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Arniel Zhitnitsky Charge Separation Effect
Little Bang vs Big Bang

a) Goal of this workshop is to study “ ... extreme conditions as found in the

early Universe, the interior of compact stars, and quark-gluon plasma produced in the
Relativistic Heavy lon Collider (RHIC) at Brookhaven National Laboratory.
(from the workshop Web page)

b) One of the motivations to build the RHIC was to produce and study the state
which existed few moments after the Big Bang .
(from the propesal suggesting to build RHIC. Eract wording is not known. )

c) Almost every talk in this uﬁkshop has words " Black Holes”. However, these black
holes have no relation to cosmology.

d) We want to fill the gap: We want to formulate some questions which may have
some astrophysical implications (for QCD- people working in RHIC -related physics )

therefore, I start from cosmology. ..

1
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Arniel Zhitmtsky Charge Separation Effect
I. Motivation

Observational Cosmological Puzzles (Big Bang):

® The relation {15 ~ (15 ,; between the two very different contributions to (2 is extremely
difficult to explain in models that invoke a DM candidates not related to the ordinary
baryon degrees of freedom: the baryon masses my ~ Agcp.

e Several independent observations of the galactic core suggest unexplained sources of
energy.
k

1. The most known case is the 511 keV line (INTEGRAL) which has proven very difficult
to explain with conventional astrophysical positron sources.

a) It must come from the positronium decays, but number of positrons in the bulge of the
galaxy 10 times smaller than needed to explain the flux.

b) Flux comes from the bulge rather than from the disk while the known positrons mostly
concentrated in the disk.

c) Extra positrons must come from somewhere...

2
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Arnel Zhitmtsky Charge Separation Effect

2. A similar, but less known mystery is the excess of gamma-ray photons detected by
COMPTEL across a broad energy range ~ 1 — 20 MeV. Such photons have been found
to be very difficult to produce via known astrophysical sources.

3. Detection by the CHANDRA satellite of diffuse X-ray emission from across the galactic
bulge provides a puzzling picture: after subtracting known X-ray sources one finds a
residual diffuse thermal X-ray emission consistent with very hot plasma (7" =~ 10 keV).

a) Such a plasma would be too hot to be bound to the galactic center (speed of
sound is larger than the escape velocity).

b) The energy required to 5k_t;|in a plasma of this temperature corresponds to the
entire kinetic energy of one supernova every 3000 yr, which is unreasonably high.

c) Source of energy fueling this plasma is a mystery.

3
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Il. Charge separation in QCD at ¢ = 0 (Big Bang)

B We proposed that on the global level the Universe is symmetric. The
separation of charges is originated during the QCD phase transition if ¢ # 0.

2. Such a scenario does not contradict to the observations on antimatter abundance.

3. The visible content consists of “normal” baryons which are in the hadronic phase,
while the dark content is in the form of matter B,y and antimatter 3y nuggets in
color super -conducting phase (similar to the Witten's nuggets 1984).

4. The first cosmological puzzle -.h_entinned above is resolved in such a scenario: If DM is
originated from the QCD scale —= (15, ~ (15 comes naturally.

5. Few mysteries with unexplained sources of energy (mentioned above) also find their
natural explanation: additional source of energy is due to the rare events of annihilation
of antimatter nuggets with visible matter (electrons and protons). Intensities, spectrum,
angular distributions measured by CHANDRA, INTEGRAL, COMPTEL in vastly different

energy bands can be naturally explained within the same framework.

1
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Can the charge separation
phenomenon be tested at RHIC?

Little Bang <= Big Bang

(subject of the present talk)

1. We assume that the “induced-# vacuum state (CP odd bubles) can be produced at
RHIC for a short period of time {similar to disoriented chiral condensates): D Kharzeev

and R.Pisarski, 1998; AZ et al, 1999; R.Baier et al, 2000; E.Shuryak and AZ, 2001.

2. We demonstrate that the charge separation phenomenon indeed takes place when

angular momentum L and # are nonzero. The basic technique is anomalous effective
lagrangian in dense matter developed by D. Son and AZ, 2004; M _Metlitski and AZ, 2005.

3. Preliminary STAR results support our findings: |. V. Selyuzhenkov [STAR Collaboration]

5
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Il. Charge separation in QCD at # # ) (Big Bang)

E We proposed that on the global level the Universe is symmetric. The
separation of charges is originated during the QCD phase transition if ¢ # 0.

2. Such a scenario does not contradict to the observations on antimatter abundance.

3. The visible content consists of “normal” baryons which are in the hadronic phase,
while the dark content is in the form of matter Bpys and antimatter E_?ﬂ_unuggets in
color super -conducting phase (similar to the Witten's nuggets 1984).

4. The first cosmological puzzie Rentioned above is resolved in such a scenario: If DM is
originated from the QCD scale —= (15, ~ (15 comes naturally.

5. Few mysteries with unexplained sources of energy (mentioned above) also find their
natural explanation: additional source of energy is due to the rare events of annihilation
of antimatter nuggets with visible matter (electrons and protons). Intensities, spectrum,
angular distributions measured by CHANDRA, INTEGRAL, COMPTEL in vastly different

energy bands can be naturally explained within the same framework.
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Can the charge separation
phenomenon be tested at RHIC?

Little Bang <= Big Bang

(subject of the present talk)

1. We assume that the “induced-# vacuum state (CP odd bubles) can be produced at
RHIC for a short period of time {similar to disoriented chiral condensates): D Kharzeev

and R.Pisarski, 1998; AZ et al, 1999; R.Baier et al, 2000; E.Shuryak and AZ, 2001.

2. We demonstrate that the charge separation phenomenon indeed takes place when
angular momentum L and € are nonzero. The basic technique is anomalous effective
lagrangian in dense matter developed by D. Son and AZ, 2004; M Metlitski and AZ, 2005.

3. Preliminary STAR results support our findings: |. V. Selyuzhenkov [STAR Collaboration]
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I11. Similarities between systems with I = 0 and () = 0

1. We start with nonzero magnetic field 5 # 0 when the anomalous effective lagrangian
is well known, and the corresponding phenomenon is well understood.

2. After that we shall discuss the systems with rotation 3 which replaces the magnetic
field,

= 2 g
B = —fi (1)
e
3. We shall see that the crucial ingredient in what follows is the following similarity

between the two systems (extem;‘magnetic field B vs rotating system, (1),

AP, = 2m/ﬁ ds. Adg = e f B dX. (2)

4. All nontrivial topological phenomena such as induced electric field, charge separation
effect, induced currents etc in the presence of the external magnetic field B will have their
analogies for the rotating systems, {1

6
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Ariel Zhitmatsky
(3)

IV. Charge separation in QCD at ¢ = (. Heuristic arguments.

1. Anomalous effective lagrangian at & # 0,
1- —— E}.} 6 == —
+N}Zf 471'2- (.-\Fj) (EB)

¥ -
L=-E"—--B
2 2
2. We minimize the action density (3) with respect to the electric field E' assuming
B # 0.8 # 0. Electric field is generated: E'"* ~ § . B*™*,
oL e ] .
— = E+ N, *"-( )B:U: 4
w-ggny (2 “

3. For magnetic monopole B = (g/r*) A, N. = N; =1
g 9 S
1 (E - g) (Eﬂ) .
. =], 0= -,
2T r

E‘ftnd = —ﬁ i
27

e

i.e. the magnetic monopole in the presence of # becomes a "dyon", Witten 1979.
7
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Aried Zhitrmatsky Charge Separation Effect
4. Consider uniform magnetic field, B. pointing in the = direction which does not depend
on x and y coordinates (effectively a 2-dimensional theory). Electric field will be induced

along 2z,
. ] a
L2Eind o (E—) I, where [ = i/d'zLB:”‘ (5)
) 2 27
The situation here resembles the 2d Schwinger model when # # 0 indeed can be thought
as electric field.

5. It is clear that the induced electric field will lead to the induced currents and to the
separation of charges along z, [Q(z = +L) — Q(z = —L)] ~ (5Z) | in the presence
of B: 3£ 0,0 #£ 0. N

6. Now we want to use analogy B — mn Q to argue that one should anticipate that
the electric field will be induced (and the charges will be separated, AQ) # 0) even when
the magnetic field is zero B = 0, but the system is rotating with angular velocity £2.

7. We anticipate a relation £ ~ (f) (! when the magnetic field is replaced by 1.
Amazingly, the corresponding relation indeed can be denved using the anomalous effective
lagrangian approach.
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Arned Zhitmtsky

IV. Charge separation in QCD at ¢ = (. Heuristic arguments

1. Anomalous effective lagrangian at # # 0
L=ciP— LN, z ( ) (£ B) 3)
2 2 472 Ny 2

2. We minimize the action density (3) with respect to the electric field E' assuming
~ 0 - B

(4)

B™" # 0.6 # 0. Electric field is generated: E"
2 g ~

E'I' - e e
3. For magnetic monopole B = (g/r*) 7i, N, = N; =)
Eindz—*"ii (Eg)*(ﬂ) ﬁ:f
e 27 2x ) T

T
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4. Consider uniform magnetic field, B. pointing in the = direction which does not depend
on x and y coordinates (effectively a 2-dimensional theory). Electric field will be induced

along =z,
LZE™d o _ (ﬂ) I, where [ = i/d“*ha;“ (5)
) 27 27
The situation here resembles the 2d Schwinger model when # # 0 indeed can be thought
as electric field.

5. It is clear that the induced electric field will lead to the induced currents and to the
separation of charges along 2, [Q(z = +L) — Q(z = —L)] ~ (5Z) l in the presence
of B: £0.8 # 0. N

6. Now we want to use analogy B —» <o Q to argue that one should anticipate that
the electric field will be induced (and the charges will be separated, AQ # 0) even when
the magnetic field is zero B = 0, but the system is rotating with angular velocity 3.

7. We anticipate a relation £ ~ ("z:') () when the magnetic field is replaced by ).
Amazingly, the corresponding relation indeed can be denved using the anomalous effective
lagrangian approach.
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Charge Separation Effect

Arnel Zhitmatsky
(3)

IV. Charge separation in QCD at ¢ = (. Heuristic arguments.

1. Anomalous effective lagrangian at # # 0
) R mz ( ) (£-B)
2 2 472 Ny -

2. We minimize the action density (3) with respect to the electric field £ assuming
g . Br_ti‘.

(4)

B™* # 0.6 # 0. Electric field is generated: E"™
G =
) B=0

a.&' E: Ne Zuf ' (N,

3. For magnetic monopole B = (g/r%) #i, N. = N; = 1

g g9 S

1 (E - g) (EQ) - ¥
l—), A=-,

2w 2T r

—

Etnd i — .
r-

i.e. the magnetic monopole in the presence of # becomes a "dyon", Witten 1979
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4. Consider uniform magnetic field, B. pointing in the = direction which does not depend
on x and y coordinates (effectively a 2-dimensional theory). Electric field will be induced

along =z,
2 ] ‘
L2E™d o _ (E—) I, where = — / d’z, B.= (5)
) 27 27
The situation here resembles the 2d Schwinger model when # # 0 indeed can be thought
as electric field.

5. It is clear that the induced electric field will lead to the induced currents and to the
separation of charges along z, [Q(z = +L) — Q(z = —L)] ~ (5Z) | in the presence
of B: £ 0,8 #£ 0. N

6. Now we want to use analogy B — «n Q to argue that one should anticipate that
the electric field will be induced (and the charges will be separated, AQ # 0) even when
the magnetic field is zero B = 0, but the system is rotating with angular velocity {2.

7. We anticipate a relation E ~ (ﬁ) () when the magnetic field is replaced by 1.
Amazingly, the corresponding relation indeed can be denved using the anomalous effective
lagrangian approach.
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Aried Zhitmtsky Charge Separation Effect
V. Quantum Anomalies: () £ Q. pu3EQ 8£0

1. Anomalous effective lagrangian

a) Our goal is to derive a new anomalous effective lagrangian describing the
interaction of light fields: the electromagnetic photons A, neutral light Nambu-Goldstone
bosons (7, 1, n’), the superfluid phonon and axion # in dense matter.

b) We do not assume that the axion exists at this point. We treat #(x) as external
induced background field which depends on time and coordinates.

c) Anticipating the event— tﬁ main result of the calculations— new anomalous
terms which include superfiuid phonon field identically vanish unless background contains

topological defects, external magnetic field or Q # 0.

d) If the anomaly induced interactions do not vanish (in case of nontnvial backgrounds)
they lead to a number of interesting phenomena.

El
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Ariel Zhitmtsky Charge Separation Effect
2. Main ldea

a) Consider QCD in the background of two U(1) fields: the electromagnetic field A,
and a fictitious (spurion) V), field which couples to the baryon current.

b) The fundamental Lagrangian describing the coupling of quarks with V,, is

L= (nVe— efA)byv iy
f

It is invariant under U/(1)y local gauge transformations ¢ — e"'*'q, V. (z) —
Vi(x) + 0,0(x) similar to the lknvmtional electrodynamics, U(1)gar.

c) The effective low-energy description must respect the /(1) gauge symmetry.
Therefore, in the effective Lagrangian the _covariant derivative D,y = d,pov — pV,
(similar to the conventional E'& M) must appear.

10
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Arned Zhitmtsky Charge Separation Effect

d) Consider the transformation properties of the path integral under the LU'(1) 4 chiral
transformation. As is known, the measure is not invariant under these transformations due
to the chiral anomaly: it receives an additional contribution S = — | d'z 9o j::‘ =
Jd'z a 3"]:‘

e) The problem is reduced to the calculation of the divergenece of the axial current
in the presence of the electromagnetic A, background field as well as in the presence of
fictitious V), background field and #(x) # 0.

3. Rotating System, (1 # 0.
The relevant term is

: EI#I Ao
L -~ = _Nr T 4 a 9 3 Vp Aﬂ'q- ﬁ
o1 Ef:47r¢N, € W@(AV,) (6)

where € is defined as 2€,,:2 = (O,V, — 0,V,) is the angular velocity of the rotating
system.

N L oo €rlty %
L=y N 174 __olE-if). 7
Lo T o (8.0), @

11
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VI. Induced E and separation of charges in the background Q #= 0

1. Induced electric field £
Minimization of the anomalous effective lagrangian with respect to E gives,

(SL E_f}.l.} “ —
—— E+JN' - 'f!"—_ﬂ.
5= B+ (5;) G=o

which is analogous to a similar result with nonzero magnetic field, B — € as anticipated.

k €
) =
— NE - ()
27 (Nf)

12
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2. Charge separation
a) The local charge density is defined as

dLs.v
imd MV .f”'.f
Bt =S =Ny N,w-! -(Ve-48),

b) Assume that # is a value of #(x = 0) inside the (' P odd bubble for a given event
while # = 0 in the vacuum, outside the region of interest, we have

Q lelllz emcd Ef"‘f 9

c) As expected, for an infinitely large capacitor, the electric E. field between the plates
equal to the charge density o,, = & on the plates. Our formulae satisfy this condition,

Q Efpry
Txv 2 a =_'l|'\",2211rr*I Ny -

Ty

13
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VI. Induced E and separation of charges in the background Q #= 0

1. Induced electric field
Minimization of the anomalous effective lagrangian with respect to E gives,

oL = €rHy
e E + ;N:_ fz = ﬂ
SE 272 ( )

which is analogous to a similar result with nonzero magnetic field, B — € as anticipated.

* €5
) =1
— NE - - €2
a2 ( )

12
Pirsa: 07050076 Page 22/46



Arniel Zhitnitsky Charge Separation Effect

d) Consider the transformation properties of the path integral under the LU'( 1) 4 chiral
transformation. As is known, the measure is not invariant under these transformations due
to the chiral anomaly: it receives an additional contribution S = — | d'z "o j::" =
Jd'z e 0*j ;:‘.

e) The problem is reduced to the calculation of the divergenece of the axial current
in the presence of the electromagnetic A, background field as well as in the presence of
fictitious V), background field and #(x) # 0.

3. Rotating System, (! # 0.
The relevant term is

- Ef”f Ao
L 1 = _Nr e 2 3 9 3 Vpr qu ﬁ'
o1 Ej,:il?l“!N! € W@(AV,) (6)

where € is defined as 2€,,:82 = (O,V, — 0,V,) is the angular velocity of the rotating
system.

1 I =
L=§E——Bl NZ é};_}_-s(é‘.n)* (7)

11
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VL. Induced E and separation of charges in the background Q #= 0

1. Induced electric field £
Minimization of the anomalous effective lagrangian with respect to E gives,

oL €fhty
— = E + N.
aE 22 ( )
which is analogous to a similar result with nonzero magnetic field, B — () as anticipated.

k €5
) =
— NE - ()
27 (Nf)

12
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2. Charge separation
a) The local charge density is defined as

s dLsv
Jo * - .- — Nr s (VE Q)
d A, N’;--:r-*

b) Assume that # is a value of #(x = 0) inside the C'F odd bubble for a given event
while # = 0 in the vacuum, outside the region of interest, we have

Q /\L;i erued Ef”f ﬂ
Oy = = dzJ, = —N_ R —

c) As expected, for an infinitely large capacitor, the electric E. field between the plates
equal to the charge density ., = = %~ on the plates. Our formulae satisfy this condition,

J—r#

_Q €fly
ﬂ'mzz = _—N Z 2“_3 f Q-

13
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d) Consider the transformation properties of the path integral under the U'(1) 4 chiral

transformation. As is known, the measure is not invariant under these transformations due
to the chiral anomaly: it receives an additional contribution 6S = — [d‘zr 9"a j::‘ =

Jd'z a 3’“3;?

e) The problem is reduced to the calculation of the divergenece of the axial current
in the presence of the electromagnetic A, background field as well as in the presence of
fictitious V), background field and #(x) # 0.

3. Rotating System, (1 # (.
The relevant term is

Loww = —N. 3 —-L . 4275,0(8xV.) Ao, (6)

where € is defined as 2€,,: 2 = (O,V, — 0,V,) is the angular velocity of the rotating

system. . "
P, - Bt - W " ) 1 _of(E.03). 7
N S LT »

11
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2. Charge separation
a) The local charge density is defined as

ind _ 6"[‘&*‘ R Efley —- —
== N.Y ~ (Vo-4),

b) Assume that # is a value of #(x = 0) inside the C'FP odd bubble for a given event
while # = 0 in the vacuum, outside the region of interest, we have

Q f"’u ind eshy 9
Cry = = dz.J = —N_ E - Q2.

c) As expected, for an infinitely large capacitor, the electric E. field between the plates
equal to the charge density o,, = ﬁ on the plates. Our formulae satisfy this condition,

_Q €fpy
‘-T:.-y — E = — —N Z 2‘“_3 f Q-

13
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VIl. Numerical estimates

1. Quantization
Quantization for the rotating system is very similar to magnetic flux quantization

fegﬁdf.‘.:Z?rL /pﬁ-dﬁ:?rf

2. Charge separation: numerical estimate
# fluctuates on the event-by-event basis. Therefore: an upper hemisphere can thus have
either excess of quarks over anti-quarks or vice-versa,

L3
Q(L) — Q(—L) =~ 2e (;) ]

14
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3. Numerics:

a) Take g ~ 1

b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC

c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately
equal to the multiplicity of produced hadrons

d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize
e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)

f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper
hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.

— 4 4

~ 37). = —A, o= ——
E_){ %), a; - a -

AEN"
N

gt+4q
g) If asymmetry is present in Figl: a” ~ at ~(—)ay-a_ ~ 107

h) The asymmetry between quarks and anti-quarks — translates to electric charge
separation — translates into the corresponding asymmetry for charged pions (depends on
the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the
studies of baryon—antibaryon production.

15
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Aried Zhitmtsky Charge Separation Effect
VIl. Numerical estimates

1. Quantization
Quantization for the rotating system is very similar to magnetic flux quantization

feg*dﬁ=2?rf, /pﬁ-di:?'ﬂ’f

2. Charge separation: numerical estimate
# fluctuates on the event-by-event basis. Therefore: an upper hemisphere can thus have
either excess of quarks over anti-quarks or vice-versa,

~
Q(L) — Q(—L) = 2e (E) ]
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3. Numerics:

a) Take £ ~ 1

b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC

c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately

equal to the multiplicity of produced hadrons

d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize

e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)

f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper

hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.
A=t ~P(3%), as= 24 aom-2

g) If asymmetry is present in Figl: a” ~ a: ~(-)ay-a_~ 107"

h) The asymmetry between quarks and anti-quarks — translates to electric charge
separation — translates into the corresponding asymmetry for charged pions (depends on
the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the
studies of baryon—antibaryon production.

15
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-0.001

0-5% 50-60%

Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], "Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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3. Numerics:
a) Take % ~ 1
b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC
c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately
equal to the multiplicity of produced hadrons
d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize
e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)
f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper
hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.

A= ;’Vq._q mp(3%). a; = ——1*:‘1, a_. = -—i

g) If asymmetry is present in Figl: a” ~ at ~ (=)o -a_ ~ 1070

h) The asymmetry between quarks and anti-quarks — translates to electric charge
separation — translates into the corresponding asymmetry for charged pions (depends on
the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the
studies of baryon—antibaryon production.
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-0.001

Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], "Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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3. Numerics:

a) Take £ ~ 1

b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC

c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately
equal to the multiplicity of produced hadrons

d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize
e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)

f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper
hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.

- 4 4

Mo 3 & = —-A, — A ———
9{ %), a; - a -

A= -
Nil’+'i

g) If asymmetry is present in Figl: a” ~ a: ~(-)a,-a_~ 1077

h) The asymmetry between quarks and anti-quarks — translates to electric charge

separation — translates into the corresponding asymmetry for charged pions (depends on

the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the

studies of baryon—antibaryon production.
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-0.001

Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], “Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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at \/syy = 62 GeV: circles are a”_, triangles are a” and squares are a.a_.
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VIl. Numerical estimates

1. Quantization
Quantization for the rotating system is very similar to magnetic flux quantization

/EE* dE = 2xl, /pﬁ- d¥ = 27l

2. Charge separation: numerical estimate
# fluctuates on the event-by-event basis. Therefore: an upper hemisphere can thus have
either excess of quarks over anti-quarks or vice-versa,

k i
Q(L) — Q(—L) =~ 2e (;) L
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3. Numerics:

a) Take % ~ 1

b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC

c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately
equal to the multiplicity of produced hadrons

d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize
e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)

f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper
hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.

Ne—; 1

4
~ {3%). a — ‘-'A, a_ = """-A
..+..
Ngis ] T w

A=

g) If asymmetry is present in Figl: ni ~a® ~(-)ay-a_ ~ 10"

h) The asymmetry between quarks and anti-quarks — translates to electric charge
separation — translates into the corresponding asymmetry for charged pions (depends on
the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the
studies of baryon—antibaryon production.
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Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], "Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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VI1Il. Conclusion

1. Terrestrial physics
An observation of such an asymmetry at RHIC (Little Bang) would signal for the first
time the possibility of P, CP odd effects in strong interactions. Such an observation would

establish unambiguously the formation of a new phase of quark-gluon matter (whatever it
is).

2. Cosmological applications
An observation of such an asymmetry at RHIC would give a hint on how separation of
charges could occur during the QED phase transition few moments after the Big Bang.

Some astrophysical observations apparently do support an idea that a separation of
charges indeed took place. Rare evenis of anmihilation of the visible matter unth
antimatter nuggets apparenitly pownting inte such a “crazy”™ scenario on resolution of
dark matter, baryogenesis and many other (seemingly unrelated) problems...
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3. Numerics:

a) Take £ ~ 1

b) Use | = 4 for a semi-central Au — Awu event as identified at RHIC

c) Assume that the multiplicity of quarks and antiquarks at hadronization is approximately
equal to the multiplicity of produced hadrons

d) Assume that the produced gluons split into quark—antiquark pairs before they hadronize
e) Take N, ; for semi-central collisions at RHIC to be ~ (200 — 500)

f) A typical event at RHIC would have 3-5 more quarks than antiquarks in the upper
hemisphere and an equal excess of antiquarks over quarks in the lower hemisphere.
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A=

g) If asymmetry is present in Figl: a” ~ a? ~(-)a;-a_~ 107"

h) The asymmetry between quarks and anti-quarks — translates to electric charge
separation — translates into the corresponding asymmetry for charged pions (depends on
the dynamics of hadronization)

i) More direct way of observing the quark—antiquark asymmetry would be provided by the
studies of baryon—antibaryon production.
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Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], "Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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at /syn = 62 GeV: circles are a”_, triangles are a” and squares are a_ . a_.
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VIIil. Conclusion

1. Terrestrial physics
An observation of such an asymmetry at RHIC (Little Bang) would signal for the first
time the possibility of P, CP odd effects in strong interactions. Such an observation would

establish unambiguously the formation of a new phase of quark-gluon matter (whatever it
is).

2. Cosmological applications
An observation of such an asymmetry at RHIC would give a hint on how separation of
charges could occur during the QED phase transition few moments after the Big Bang.

Some astrophysical observations apparently do support an wudea that a separation of
charges indeed took place. Rare events of annihilation of the visible matter wnth
antimatter nuggets apparently pownting imto such a “crazy”™ scenario on resolution of
dark matter, baryogenesis and many other (seemingly unrelated) problems. ..
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Figure 1: Preliminary data from |. V. Selyuzhenkov [STAR Collaboration], "Global
polarization and parity violation study in Au + Au collisions,” Rom. Rep. Phys. 58,
049 (2006) [arXiv:nucl-ex/0510069]. Charged particle asymmetry parameters as a 3
function of standard STAR centrality bins. Points are STAR preliminary data for Au+Au
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VIil. Conclusion

1. Terrestrial physics
An observation of such an asymmetry at RHIC (Little Bang) would signal for the first
time the possibility of P, CP odd effects in strong interactions. Such an observation would

establish unambiguously the formation of a new phase of quark-gluon matter (whatever it
is).

2. Cosmological applications
An observation of such an asymmetry at RHIC would give a hint on how separation of
charges could occur during the QED phase transition few moments after the Big Bang.

Some astrophysical observations apparently do support an idea that a separation of
charges indeed took place. Rare events of annihilation of the visible matter uath
antimatter nuggets apparenitly poiwnting imto such a “crazy”™ scenario on resolution of
dark matter, baryogenesis and many other (seemingly unrelated) problems. ..
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