Experimental study of chiral and
matter-antimatter symmetries at RHIC
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N Symmetry breaking
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N Two Symmetries

Chiral Symmetry

SAaaP P Chiral symmetry describes the
invariance of physics laws w.r.t.
the right/left handness.

S left

right
handed handed

Matter-Antimatter Symmetry

The invariance of physics
laws w.r.t. matter/antimatter
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Big Bang and Little Bang

Inflation
Quark Soup
Parting Company
First Galaxies
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Little Bang: High Energy Heavy lon Collision

lons about to collide lon collision Plasma formation Freeze out What we “see”
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' g' chiral symmetry
on Plasma

iy PRL 114, 252302 (2015)




ﬁm The ultra-strong magnetic field in heavy ion collisions
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Nuclear Physics A 803, 227 (2008).

Peak value of B generated can reach as high as 10" T !

(FYI, the B at magnetar : ~ 102 T).
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The setup
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Chiral Magnetic Wave
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STAR

Chiral Magnetic Wave

Right-handed quarks
moving upwards
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STAR

Chiral Magnetic Wave

Left-handed quarks
moving downwards
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%s\&m Chiral Magnetic Wave

Chiral charge current

~ u,B
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Chiral Separation Effect (CSE)
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Chiral Magnetic Wave

(R)aand (L), :
Excess of chiral charge
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Chiral Magnetic Wave

Positively charged quarks
moving towards poles
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Chiral Magnetic Wave

Negatively charged quarks
moving towards the equator
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%s\&m Chiral Magnetic Wave

Charge current

jV — 27;2 :uAB

Chiral Magnetic Effect (CME)
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ié\lm Chiral Magnetic Wave

Tendency of negatively (positively) charged particles move to the equator (poles)
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ﬁm Chiral Magnetic Wave

Tendency of negatively (positively) charged particles move to the equator (poles)

Aihong Tang 18
BNL Colloquium, Dec 2015



%‘\?R Chiral Magnetic Wave

B

= 1 o

Hy
.l N e . _Ne v CSE and CME feed on each
Ja= 2712 B Jv 2 HyB other, forming a seamless
¢ excitation — the Chiral
Chiral Separation Effect (CSE) Chiral Magnetic Effect (CME) Magnetlc Wave (CMW)

(In analogue to EM wave.)

Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee, Phys.
Rev. Lett. 107, 052303 (2011)

CMW needs CSE and CME at work =»

CMW won’ t propagate when chiral symmetry is broken =
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%5\&7;1: The CMW observable

Relatively larger v,, more
Vo A converge to equator

m

Relatively smaller v,, less
converge to equato;

A,

Charge asymmetry
(proxy for seed for CMW)

Y. Burnier, D. E. Kharzeev, J. Liao and H-U Yee, Phys. Rev. Lett. 107, 052303 (2011)

Key signature : Splitting of v, between pions with opposite charge
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ﬁ“ The CMW observable
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LWISTAR * PRL 114, 252302 (2015)

Key signature : Splitting of v, between pions with opposite charge
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%R The CMW observable
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Key signature : Splitting of v, between pions with opposite charge
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%"}fm Summary for part |

Editors' Suggestion

Observation of Charge Asymmetry Dependence of Pion
Elliptic Flow and the Possible Chiral Magnetic Wave in
Heavy-lon Collisions

L. Adamczyk et al. (STAR Collaboration) <

Phys. Rev. Lett. 114, 252302 (2015) — Published 26 June 2015

A possible signature of chiral symmetry restoration, in the form

of a chiral magnetic wave in the quark-gluon plasma, has been

observed in heavy-ion collisions at RHIC.
Show Abstract +
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Il : Measurement of interactio * 11 ant@/otons
the study of symmjtry b)etwee 1 matte Rand antimatter

527, 345-348 (2015)
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Antimatter History
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Mass (GeV/c?) ?é%

Antimatter History

However, knowing the existence of bound states of

01 (anti)nuclei alone is not enough to describe nuclear force.

“Clean” view of two antiproton force is much desired.

Discovery Year

Aihong Tang
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Nuclear force between antimatter

 So far the large body of knowledge on nuclear force was derived
from studies made on nucleons or nuclei, little is known directly
about the nuclear force between antinucleons.

* The knowledge of interaction among two anti-protons, one of the
simplest system of antinucleons(nuclei), is a fundamental
ingredient for understanding the structure of more-complex

antinuclei and their properties.
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Nuclear force : scattering length (f,) and effective range (d,)

At low energy limit, the scattering cross section is given by

o=4nf;

In the case of square well potential, d, is the range (radius) of the
potential.

For a short range potential, f, and d, are related to the s-wave
scattering phase shift 6, and the collision momentum k by :

keot(8,) = 1, 151018
£ 2

0
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f, and d, : characterizing the nuclear force

a) Repulsive ) bound state

No bound state
a<0 (f,>0)
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Figure 2.11 Phase shift variation as a function of the incident proton
energy for proton-proton collision. The experimental points are from
reference [| B50].

“Nuclear physics in a nutshell”,

mar Ip@and d, : How to measure them in scattering experiments

do B (da) +(do) +(d0)
@_ E C E n E chn

Coulomb

(d_a) _ sin®§,

dQ ), k*
11,

kcot(0,) = —+—d,k

fo 2

0

Nuclear Crossterm

Carlos A. Bertulani. Princeton U Press (2007).

In scattering experiments, f, and d, can be extracted by studying
the phase shift vs. energy. (While at RHIC we extract them

differently - by studying the CF).
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Nrar Matter-antimatter symmetry : CPT tests
2\

v
/E;

BTle Magnetic

Beta emission is

preferentially in Nuclear

the direction spin 0 0
opposite the m n
nuclear spin, in 4 7° Vol o _ K°- K°
violation of Kg e~ KE Ks = J2
conservation e 0 =0
of parity. 0 \ _ kK0 = K™+ K
T n,[) L :/2_
W, 1857 t=089x10"0s 1=52x10"%s

60 - 60 . -
Co ON|+e+v

<5

* P-violation : proposed by Lee * CP- violation : Cronin and Fitch,
and Yang. Confirmed by Wu in 1964
1956
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W CPT is still a hot topic of interest

BaBar (SLAC):
CPT violation in B
meson system.

' AEGIS (CERN):
antimatter grauvity.

Belle (KEK): ATRAP (CERN):
CPT violation in antimatter magnetic
decays of B meson. moment etc.
CPLEAR (CERN): ALPHA (CERN):
CPT violation in antimatter gravity,
neutral kaon system. charge, etc.

ALICE (CERN): ASACUSA (CERN):

antimatter mass to
charge ratio, hyperfine
structure.

Antinuclei mass.
Nature physics 11 811 (2015)
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CPT is still a hot topic of interest

BaBar (SLAC):
CPT violation in B
meson system.
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antimatter grauvity.

Belle (KEK):
CPT violation in
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CPT violation in
neutral kaon system.

antimatter gravity,
charge, etc.

ALICE (CERN):

Antinuclei mass.
Nature physics 11 811 (2015)

ASACUSA (CERN):
antimatter mass to
charge ratio, hyperfine
structure.
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an ideal environment for antimatter product

RHIC
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ith abundantly produced antinucleons, RHIC (and LHC too) has

the excellent capability of conducting this study.
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STAR detector complex

\ Large acceptance
!f.‘ TPC: Full azimuthal coverage, (|n|<1.0)
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W Particle Identification

‘e %

(dE / dx)
MAE Tdx)

expected

Ng )

PID by Time Projection Chamber (TIZDC) and Time of Flight detector
(TOF). Purity for anti-protons is over 99%.
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Correlation analysis

Correlation Function (CF):

P(p, p,)
C(p1,p2) = —
P(p,)P(p,)
In practice,
Cl*) = real pairs from same events

pairs from mixed events

Purity correction :

X —
C(k*) — C(k )mec.lsured 1 +1
PairPurity (k)
Aihong Tang
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</orar Correlation analysis

A\
Attractive interaction P
P smaller k*
1 —
->P,
P

Repulsive interaction
p2 e Iarger k*

CF ¢
Attractive o
For example, if there is only Coulomb
interaction between two particles L e b s
m

>

k*
Two-particle correlation function is sensitive to the separation
distribution of the source and interaction in the final state.
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Final State Interactions
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Connecting f, & d, to CF

wave function

G(p,n)}

r*

wlL () = e A, (M) {e_”‘*”*F (=in,L,i8) + f.(k*)

Scattering amplitude

fc<k*>=[i+1dok*2—ihm)—ik*Ac(n)}
fo 2 a

0 c
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Nature 527 345 (2015) k*(GeV/c)

Correlation functions

* For proton-proton CF
B Cinclusive 1.2 R = 275 iOO]' fm'
o= THx[Cop-1] 1.1 x2/NDF = 1.66.

* For antiproton-antiproton CF

13 R=2.8020.02 fm;

1.2 fp=7.41+0.19 fm;

11 d,=2.14 £0.27 fm;

x2/NDF = 1.61. 10 contour

proton-proton

—C

.- 1+XW[CW_1]

inclusive
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f, and d,

O proton-proton
6 [1 proton-neutron(singlet)
/A proton-neutron(triplet)

| ¢ neutron-neutron
% antiproton-antiproton

oL—
-10

Nature 527 345 (2015)

0 10
f, (fm)
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Summary for part Il

* The first direct measurement of interaction between two
antiprotons is performed by STAR. The force between two
antiprotons is found to be attractive, and is as as strong as
that between protons. Corresponding scattering length and
effective range are found to agree with that for the force
between protons.

* Besides examining CPT from a new aspect, this
measurement provides a fundamental ingredient for
understanding the structure of more complex anti-nuclei and
their properties.
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“This paper announces an important discovery! ... offers important
original contribution to the forces in antimatter!” — Nature Referee
A

“... significance of the results can be considered high since this is
really the first and only result available on the interaction between
the antiprotons ever.” — Nature Referee B

“... are of fundamental interest for the whole nuclear physics
community and possible even beyond for atomic physics
applications or condensed matter physicists. ... | think that this
paper is most likely one of the five most significant papers
published in the discipline this year” — Nature Referee C
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Discussion and Future Directions
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Discussion and future directions : CMW

Our finding is consistent with the existence of CMW, and so far no
conventional models, as currently implemented, can explain the
data. However, this is one aspect of a group of anomalous chiral
effects, which to claim a discovery, more work needs to be done
collectively between experimentalists and theorists.

Experiment : differential study of CMW, isobars, U+U, chiral
vortical effect, chiral electric separation effect, Beam Energy
Scan Il, LHC measurements, etc.

Theory : realistic modeling of charge initial conditions, lifetime

of B, reconcile controversial predictions/calculations,
development of chiral magnetohydrodyamics etc.
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. .Discussion and future directions : matter-antimatter symmetry
2\

* Improvement on the control of systematics.
* Refine fitting procedure.
* Analyze further accumulated data.
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CPT is still a hot topic of interest

Theory :

* SM extensions are developed to use constrain parameters of
effective field theories explicitly violating CPT (Kostelecky & Russel,

Rev. Mod. Phys. 83 2011)
* CPT violation through Quantum Gravity Decoherence.

e Cosmological CPT violation.
e At the GUT scale where forces are supposed to be originated, CPT
symmetry is no longer guaranteed (string theory).

(for review, see for example, e-print : hep-ph/0504143)
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) W Residual correlation

The observed (anti)protons can come from weak decays of already
correlated primary particles, hence introducing residual
correlations which contaminate the CF.
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Residual correlation

Taking dominant contributions due to residual correlation, the
measured correlation function can be expressed as :

Coranirea K3 =1+, [C, (k55 R, ) = 1]+ x,, [ o (K55 R, ) = 1]+, [ Con (K55 Ry ) 1]

where

*

épl\ (k;p) - prA (k;A )T(kp/\’k;p )dk;/\
and
Crnlhy,) = [Can(kpa )T (kpy ok, Xy

* C,p(k*) and C,,(k* ,) are calculated by the Lednicky and Lyuboshitz model.
* Con(k*,n) is from STAR publication (PRL 114 22301 (2015)).

*Regard R, and Ry, are equal toR .

* T is the corresponding tranform matirces, generated by THERMINATOR?2, to
transform k* , to k* as well as k*,, to k*
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Connecting f, & d, to CF

The theoretical correlation function can be obtained with
D 8(k,,, —kwk*,r¥)
C k* — pairs _
( ) 2 6(kpairs - k*)

pairs

k% S(+) (. S(+) (|
where w(k*,r%) =|y 50 (%) + (=1’ y i (*) /2 and

Vo) = A M) { P Lig)+ 1, (k) L ”)}

-1
f.(k*)= [fi + %dok *? —zh(n) —ik* A, (n)} is the s-wave scattering amplitude

0 ac

renormalized by Coulomb interaction.
n=(k*a)', a =57.5 fm
p=k*r*, E=k*r*+p
A () = 2mm[expam) — 1]
F is the confluent hypergeometric function
G(p.n) =JA.(D[G,(p.m +iF(p.m]isa
combination of the regular (/) and singular (G,)

s-wave Coulomb functions. Proton pairs are from
THERMINATOR?2 when deriving theoretical C(K*)
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Systematics

The decomposition of systematics of this analysis:

Afo (£ETm)  Ado (£fm) ARy, (Xm)  AR,, (£ im)

experimental cuts 0.14 0.33 0.01 0.03
uncertainty of p-A CF 0.17 0.19 0.03 0.01

uncertainty of A-A CF 0.36 1.34 0.03 0.03
THERMINATOR2 model 0.07 0.09 < 0.01 < 0.01

Final systematics is given by (max-min)/\12

Other systematics that are not considered in this analysis :

« Non-Coulomb electromagnetic contribution due to magnetic interactions
* Vacuum polarization

« Finite proton size

These effects change the f, and d, at the level of a few percent in total.

L. Mathelitsch and B. J. VerWest, Phys. Rev. C 29, 739-745 (1984).
L. Heller Rev. of Mod. Phys. 39, 584-590 (1967).

J. R. Bergervoet, P.C. van Campen W.A. van der Sanden, and J.J. de Swart, Phys. Rev. C 38, 15-50 (1988)
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Vv, splitting as a function of charge asymmetry between 1+ and - is
consistent with CMW prediction.

Imply that both Chiral Magnetic Effect and Chiral Separation Effect are
at work.

Imply chiral restoration.
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