Search for Chiral & Vortical effects at RHIC

Prithwish Tribedy

8th Workshop of the APS Topical Group on Hadronic Physics

10-12 April 2019 Denver, CO

S U.S. DEPARTMENT OF OffiCe Of

nf 2
2
T I Science




Outline
B J’

Strong magnetic field Orbital angular momentum

B~1 dBGauss

—
D. Kharzeey, L. McLerran, and H. Warringa, |
Nucl.Phys.A803, 227 (2008) 4
McLerran and Skokov, Nucl. Phys. A929, 184 (2014) /

X \

P 4

reaction plane

Relativistic Heavy lon collisions can produce large electro-magnetic fields
and angular momentum — what are the observable consequence?
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| will focus on RHIC measurements
and particularly from STAR on the
search for Vortical & Chiral effects

200 GeV : U+U, Cu+Cu, p+Au, d+Au
Ru+Ru, Zr+Zr, 7.7-200 GeV : Au+Au BES




Search for vortical effects



Angular momentum in HICs

Collisions of two relativistic nuclei generate large angular momentum (J)
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J points perpendicular to the plane of beam axis & impact parameter (b)
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Angular momentum in HICs

Large angular momentum leads to local vorticity (®3) in the created medium
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Global polarization due to vorticity
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Angular momentum (J) — Vorticity (&) — Polarization (spin orbit coupling)

quarks anti-quarks
L : left-handed R : right-handed

How to observe this ?



#1 : Measure the direction of angular momentum

We know the beam direction, and by measuring beam fragmentg (BBC
low Vs & ZDC high s) we know the event-by-event direction of J

backward-going
beam fragment
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§§ N beam fragment
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The vector joining the two beam fragments

give the direction of impact parameter b&J



#2. measure the spin polarization of particles

Measuring spin of particles in not easy but we can make use
of the parity-violating decay of hyperons such as Lambdas

(BR: 63.9%, cT~7.9 cm)

In Lambda decays the proton
momentum direction is correlated to the
spin polarization direction of Lambda

AN 1 )
a0 — 1t onPu-pp)

PH: /A polarization
Pp : proton momentum in the A rest frame

aH. N\ decay parameter

The Feynman Lectures on (an=—an=0.642+0.013)

Physics, Volume lll, chapter 17-5



Measurements by STAR
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What’s new :

more precise measurements

—

STAR Au+Au 20%-
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Nature548.62 (2017)
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PRC76.024915 (2007)
L A . o \:,”\;-;:‘H\ o
. Measurements in Au+Au Eee=——

PRCS8.014910 (2018)  ollisions from STAR &
discovery of most vortical fluid
with BES-| data

SUBATONTE SwinLs

Non-zero significant polarization
Pn (A\) & Pn (A) >0, hint of Py (A)>PH (A

Improved significance (150 more

data), non-zero polarization (<1%)
observed in Au+Au 200 GeV

Opens a path for more differential
studies & phenomenology
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What’s new : reaction plane dependence
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Strongest polarization is seen for

Tu, QM 2018
[ [ ! ! [
| STAR preliminary Au+Au 200GeV
i 20-50%
B A and A combined
] | | |
0.5 1

Lambdas emitted (in-plane) where the
vorticity is expected to be the largest
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What's new : Longitudinal polarization
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What's new : Longitudinal polarization

Pressure gradient — anisotropic expansion — gradient in transverse velocity — vorticity
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(polarization along beam axis ?)
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What's new : Longitudinal polarization

Pressure gradient — anisotropic expansion — gradient in transverse velocity — vorticity
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What's new : Longitudinal polarization

Pressure gradient — anisotropic expansion — gradient in transverse velocity — vorticity
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C _0.0005}

Au+Au \'s,, =200 GeV
10%-60%

the elliptic anisotropy W,

~0.001 L+

Polarization projected onto beam axis
changes sign w.r.to to the direction of

1 2 3
q)-lIJ2 [rad]
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What's new : Longitudinal polarization

Pressure gradient — anisotropic expansion — gradient in transverse velocity — vorticity

Niida QM 2018
__ 0.001
:“Q - Au+Au \/SNN =200 GeV
=) - 10%-60%
S 0.0005F 3
L

C _0.0005}

— i | | | | | | | | | | | | | | | | | | |
0.001 0 1 > 3

Polarization projected onto beam axis ¢-W, [rad]

changes sign w.r.to to the direction of
the elliptic anisotropy W,

Hydro calculation predicts opposite trend
Becattini and Karpenko PRL 120, 012302 (2018)
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Search for chiral effects
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Heavy ion collisions are the right place

#1: Non-conservation of chirality: Collisions
generate fluctuating parallel chromo E & B fields

= E| B 2 dQs/dt < E-B

#2:. A deconfined medium of massless
fermions (chiral symmetry restoration)

Temperature (T)

Baryon chemical potential (pg)

x  #3: Creation of strong magnetic-field ~1O18C:‘|auss
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The Chiral Magnetic Effect

The B-field will align the spins due to magnetic moments

quarks anti-quarks

L: left-handed R : right-handed j X <ﬁ> X (QG)/L5]§
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The Chiral Magnetic Effect

The B-field will align the spins due to magnetic moments

quarks anti-quarks _»<ﬁ> > (Q@)/L5B — -
L: left-handed R : right-handed I x <ﬁ> X (Q@)/L5B
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The Chiral Magnetic Effect

The B-field will align the spins due to magnetic moments

np < nj,

quarks anti-quarks _»<ﬁ> > (Q@)/L5B —
L: left-handed R : right-handed I x <ﬁ> X (Q@)/L5B
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The first measurements at RHIC: 200 GeV Au+Au

Charge separation perpendicular to W»
YT = (cos(¢f + by —2¥2))
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The very first measurements

indicated non-zero charge Large-B-field ?  Small-B-field ?
separation increasing in

peripheral events
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The first measurements at RHIC: BES data

Charge separation vanishes at the lowest energy

10- <%2.76 TeV Pb+Pb T 200 GeV Au+Au

i (})62.4 GeV Au+Au -

MEVSIM

({?-.__39 GeV Au+Au

- 27 GeV Au+Au |

O opposite charge_

30" » same charge

(cos(py + ¢a — 2W5)) x 10*

i %11.5 GeV Au+Au |

7 GeV Au+Au

Centrality %

Expectation consistent disappearance of
deconfinement / chiral symmetry restoration ?

23



y [fm]
® & A PP ON A O ©

Beyond the simple cartoon picture of CME

Axial charge profile

(Peripheral Pb+Pb)
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Fluctuations, quenching
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should be dominant
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y [fm]
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Beyond the simple cartoon picture of CME

Axial charge profile

(Peripheral Pb+Pb)
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Magnetic field vs. collision centrality

e Magnetic field at participant center
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Signal should vanish in peripheral events
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Why so large signal in p+A, peripheral A+A ?

An dependence of charge separation — di-jets dominate peripheral A+A & p+A
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p+A is baseline for peripheral A+A but not central A+A
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One more attempt using Au+Au & U+U collisions
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One more attempt using Au+Au & U+U collisions

T B fleld scaled by elllpt|C|ty
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Decisive tests of Chiral Effects
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Better and controlled experiment : Isobar collisions
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3.1B events for both Ru+Ru, Zr+Zr collected over 8 weeks
Blind analyses is ongoing by the STAR collaboration
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Summary

Very exciting time for RHIC

1) New high statistics measurements of
vortical effects, STAR upgrade with
new detectors will improve
measurements of Lambda polarization

2) Comprehensive set of measurements
on CME, CMW, several new
approaCheS to quantlfy CME Slgnals Relatiyistic Heavy lon Collider Begins 18th Year of
but no decisive tests yet o bt o and oty gl <llsons il e

earlier hints of exciting discoveries as accelerator physicists tune up
technologies to enable future science

ty Wals

3) Isobar data taking was a success,
bind analysis is ongoing by STAR

Things | couldn’t cover: CMW, CSE
Interplay of Chiral & Vortical effects
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Recent attempts to quantify the fraction of signals

Au+Au |s,, =200 GeV (20-50%) - Au+Au B

: 1.1} (Ng, )~ 30 p+Au

. . d+Au @&

STAR preliminary | [1] STAR Preliminary [i] |

[ +—e—4d ] Wep/Wep (TPC full) 2) 105 | |
[ —e— ] Wep/Vpp (TPC sub-evt) r:? i i
[ie—i] m,, > 1.5 GeV/c? (TPC full) * + *

----------- 0§ 0-F#-- et L gt D L R

[ e 1 Low m_, + ESE (TPC sub-evt 1 + ] 'I' #-fuegety ’ : |
| L ¥ AymESE (Aymsimilar) 3 -2 -1 A(.)S" 1 2 3

01 0 01 02 03 04 05

Fraction of CME-like signal
Results using a new observable

to study CME looks interesting

Several estimations of possible signal
fraction of CME, large uncertainties and
also some model dependence is needed
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Why is this so exciting ?

Baryon number violation in early universe — matter-antimatter asymmetry

Non-trivial topologies of gauge fields — violation of P & CP
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Can we observe in the hot

“Chirality-genesis” —> & dense QCD medium of

Baryogenesis
heavy ion collisions ?

(Electroweak) (QCD)
B, Jh + 0 0, JL #0
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Another source is flowing resonance

Flowing resonances can mimic CME in mid-central A+A

Neutral resonance yield

0-015M120-50% run11 Au+Au s, =200 GeV
[ / oL pT:O.2-1 .8 GeV/c

0.01F
! —— r=(N_—Ngg) /N ¢
0.005| /
O-_ _____________ *—0—0—0—0—q—0 "
! STAR preliminary
T 2
m ., (GeV/c?)

Charge separation

x107°

045 la0-50% run11 Au+Au |s,, = 200 GeV

i / STAR preliminary

0.2

One can subtract the resonance contribution if the invariant mass

distribution for CME is known
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Another source of background: flowing cluster

—neg 0 : neutral

Up No charge dependent
\\\ I z, correlations
Left R = w
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correlations , ' % Il
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Right
Left ) ',//" 9 —_ I
— it Yo T : -
p=n =3 = =0 >:; —X
Left
/=
Down Down

Background due to neutral resonance decay,
local charge & momentum conservation

Right

Flowing neutral cluster
that produces charge
pair will mimic CME
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STAR experiment : Extended capabilities

TPC+fTPC (2001-2012) Future Capabilities
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Chiral Separation Effect & Chiral Magnetic Wave
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The Chiral Magnetic Wave : driven by CSE

P
This phenomena is driven by
' excess quarks over anti-quarks
R

does not require initial s
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Search for the chiral magnetic wave at RHIC
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Observation at RHIC is consistent to CMW expectation
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Chiral and Vortical effects
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Chiral separation effect and spin polarization

CSE enhances spin polarization along global angular momentum

—> —> — —> —>
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More spin polarized along B Il & More spin polarized opps to B || &
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The connection between CSE and polarization

9 | STAR Au+Au |[s,,, = 200 GeV 20%-60%
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Global polarization of A and A studied w.r.to charge asymmetry Ach

Very first measurement looks promising, need more statistics



