugopalan 1601.07342

nR ̸= nL → µ5 ̸= 0
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Observability of CME in heavy-ion collisions
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#2: A deconfined medium of massless 
fermions (chiral symmetry restoration)  
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Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
18

25

B-field direction → perpendicular to collision plane
B-field magnitude → ~Z , ~ γ 
B-field lifetime → ~ 1/γ , conductivity of the medium
B-field strength  → decrease with impact parameter/overlap

P Tribedy, Rutgers Nuclear Physics Seminars, Feb 12, 2018 36

Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
18

x

y

B

z=0

36

B-field direction → perpendicular to collision plane
B-field magnitude → ~Z , ~ γ 
B-field magnitude → ~ 1/γ , conductivity of the medium

2

+ + + +
+

+
++
++

+

+

+

+

+

B

+
+

+ + +
+ + +

+ ++
+

B

✕ ⦿

P Tribedy, Rutgers Nuclear Physics Seminars, Feb 12, 2018 36

Electro-Magnetic fields in heavy ion collisions

Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions 
18

x

y

B

z=0

36

B-field direction → perpendicular to collision plane
B-field magnitude → ~Z , ~ γ 
B-field magnitude → ~ 1/γ , conductivity of the medium

2

+ + + +
+

+
++
++

+

+

+

+

+

B

+
+

+ + +
+ + +

+ ++
+

B

✕ ⦿

x

y

B

z=0

+ + + +
+

+
++
++

+

+

+

+

+

B

+
+

+ + +
+ + +

+ ++
+

B

4 Jim Thomas  

The BEM field – 1018 gauss at the peak 

• The B field is strong 
and short duration due 
to the velocity of the 
passing ions 
– MRI uses 104 gauss 
– 1000x MagnetoStar 

 

• Magneto 
hydrodynamic effects 
in the QGP extend the 
lifetime of the B field 
– aka Lenz’s Law 
– Finite conductivity 

 

• Recent calculations 
suggest the lifetime is 
extended in a plasma 
but the magnitude is 
reduced x50 from the 
peak at the relevant 
time scale 

 

L. McLerran, V. Skokov, Nucl.Phys. A929 (2014) 814-190  

McLerran, Skokov, 1305.0774

Kharzeev, McLerran, and Warringa 0711.0950, 
Skokov, Illarionov, Toneev 0907.1396

#3: Presence of strong magnetic field

#3: Creation of strong magnetic field ~10 Gauss  
Kharzeev, McLerran, and Warringa 0711.0950, Skokov, 
Illarionov, Toneev 0907.1396, McLerran, Skokov, 1305.0774

nR ̸= nL → µ5 ̸= 0

Kharzeev et al, hep-ph/0109253, 
Buividovich 0907.0494                                                           

18  

All three conditions are strongly √s-dependent

(Theme of this workshop)



P Tribedy, QCD@HighDensity, Nov 12-14, Wuhan, 2019 5

Observables for CME search : γ-correlator

ΨRP

Reaction-plane

B

_

+

Charge separation across reaction planeφ+
2

STAR capability to measure CME using γ-correlator:
Charged tracks from TPC (-1<η<1)
Proxy for reaction planes: event-planes from ZDC-SMD, TPC & BBC

φ−
1

7
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FIG. 4: (Color online) ⟨sin(φα − Ψ1)⟩ for positive and nega-
tive charges versus centrality for Au+Au collisions at

√
sNN=

200 GeV. Shaded area represents the systematic uncertainty
for both charge types obtained by comparing correlations
from positive and negative pseudorapidity.

The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.

The modulated sign correlations are compared with
the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.

Before any possible interaction with the medium, the
CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path

Centrality (%)
〉)

R
P

Ψ
-2 βφ+

αφ
co

s(
〈

-1.5

-1

-0.5

0

0.5

1

1.5

-310×

01020304050607080

opposite charge
, Y71Ψ
, Y72Ψ
, Y42Ψ

same charge
, Y71Ψ
, Y72Ψ
, Y42Ψ

FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.

The two terms of the msc in Eq. 9 are shown in Fig. 7.
We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with

(ZDC-SMD)
(TPC)
(TPC)

(ZDC-SMD)
(TPC)
(TPC)

STAR collaboration, 
C88 (2013) no.6, 064911 

Charged  
tracks
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Motivation: √s dependence & BES-I data
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Figure 13: Three-point correlator as a function of centrality for Au+Au collisions at 7.7-200 GeV [106],
and for Pb+Pb collisions at 2.76 TeV [129]. Note that the vertical scales are di↵erent for di↵erent rows.
The systematic errors (grey bars) bear the same meaning as in Fig. 12. Charge independent results
from the model calculations of MEVSIM [135] are shown as grey curves.

of the charge-independent background.

4.1.1 CME background studies

The ambiguity in the interpretation of experimental results comes from a possible background of (the
reaction plane dependent) correlations not related to the CME. As illustrated in Fig. 3 of Ref [106],
the two-particle correlator, � ⌘ hcos(�↵ � ��)i, which in the absence of any other correlations except
the CME should be proportional to ha↵a�i, shows the “wrong” ordering. That indicates the existence
of an overwhelming background in � over any possible CME e↵ect. In � correlator those background
correlations are strongly suppressed (at the level of v2) but still might be significant. The fact that no
event generator can explain the data says that either the experimental results are indeed due to the
CME, or that all existing event generators do not include all the possible physics. There exist several
attempts to identify the physics which might be responsible for the experimental observations. The
most notable in this respect is the paper [113] where the authors show that the di↵erence between the
same- and opposite-charge correlations as measured by STAR can be explained within a Blast Wave
model that includes charge conservation along with radial and elliptic flow with parameters tuned to
the data.

Local charge conservation (LCC) assumes that the pairs of opposite charges are created very close in
space at the late stage of the system evolution with developed anisotropic flow. Radial boost of the pair
due to transverse expansion leads to particle collimation in azimuth and pseudorapidity [138, 139]. Then,
due to elliptic flow, opposite-charge pairs became stronger correlated in-plane than out-of-plane, which
causes splitting in value of � correlator between same- and opposite-charge pairs [113] as observed in the
data. While in [113] the authors were able to describe the data rather closely, there exist many questions
to this particular analysis. Firstly we note that the local charge conservation (LCC) mechanism leads
to strong correlation between opposite charge pairs, while experimentally �+� is very close to zero.

24

Charge separation vanishes towards lower energy

Why does charge separation disappear at lower √s ?

Is this because signal vanishes or background vanishes?

L. Adamczyk et al. (STAR Collaboration), PRL 113 (2014) 052302. 
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Many new insights since 2014 on how to handle background



7

New developments: CME search at high √s 
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CME search at top energy from STAR@QM 2019
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Models: U+U & Au+Au can be two systems 
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CME search at top energy from STAR@QM 2019
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Figure 7 & 8: model comparison
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Background models capture most of the observed trends, γ112 going to zero in 
ultra-central events in not unique signature of B~0 as it is also seen in case of γ123
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Charge separation w.r.to Ψ2 & Ψ3 in U+U & Au+Au

Taskforce presentation on UU paper draft 4

Motivation & Figure.1
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FIG. 1. (color online) (a) Predictions from MC-Glauber
model for projected magnetic field at the center of participant
zone at the time of collisions (⌧ = 0) in Au+Au and U+U
collisions. The quantity is scaled the ellipticity to take the
shape di↵erence between the two systems. (b) Predictions for
flow driven background using IP-Glasma+MUSIC+UrQMD
(Hydro) simulations with and without including maximum
possible e↵ects of local charge conservation (maxLCC). The
quantity plotted on the y-axis is scaled by elliptic anisotropy
to scale out the shape di↵erence between the models.

grounds. On the other hand, the validity of the assump-94

tions made in these analyses are sometimes unclear. It95

has also been di�cult to account for all observations with96

background models. The comparison of di↵erent collid-97

ing systems, however such as U+U and Au+Au may help98

distinguish background from CME.99

Since we expect the measurements of ��, more specif-100

ically ��
1,1,2 to be a↵ected by B-field driven e↵ects and101

a dominant flow-driven background, we demonstrate the102

motivation of this work using Fig. 1. In top panel of Fig. 1103

we show model calculations of projections of the mag-104

netic field on to the participant-plane that determines105

the elliptic flow axis hB2 cos(2( B � 
2

))i divided by the106

ellipticity of the initial overlap region " that drives the107

magnitude of elliptic flow. In the lower panel we show hy-108

drodynamic predictions for the flow related background109

with and without charge conservation enforced for U+U110

and Au+Au collisions as a function of the collision cen-111

trality represented by N
part

– the number of nucleons112

participating in the collision. In the hydrodynamic cal-113

culation, the correlation length between charge pairs is114

set to zero leading to the largest possible e↵ect of local115

charge conservation within this model. As expected, the116

case where local charge conservation is enforced shows117

a much larger charge separation than without. While118

the background model predicts that the charge separa-119

tion ��
112

scaled by N
part

/v
2

will be similar in U+U120

and Au+Au collisions and roughly independent of N
part

,121

the projected magnetic field exhibits a distinct variation122

with collision system and with varying N
part

. For values123

of N
part

above 100, owing to the larger number of spec-124

tators in the U+U collisions at a given N
part

, U+U col-125

lisions exhibit a larger projected magnetic (B) field than126

Au+Au collisions. Therefore, if ��
112

has a large con-127

tribution from CME, when compared at the same N
part

128

there should be a di↵erence between Au+Au collisions129

and U+U collisions. This provides two generic expecta-130

tions with which to compare our measurements. It must131

be noted that apart from B-field and flow-driven back-132

ground, ��
112

measurements are a↵ected by non-flow133

backgrounds that are not correlated to a global event-134

plane, dominant in peripheral events – we assume that135

at a fixed N
part

such background will have weak system136

dependence. In this work we explore such non-flow back-137

grounds in detail. Apart from the system dependence138

we expect some general features of ��
112

measurements139

based on Fig. 1. Owing to a decorrelation between the140

direction of the B-field and the flow axis, the projected B-141

field is sharply reduced in both very peripheral and very142

central Au+Au and U+U collisions. Although very pe-143

ripheral collisions will have large three-particle non-flow144

backgrounds, very central collisions may be particularly145

useful for disentangling B-field driven e↵ects from flow146

related background – while the flow-related background147

remains large in these collisions the projected B-field is148

highly suppressed. If measurements are dominated by149

background the correlations should remain large in ultra-150

central collisions while if they are dominated by signal,151

they should be suppressed [28, 31–34].152

In this paper, we present measurements of an observ-153

able similar to but more general than � and investigate154

its centrality dependence in U+U and Au+Au collisions155

including ultra-central collisions. We extend our analysis156

to higher harmonics in order to 1) provide a more detailed157

and complete picture of the two-particle correlations rela-158

tive to the reaction plane, 2) to provide an experimental159

baseline for background expectations, 3) to cross-check160

our conclusions, and 4) to allow for tests of symmetry and161

factorization assumptions that will be described further162

below. We analyze mixed-harmonic, charge-dependent163

three-particle azimuthal correlations using the observ-164

able [17, 35–37]165

C↵,�
m,n,m+n = hhcos(m�↵

a + n��
b � (m + n)�c)ii (1)

where the inner average is taken over all sets of unique166

triplets, and the outer average is taken over all events167

weighted by the number of triplets in each event. The168

azimuthal angles of the momenta of particles “a”,“b”,169

3

and“c” are represented by �a,b,c, “m”, and “n” are in-170

teger harmonics, and the indices ↵, � refer to the charge171

selection applied to particles “a” and “b”. The combina-172

tion ↵, � = ±, ± is referred to as same-sign (SS) particle173

pairs and ↵, � = ±, ⌥ is referred to as opposite-sign (OS)174

particle pairs. Typically, the charge selections are made175

on particle “a” and “b” while the third particle “c” in-176

cludes both positive and negative charges. When analyz-177

ing higher, mixed harmonics however, we will also apply178

the charge selection to particle “c”. In the case where179

m = n = 1, the �-correlator (more explicitly written as180

�
1,1,2) is related to C

1,1,2 by181

�↵,�
1,1,2 = hhcos(�↵

a + ��
b � 2 

2

)ii ⇡
C↵,�

1,1,2

v
2

{2} , (2)

where  
2

is the second harmonic event plane and182

v
2

{2}2 = hhcos(�i � �j)ii is the two-particle elliptic183

anisotropy coe�cient. Clearly, we use the ratio of two184

cumulants C↵,�
1,1,2 and v

2

{2} to determine the �↵,�
1,1,2 corre-185

lator in oppose to directly measuring it using an event-186

plane method. We argue that this method has its advan-187

tage of being independent of the event-plane resolution188

and correspond to a well-defined limit (the low-resolution189

limit) [? ] of the measurement. The �↵,�
1,1,2 correlator de-190

fined in Eq.2 approximates the �-correlator with respect191

to the reaction plane  RP , i.e. hcos(�a + �b � 2 RP )i,192

where the proxy for  RP is the second harmonic event193

plane  
2

of the inclusive charged particles. Therefore,194

�↵,�
1,1,2 measures any possible e↵ects of charge separation195

driven by the component of ~B along  
2

[16, 20]. Some196

short-range background e↵ects such as those due to HBT,197

Coulomb and di-jets can be quantified and removed from198

this observable by studying its di↵erential dependence on199

the relative pseudo-rapidity of two of the three particles:200

�⌘.201

In this paper we also study the two following higher202

order charge dependent correlations,203

�↵,�
1,2,3 =

hhcos(�↵
a+2��

b �3�c)ii
v3{2} ⇡ hhcos(�↵

a + 2��
b � 3 

3

)ii,

�↵,�
1,3,2 =

hhcos(�↵
a�3��

b +2�c)ii
v2{2} ⇡ hhcos(�↵

a � 3��
b + 2 

2

)ii.
(3)

The measurement of these higher, mixed-harmonic cor-204

relations provides several tests for CME. Owing to sym-205

metry for example, the correlation of the third harmonic206

event-plane ( 
3

) with the magnetic field is expected to207

cancel. In this case, one expects that CME should not208

contribute to a measurement of �
1,2,3 where  

3

is used209

instead of  
2

. Any non-zero result should therefore be210

related to background. Under certain assumptions of211

symmetry and factorization, one can relate background212

estimates from the third harmonic plane to the measure-213

ments using  
2

which should contain any CME related214

signal. Previous works have argued based on these com-215

parisons that backgrounds can be shown to account for216

all of the observed ��
1,1,2 [24]. Those arguments how-217

ever rely on assumptions related to the symmetry of the218

system: i.e. that hsin(�↵���) sin(n���n�c)i = 0 and to219

factorization: i.e. that hcos(�↵ � ��) cos(n�� � n�c)i =220

hcos(�↵ � ��)ihcos(n�� � n�c)i.221

In this paper, we will use charge-dependent, two-222

particle correlations �↵,�
n =

DD
cos(n�↵

i � n��
j )
EE

,223

charge-independent two-particle harmonic coe�cients224

v2

n{2} = hhcos(n�i � n�j)ii and a full suite of mixed-225

harmonic correlations C↵,�
m,n,m+n to provide tests of sym-226

metry and factorization assumptions. We will present our227

analysis for Au+Au and U+U collisions, quantify some228

of the known short-range background contributions and229

compare our data to background calculations based on230

a hydrodynamic model coupled with global momentum231

conservation, resonance decays and local charge conser-232

vation. Finally, we will make use of the mixed-harmonic233

correlations to extract the contribution from correlations234

in the reaction plane and those perpendicular to it. In235

addition to improving our understanding of charge sep-236

aration in heavy ion collisions, these data provide a rich237

source of information for future model comparisons.238

Experiment and Analysis : We present measurements239

of C↵,�
m,n,m+n and �↵,� in 200 GeV Au+Au and U+U col-240

lisions with the data collected in the year 2011 and 2012241

respectively by the STAR detector [38] at RHIC. The cur-242

rent work is an extension of our previous work on charge243

inclusive three-particle correlation (Cm,n,m+n) measure-244

ments [37? ]. We detect charged particles within the245

range |⌘| < 1 and for transverse momentum of pT > 0.2246

GeV/c using the STAR Time Projection Chamber [39]247

situated inside a 0.5 Tesla solenoidal magnetic field. We248

use track-by-track weights [40, 41] to account for im-249

perfections in the detector acceptance and momentum250

dependence of the detector e�ciency. Additionally, we251

correct our measurements from the e↵ects of two-track252

merging that is dominant in central collisions [36]. We es-253

timate systematic uncertainties by comparing data from254

di↵erent time periods within a given year and from dif-255

ferent years for which di↵erent tracking algorithms have256

been used. We vary our e�ciency estimates, the z-vertex257

position of the collision, and the track selection criteria.258

We also study the variation of observables with the lumi-259

nosity as quantified by the coincidence rate measured by260

ZDCs. In relevant figures, systematic uncertainties will261

be shown as shaded boxes while statistic uncertainties262

are shown as vertical lines. Table I shows a break-down263

of the systematic uncertainties for ��
1,1,2/v

2

in U+U264

collisions.265

We define centralities (0�5%, 5�10%, 10�20%, ..., 70�266

80%) using the probability distribution of uncorrected267

tracks from TPC within |⌘| < 0.5. For each of our268

centrality intervals, we use a Monte Carlo Glauber269

model [42, 43] to estimate the average number of par-270

ticipating nucleons N
part

for plotting our results. See271

1) System dependence of B-field & hydro 

2) Measure γ123 which is 100% Bkg.
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pairs and ↵, � = ±, ⌥ is referred to as opposite-sign (OS)174

particle pairs. Typically, the charge selections are made175
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anisotropy coe�cient. Clearly, we use the ratio of two184

cumulants C↵,�
1,1,2 and v
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lator in oppose to directly measuring it using an event-186
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tage of being independent of the event-plane resolution188

and correspond to a well-defined limit (the low-resolution189

limit) [? ] of the measurement. The �↵,�
1,1,2 correlator de-190

fined in Eq.2 approximates the �-correlator with respect191

to the reaction plane  RP , i.e. hcos(�a + �b � 2 RP )i,192

where the proxy for  RP is the second harmonic event193

plane  
2

of the inclusive charged particles. Therefore,194
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driven by the component of ~B along  
2

[16, 20]. Some196

short-range background e↵ects such as those due to HBT,197

Coulomb and di-jets can be quantified and removed from198

this observable by studying its di↵erential dependence on199

the relative pseudo-rapidity of two of the three particles:200

�⌘.201

In this paper we also study the two following higher202
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The measurement of these higher, mixed-harmonic cor-204

relations provides several tests for CME. Owing to sym-205

metry for example, the correlation of the third harmonic206

event-plane ( 
3

) with the magnetic field is expected to207

cancel. In this case, one expects that CME should not208

contribute to a measurement of �
1,2,3 where  

3

is used209

instead of  
2

. The systematics of �
1,2,3, such as mag-210

nitude, system and centrality dependence will be en-211

tirely driven by background that can be contrasted with212

�
1,1,2. Under certain assumptions of symmetry and fac-213

torization, one can directly relate background estimates214

from the third harmonic plane to the measurements us-215

ing  
2

which should contain any CME related signal.216

Previous works have argued based on these comparisons217

that backgrounds can be shown to account for all of the218

observed ��
1,1,2 [24]. Those arguments however rely219

on assumptions related to the symmetry of the system:220

i.e. that hsin(�↵ � ��) sin(n�� � n�c)i = 0 and to fac-221

torization: i.e. that hcos(�↵ � ��) cos(n�� � n�c)i =222

hcos(�↵ � ��)ihcos(n�� � n�c)i.223

In this paper, we will use charge-dependent, two-224

particle correlations �↵,�
n =

DD
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EE

,225

charge-independent two-particle harmonic coe�cients226
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n{2} = hhcos(n�i � n�j)ii and a full suite of mixed-227

harmonic correlations C↵,�
m,n,m+n to provide tests of sym-228

metry and factorization assumptions. We will present our229

analysis for Au+Au and U+U collisions, quantify some230

of the known short-range background contributions and231

compare our data to background calculations based on232

a hydrodynamic model coupled with global momentum233

conservation, resonance decays and local charge conser-234

vation. Finally, we will make use of the mixed-harmonic235

correlations to extract the contribution from correlations236

in the reaction plane and those perpendicular to it. In237

addition to improving our understanding of charge sep-238

aration in heavy ion collisions, these data provide a rich239

source of information for future model comparisons.240

Experiment and Analysis : We present measurements241

of C↵,�
m,n,m+n and �↵,� in 200 GeV Au+Au and U+U col-242

lisions with the data collected in the year 2011 and 2012243

respectively by the STAR detector [38] at RHIC. The cur-244

rent work is an extension of our previous work on charge245

inclusive three-particle correlation (Cm,n,m+n) measure-246

ments [37? ]. We detect charged particles within the247

range |⌘| < 1 and for transverse momentum of pT > 0.2248

GeV/c using the STAR Time Projection Chamber [39]249

situated inside a 0.5 Tesla solenoidal magnetic field. We250

use track-by-track weights [40, 41] to account for im-251

perfections in the detector acceptance and momentum252

dependence of the detector e�ciency. Additionally, we253

correct our measurements from the e↵ects of two-track254

merging that is dominant in central collisions [36]. We es-255

timate systematic uncertainties by comparing data from256

di↵erent time periods within a given year and from dif-257

ferent years for which di↵erent tracking algorithms have258

been used. We vary our e�ciency estimates, the z-vertex259

position of the collision, and the track selection criteria.260

We also study the variation of observables with the lumi-261

nosity as quantified by the coincidence rate measured by262

ZDCs. In relevant figures, systematic uncertainties will263

be shown as shaded boxes while statistic uncertainties264

are shown as vertical lines. Table I shows a break-down265

of the systematic uncertainties for ��
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tracks from TPC within |⌘| < 0.5. For each of our270
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FIG. 1. (color online) (a) Predictions from MC-Glauber
model for projected magnetic field at the center of participant
zone at the time of collisions (⌧ = 0) in Au+Au and U+U
collisions. The quantity is scaled the ellipticity to take the
shape di↵erence between the two systems. (b) Predictions for
flow driven background using IP-Glasma+MUSIC+UrQMD
(Hydro) simulations with and without including maximum
possible e↵ects of local charge conservation (maxLCC). The
quantity plotted on the y-axis is scaled by elliptic anisotropy
to scale out the shape di↵erence between the models.

grounds. On the other hand, the validity of the assump-94

tions made in these analyses are sometimes unclear. It95

has also been di�cult to account for all observations with96

background models. The comparison of di↵erent collid-97

ing systems, however such as U+U and Au+Au may help98

distinguish background from CME.99

Since we expect the measurements of ��, more specif-100

ically ��
1,1,2 to be a↵ected by B-field driven e↵ects and101

a dominant flow-driven background, we demonstrate the102

motivation of this work using Fig. 1. In top panel of Fig. 1103

we show model calculations of projections of the mag-104

netic field on to the participant-plane that determines105

the elliptic flow axis hB2 cos(2( B � 
2

))i divided by the106

ellipticity of the initial overlap region " that drives the107

magnitude of elliptic flow. In the lower panel we show hy-108

drodynamic predictions for the flow related background109

with and without charge conservation enforced for U+U110

and Au+Au collisions as a function of the collision cen-111

trality represented by N
part

– the number of nucleons112

participating in the collision. In the hydrodynamic cal-113

culation, the correlation length between charge pairs is114

set to zero leading to the largest possible e↵ect of local115

charge conservation within this model. As expected, the116

case where local charge conservation is enforced shows117

a much larger charge separation than without. While118

the background model predicts that the charge separa-119

tion ��
112

scaled by N
part

/v
2

will be similar in U+U120

and Au+Au collisions and roughly independent of N
part

,121

the projected magnetic field exhibits a distinct variation122

with collision system and with varying N
part

. For values123

of N
part

above 100, owing to the larger number of spec-124

tators in the U+U collisions at a given N
part

, U+U col-125

lisions exhibit a larger projected magnetic (B) field than126

Au+Au collisions. Therefore, if ��
112

has a large con-127

tribution from CME, when compared at the same N
part

128

there should be a di↵erence between Au+Au collisions129

and U+U collisions. This provides two generic expecta-130

tions with which to compare our measurements. It must131

be noted that apart from B-field and flow-driven back-132

ground, ��
112

measurements are a↵ected by non-flow133

backgrounds that are not correlated to a global event-134

plane, dominant in peripheral events – we assume that135

at a fixed N
part

such background will have weak system136

dependence. In this work we explore such non-flow back-137

grounds in detail. Apart from the system dependence138

we expect some general features of ��
112

measurements139

based on Fig. 1. Owing to a decorrelation between the140

direction of the B-field and the flow axis, the projected B-141

field is sharply reduced in both very peripheral and very142

central Au+Au and U+U collisions. Although very pe-143

ripheral collisions will have large three-particle non-flow144

backgrounds, very central collisions may be particularly145

useful for disentangling B-field driven e↵ects from flow146

related background – while the flow-related background147

remains large in these collisions the projected B-field is148

highly suppressed. If measurements are dominated by149

background the correlations should remain large in ultra-150

central collisions while if they are dominated by signal,151

they should be suppressed [28, 31–34].152

In this paper, we present measurements of an observ-153

able similar to but more general than � and investigate154

its centrality dependence in U+U and Au+Au collisions155

including ultra-central collisions. We extend our analysis156

to higher harmonics in order to 1) provide a more detailed157

and complete picture of the two-particle correlations rela-158

tive to the reaction plane, 2) to provide an experimental159

baseline for background expectations, 3) to cross-check160

our conclusions, and 4) to allow for tests of symmetry and161

factorization assumptions that will be described further162

below. We analyze mixed-harmonic, charge-dependent163

three-particle azimuthal correlations using the observ-164

able [17, 35–37]165

C↵,�
m,n,m+n = hhcos(m�↵

a + n��
b � (m + n)�c)ii (1)

where the inner average is taken over all sets of unique166

triplets, and the outer average is taken over all events167

weighted by the number of triplets in each event. The168
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Observables we will study with Isobar data

13

v Isobaric collisions at 200 GeV
Ø Total 15M events after cuts
ü *$+ ∆' Correlator
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B-fields are different in Au+Au & U+U at same Npart but flow backgrounds are similar

Central events → charge separation w.r.to Ψ2 : U+U > Au+Au & strong centrality 
dependence as expected for B-field, but Ψ3 measurements also show similar dependence. 
Other centralities → Background expectations captures most of the observed trends. 1

Mixed harmonics in U+U and Au+Au 
Models: U+U & Au+Au can be two systems 
to contrast signal & background of CME

Taskforce presentation on UU paper draft 10

Figure 7 & 8: model comparison
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Background models capture most of the observed trends, γ112 going to zero in 
ultra-central events in not unique signature of B~0 as it is also seen in case of γ123

STAR Preliminary
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• Mixed harmonics γ123  (100% background) & γ132  provide data-driven baselines for γ112
• γ112 → 0 in central events, also seen for γ123, cannot be unique signature of B-field
• γ132 ≠ γ112  challenges factorization & symmetry assumptions claimed to be hold at LHC

Replacement for Jie’s slide #6

Models tested with mixed harmonics 

Different B-field 

Similar flow background
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Use Signed Balance 
Function & compensate 
for boosted charge pairs: 
rrest
possible signal in data

Exploit system dependence    
(U+U /Au+Au) & correlation of 
B-field with participants vs 
spectator planes :

Small CME fraction & 
dominance of background
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CME search at top energy from STAR@QM 2019
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Models: U+U & Au+Au can be two systems 
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Models tested with mixed harmonics 

Ψ2
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B

Use Signed Balance 
Function & compensate 
for boosted charge pairs: 
rrest
possible signal in data

Exploit system dependence    
(U+U /Au+Au
B-field with participants vs 
spectator planes :

Small CME fraction & 
dominance of background

ALICE results on Pb+Pb and Xe+Xe also indicate small CME at LHC 
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Pb+Pb 2.76 TeV, b=11.4 fm, dN5/dxT [a.u.]
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New theory guidance : Complexity of a real event
Magnetic field map Axial charge profile  

Based on: Lappi, Schlichting, Phys. Rev. D 97, 
034034 (2018)

Going beyond cartoon picture: 1) Fluctuations dominate e-by-e 
physics, 2) B-field & domain size of axial-charge change with √s    

uR>uL
uR<uL

Based on: Chatterjee, Tribedy, Phys. Rev. C 92, 
011902 (2015)

Pb+Pb @ 2.76 TeV
b=11.4 fm, Npart=56

Time to revisit CME search at low √s
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New developments: CME search at low √s 
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STAR capability for CME search at low energy
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V Event# 10
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Beam Beam Counter
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STAR capability for CME search at low energy
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Event Plane Detector : A major upgrade for BES-II, 
fully installed in 2018
 
A factor of two increase in event-plane resolution   
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STAR Upgrades for 2018,  #1: Event Plane Detector
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STAR capability for CME search at low energy
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We measure charge-dependent azimuthal correlators using TPC and EPD
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Details of our analysis 

ΨRP : EPD with 2.1< |η|< 5.1 

φa & φb all charge tracks from TPC: 0.2 < pT < 2 GeV, |η|< 0.8

Observables:

Analysis details:

Centrality : TPC uncorrected tracks |η|< 0.5
Systematics uncertainty: Variations in event & track selection criteria, 
tracking efficiency, acceptance, luminosity, run, and trigger conditions.

We use scalar 
product method

Elliptic anisotropy 
v2 = ⟨cos(2φ− 2ΨRP)⟩
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Unique advantage of EPD at 27 GeV

We use two planes from EPD as proxy for ΨRP

Ψ1 (η > Ybeam): 1st -order plane, rich with spectator protons
Ψ2 (η < Ybeam): 2nd-order plane of forward produced particle

Ultra-relativistic nuclear collisions: where the spectators flow?

Sergei A. Voloshin and Takafumi Niida1

1Wayne State University, 666 W. Hancock, Detroit, MI 48201

In high energy heavy ion collisions, the directed flow of particles is conventionally measured with
respect to that of the projectile spectators, which is defined as positive x direction. But it is not
known if the spectators deflect in the “outward” direction or “inward” – toward the center line of
the collision. In this Letter we discuss how the measurements of the directed flow at mid-rapidity,
especially in asymmetric collision such as Cu+Au, can be used to answer this question. We show
that the existing data strongly favor the case that the spectators, in the ultrarelativistic collisions,
on average deflect outwards.

PACS numbers: 25.75.Ld, 25.75.Gz, 05.70.Fh

In an ultrarelativistic nuclear collision only part of all
nucleons from the colliding nuclei experience a truly in-
elastic collision. Some of nucleons, called spectators, stay
mostly intact (or might experience a transition to an ex-
cited state). Nevertheless, those nucleons do experience a
nonzero momentum transfer and deflect from the original
nucleus trajectory. The direction of such projectile nu-
cleon (“spectator”) deflection is conventionally taken as a
positive x direction in the description of any anisotropic
particle production (anisotropic flow [1]). At the same
time, while this direction has been measured experimen-
tally at very low collision energies, nothing is known on
which direction the spectators really deflect at high en-
ergies – toward the center of the collision, or outwards.
Note that this question is not of a pure “academic” inter-
est, it is intimately related to understanding of the nu-
cleon wave function in the nucleus, as well as momentum
distribution of the nucleons confined in a nucleus [2]. It
is also important for the interpretation of the anisotropic
flow measurements. In particular, the knowledge of the
spectator flow is requited for determination of the di-
rection of the magnetic field created in the collision as
well as the system orbital momentum. The latter, for
example, is needed for the measurements of the so-called
global polarization [3–5].

The only (known to authors) direct determination of
the spectator nucleons deflection direction was performed
at the energies E/A ⇠100 MeV by measuring of the po-
larization of emitted photons [6]. It was observed (see
also [7, 8]) that around this energy the direction of the
deflection direction changes from the “in-ward” (due to
attractive potential at lower energies) to the “out-ward”
at higher energies. No similar measurements was per-
formed at higher collision energies. Theoretically, this
question is also not well understood. As recently has
been shown in [2], the direction of the spectator deflec-
tion is likely dependent on the nucleon transverse mo-
mentum. These calculations show that at relatively large
transverse momentum (more than ⇠200 MeV) the nucle-
ons are likely deflected inwards, while at low transverse
momentum they might deflect outwards. One reason for
the latter might be the Coulomb interaction (repulsion)

Z

X

 

of the spectator protons.
In this article we show how the study of the charge par-

ticle directed flow at midrapidity measured relative to the
spectator deflection direction (directed flow) can help to
answer the question of which direction the spectators are
deflected on average. We do not distinguish between low
and high p

T

spectators in this study, though in principle
this question can be studied experimentally.

The main idea of our approach is based on the ob-
servation that in the case of asymmetric initial density
distribution in the system, the high(er) transverse mo-
mentum particles on average are flowing/emitted in the
direction of the largest density gradient, while the lower
p

T

particles flow in the opposite direction [9, 10]. If the
mean transverse momentum of all particles is zero (e.g at
midrapidity region in symmetric collisions) then the av-
erage, integrated over all transverse momenta, directed
flow is in the same direction as that of low p

T

particles.
Then the strategy in the establishing the direction of

the spectator flow becomes straight-forward. First, one
has to measure the directed flow of particles at midrapid-
ity with respect to the spectator deflection. Comparing
that to the initial density gradients calculated relative to
the position of spectators, one can determine the direc-
tion of spectator flow. The direction of the highest den-
sity gradient in the system has to be determined with
the help of a model, but this appears to be a very robust
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Fig: Phys. Rev. C 94, 021901 (2016) 
https://drupal.star.bnl.gov/STAR/
starnotes/public/sn0666
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PARTICIPANTS

STAR Event Plane detector acceptance: 2.1<|η|<5.1 
Beam rapidity for Au+Au 27 GeV, Ybeam =3.4
EPD detects both participants & spectators

First ever measurement of CME using spectator proton plane 
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Model expectations : a tale of two planes

Ψ1 (proton) is more correlated to ΨB than Ψ2 (participants)
 We want to see if there is any difference in charge separation 
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Elliptic anisotropy w.r.t the plane of 
the produced particles |η|<Ybeam

Elliptic anisotropy w.r.to the plane 
of the spectator protons |η|>Ybeam

Elliptic anisotropy drops by 20% w.r.t spectator proton plane due to 
decorrelation and difference in flow fluctuations w.r.t two planes

	  

First step : Measurement of Elliptic anisotropy
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We take tracks from TPC & measure
anisotropy w.r.t two planes
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Model expectations : a tale of two planes

So which plane shows more charge separation?

+ +

__ _ _

++

Ψ1(proton)

Ψ2(participants)
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Second step: Measurement of charge separation

Charge separation w.r.t planes of 
the produced particles |η|<Ybeam

Charge separation w.r.t planes of 
the spectator protons |η|>Ybeam

No significant difference in the charge separation w.r.t spectator 
proton & produced particle event planes
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Measurement of charge separation
Charge separation normalized by v2 for planes at |η|<Ybeam & |η|>Ybeam

No significant difference in the scaled charge separation 
w.r.t spectator proton & produced particle event planes.
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Summary

What did we try:
❑ We utilized the unique STAR capability 

at Au+Au 27 GeV with the newly 
installed Event Plane Detector to study 
charge separation w.r.t spectator proton 
plane and event plane at forward 
rapidity using the same detector.

What did we find:
❑ We found no significant difference of 

charge separation between the two 
scenarios

❑ Our results will provide valuable 
constraints on the observability of CME 
search at low energies 

STAR EPD@ 27 GeV



Thank You
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