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Observing spontaneous strong parity violation in heavy-ion collisions
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We discuss the problem of observing spontaneous parityCahdiolation in collision systems. We discuss
and propose observables which may be used in heavy-ion collisions to observe such violations, as well as
event-by-event methods to analyze the data. Finally, we discuss simple Monte Carlo models of these
CP-violating effects which we have used to develop our techniques and from which we derive rough estimates
of sensitivities to signals that may be seen at the relativistic heavy-ion collider.
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[. INTRODUCTION ables formed from the momentum vectors of the final state
Parity andC P symmetries have been a source of fascinafarticles. The first is that one of these metastable regions
tion to physicists since the discoveries that neither is absowhich varies in time may give rise to @P-violating asym-
lutely respected by naturkl,?]. To date, the violation of metry in7* and=~ momenta. This is discussed in RES]
these symmetries has only been observed in weak intera@s arising through the Witten-Wess-Zumino tefit, 12 and
tions, never in strong or electromagnetic interactions. Whyed to the proposal for the event-by-event observable
the CP symmetry should normally be respected by the
strong interaction, as seems to be the case experimentally, is _ 1 SN 1.5
. J > [p.xp-1z, (1)
an outstanding mysterythe so-called stron@ P problem Npairs pairs
[3]), but a topic separate from this paper.
Kharzeevet al. [4] have proposed that even if the strong where the sum is over all possible pairs and each pair con-
interactions normally respe&@ P symmetry(or in the lan-  tains one observed™ and one observed . f)i represents
guage of the field, even #focp [3] is equal to zerp in hot ~ the momentum vector of an observed™ and f)i a unit

hadronic matter, metastable states may be formed in whichector in the same directiorz must be some other polar
parity andCP are spontaneously violated. vector which can be defined in the collision systgifhis
The authors obtained this result using a nonlinear sigmgarticular observable will be discussed further in Seg. II.
model as an effective Lagrangian, explicitly including a term  aqgitionally, because a nonzero value fEbCD effec-
which incorporates the breaking of the axially symmetry tively implies a nonzero value fo@c- Ec (where these are

which is present in quantum chromodynamics. They hav hromomagnetic and chromoelectric figl{i§,3], it has been

found thgt within the context of this m_odel, under_certam roposed 7] that thisC P asymmetry would be manifested in
assumptions about the nature of deconfining and chiral pha S . d : .
P-violating deflections of the trajectories of quarks which

transitions, metastable states may form which behave as r%'ass through these regions. This then should ultimately ap-

gions in whichdocp is nonzero, and so spontaneously bréakpear inCP-odd observables formed out of the momentum
CP symmetry. They then further proposed that such regiongectors of final state baryons rather than pidbgcause

may be produced in relativistic collisions of heavy nuclei. yions have equal fragmentation probabilities from light
(The possibility of CP-violating vacuum states formed in quarks and antiquarks

heavy ion collisions is not tied to this mechanism and in fact
the general idea was raised several years pBby

In Ref. [4] and subsequent pap€e§—10, methods for
observingCP-violating states in heavy ion collisions have  Let us end this introduction with a few comments con-
been suggested which can be grouped into two categorie®rning the observation of symmetry violation in collision
based upon the proposed experimental signatures. The firsystems in generdbpecifically, what type of violations may
group of signatures has to do with the observation of parity-or may not be demonstrated by the observations of nonzero
violating strong decays which are normally forbidden andvalue in aP- or CP-odd observableand the added compli-
with the observation of anomalous particle productioncations that are related specifically to spontaneous symmetry
[8—10]. The second group has to do with direct observationviolation. In a collision system consisting of two identical
of global parity andCP-odd observables which may be spin-0 nuclei, the initial state is an eigenstate of pdiitythe
formed out of the momenta of final state particles. It is withcenter-of-mass systémwhich implies that no parity-odd ob-
this second group of signatures that we are concerned in thiervable can have a nonzero expectation value with respect
paper. to this initial state. If the interaction respects parity symme-

Two mechanisms have been proposed by which strongry, this must also be true of the final state; only if the inter-
CP violation can lead to observable effects in global vari-action does not respect parity, producing a final state of

A. Spontaneous parity violation
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mixed parity, can the final state show a nonzero expectatioreal (polar vector and so must correspond to some uniquely

value for any parity-odd observable. definable direction. The initial suggestion of thelirection
This conclusion is also true even if the collision systemas the beam axis is useful only for collisions of nonidentical

consists of two nonidenticabpin-0 particles. Even assum- particles for which this can be uniquely defined.

ing a nonzero impact parameter, only one pseudovector can This problem can be rectified as suggested in Rafby

be defined in the initial state, and it {®y its defmmor). replacingi with a real vector which measures either the par-

orthogonal to the two available polar vectors. Therefore if we - Tl )

can form any pseudoscalar observable in the final state whichcle flow (k;) or the charge separatiork () of a given

has a nonzero expectation value, this demonstrates @vent. These vectors can be defined using the final state

violation of parity in the interaction. particles’ momentum vectors as

If it is true that an expected signal due to parity violation
is too small to be observed in a single event, as it is here, K zi 2 f’ +i E E’ )
then one must clearly look for a cumulative effect over many NG E TN ZE P

events. If the interaction violated parity in the same manner

for every eventfor example, ifB.- E. were for every event Where the factord\. are simply the numbers of observed
greater than zero rather that simply nonaetben the effect 7" and the sums run over all observed pions of a given
would accumulate over many events and a nonzero mean fepecies in an evenfWe will speak about pions in this sec-
the distribution of some event-by-event parity-odd operatotion for definiteness but as discussed in Sec. | we can also
could be observed as proof of parity violation. If however, asdefine and have studied the same observables for protons and
is the case here, the effect is spontaneous and changes ,haaﬂ’[iprotons). Making this replacement dt_ for z, we have
edness randomly from event to event with equal probability,, experimentally definable operator which is odd under
to be left or rlgh_t handed, then the average value OVer man¥a ity “time reversal, an@ P.

events for a parity-odd observable must be zero. In this case o, ever, for identical particle collisions, the event sum
the only signatures of the violation we can observe are in th
widths of event-by-event distributions Bfodd observables.
More discussion of this point and the methods by which th
observation of this change in a distribution’s width can bes
be accomplished is found in Sec. IV.

%pairs(f)+>< p_) results in a vector which has an additional

e]‘ault that can be demonstrated as follows: Let the distribution
pf a given species of particles emitted from an event be
calledg(6,¢) where theta is the polar angle with respect to

Finally there are two important notes concerning whatthe beam axis ané is the azimuthal angle. Then for central

symmetry violations can actually be demonstrated in thisCO"iSE)nS' on avgragg%0,|¢) ishazimuthally sy&prEetrri]c and
collision system. Clearly, the initial state consisting of two 9(¢) =9(¢+ ). By modeling the momentum kicks that par-

nuclei cannot be an eigenstate of charge conjugation and 45'€S receive from theC P-violating fields as angular rota-
our initial state cannot have defini@P properties. There- UONS I momentum space with opposite charged species be-
fore we cannot demonstra@P violation by observing final N9 rotated in opposite directiorisee Fig. 1 and the related

states of mixedCP properties by the same argument asdiscussion later in this sectipnthe contributions ta) from
, e
given above for parity. However, the nature of the expected/20Us parts of ther™, w~ momentum space exactly cancel

CP violation can and should lead us in our choice of parity-One ar_lother 132 tEat the tqtal sum ?th]r all of mortn_entur]:n
odd observables. Time reversal violatigalated of course to space is zerpl4]. For any given event, these symmetries o

CP violation by theCPT theorem could in principle be 9('?"1’) will b_e only appr(_)ximately realized due to fini_te_ sta-
determined by constructing final state observables odd und jstics (and directed flow !nterferes f_or nonpentral collisifins
motion reversal but this is complicated Byodd final state ut to a large degree this effect still persists so that the ob-

hase shifts of the outaoina particles’ momeFial. servableq is forped to be nearly zero by these_ approx.imate
P going p 3] .symmetries. This leads tbas an observable being relatively

The second point to note is that if the initial state nuclei; " he eff @ P violati d h d
are not spin zero, then the initial state in a given event is no sensitive to the effects violation, and we have note
is effect in the results of our simulation models.

a parity eigenstate and there generally will be nonzero pSEL}- D o
doscalar observables which can be constructed from the inj- A" otl;sert\{able that is similar tﬂ)byt W.h'Ch IS not fcl))rced bl
tial state. For unpolarized beams, this can in principle lead t¢2 2670 by these symmetry constraints is a tensor observable

a nonzero expectation value for a parity-odd observable iifreViously proposed in Ref7] defined as

each event which may change the widths of these event-by- 1
event distributions and bg mistake_n for the signature .of spon- Tij= N E [peXp_]-n[p.—p_1- ﬁj . 3
taneous symmetry violation. We will come back to this point pairs pairs

again later with specific observables and a range of observed . _ . o _
final state momenta in mind, but of course this point is mostiere n; refers to a unit vector in th¢th direction. Tj; is
effectively dealt with by colliding beams of spinless nuclei manifestlyP andCP odd, since the cross product yields an

such as P{08). axial vector and the difference of two momentum vectors is a
polar vector(the unit vectors are axial vectgr§ he diagonal
Il. OBSERVABLES—OLD AND NEW components of this tensor are sensitive to the sorts of sym-

. _ _ metry violation whichJ was constructed to see; here we will
As defined in Eq(1) and suggested in Ref4], the ob-  only discussT,,. Each term in the sum that comprisgs,
servablel is problematic. Fod to be parity oddz must be a  contributes a value which is roughly speaking a measure of
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p T,, also has a natural interpretation when used, as it was
y A originally intended, to observe momentum space asymme-
tries among baryons. If we consider ti@P violation as
being caused by aligned chromoelectric and chromomagnetic
p fields, we can visualize the effects of these fields in momen-
Z tum space on the distributions of quarks and antiquéoks
after hadronization, protons and antiprotpris the absence
of CP violation we imagine that the two different species fill
approximately the same ellipsoid in momentum space, elon-
gated along the beafm) axis as shown in Fig.(&). With the
addition of theseC P-violating fields, however, the ellipsoids
are (roughly speaking displaced to a form such as that
shown in Fig. 1c). The chromoelectric field moves the two
species apart along the direction of the field, and the chro-
momagnetic field rotates the two species’ momentum space
: 7 distributions in opposite directions around the field driste
i that if we assume that the momentum distribution of particles

S in the bubble was isotropic then no effect would be observ-
ablg. It is this combined action of the lift along the field axis
with the twist around the field axis to which,, is sensitive.

This picture also leads to the idea that E4) may be
rewritten in a coordinate system defined by the charge flow
axis (k_), and then it may be beneficial to selectively keep
only those terms from Ed4) which lie along this axis. This
process yields a different observable,

1 1
KtWiSt:N_Jr 2 (pykf,x_ pxkf,y)_m Z (pykf,x

FIG. 1. lllustration depicting the momentum space effect of
aligned chromoelectric and chromomagnetic fields on the momen- - pxk—,y)a 6)
tum space distributions of quarks and antiquarks(dn the two R
distributions are represented in the absence of aligned fields as comthere the vectok_ is defined by Eq(2).
pletely overlapping ellipsoids which are elongated along the beam We can also slightly alter the construction &fand so
(p,) axis. The effect of a color electric fieldn they direction is  create a different pseudoscalar observable which is not
shown in(b), separating the ellipsoid representing the quark distri-forced to zero by symmetry considerations. We simply intro-
bution from that representing the antiquark distribution. Finally induce into each term of the sum which definks factor
(c) is shown (simplified) the effect of aligned color electric and which depends on the relative momentum space position of
magnetic fields, adding opposite rotations about the figldxis to  the the two pions involved. Specifically, an extra factor of
the separation along the field axis. —1 is introduced depending on whether the two pion mo-

menta are in the same or opposite directions with respect to

the correlation between the longitudinal momentum differ-the beam(z) axis in the collision center-of-mass frame. Fol-
ence of the pair and the azimuthal angle difference of thgyying this prescription we can then define the veclpas
pair.

If the sum in Eq.(3) is interpreted to be a sum over all - 1
possible pair combinations in an event, then the sum for each Je= N
component of the tensor may be rewritten as a combination

of single particle sums rather than a sum over pairs. For -
example, and we note that the scaldg-k_ is a P- and CP-odd ob-

servable which we propose as another alternativé, tm-
tended to capture the same physics without its practical dif-

> [(p+xpo)sgrip, p-)] ()

pairs pairs

Tzz:<bxﬁz>+<6y>*+<bxﬁz>*<ﬁy>+_<6yﬁz>+<6x>f ficulties.
- A - Finally, we have also studied the observable proposed in
—(PyP2) (P + » (4 Ref.[15] defined as
where, for example(p,p,) is shorthand for M, X, (p. V+:(<5t>+,y>ycvm'x<5t>+,y<yclm.)'2' (7

-X)(p.-Z). This form of T,, has a clear computational ad- i

vantage for experiments which may have thousands of palHere, z is a unit vector along the axis which is chosen
ticles, and therefore millions of possible pairs, in a givenarbitrarily along one of the beam directions, and so is an
event. axial vector) This observable has the advantage that it can be
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defined for a single particle speciéss written, it only in-  pions, the model is altered in the following way for further
volves 7*) and so avoids assumptions about how particlesstudies: The initial proton and antiproton distributions are
and antiparticles will be affected differently by the fields. A again taken fronHIJING. Each baryon is decomposed into its
disadvantage is the resulting assumption that the particlesonstituent quarks which are then spread through the colli-
with rapidity greater thay, ,, will be deflected oppositely to sion region. After each quark is allowed to traverse the
those traveling in the opposite directigtantamount to as- C P-violating bubble, if appropriate, given its initial position
suming that theC P-violating region will generally sit ay ~ and trajectory, the quarks are recoalesced into a baryon,
=Yem)- which as a result of this process receives a net momentum
We have found from our model simulatiofsee Secs. Il kick equal to the sum of the kicks given to the constituent
and V) that under most circumstances these observables bguarks.
have quite similarly and generally do not differ from one  To summarize then, we model the fields as producing op-
another in sensitivity by more than a factor of a few in anyposite impulses on oppositely charged particles, producing
given situation, with none of them being systematically bet-C P-violating asymmetries in both pionic and proton-
ter than the others. It will likely be useful to study experi- antiproton observables. Probably the mechanism is some-
mental data with all of them, as they do provide useful crossyhat closer to the truth fop/p where the proposed color
checks on one another and of course a factor of a few ifie|ds really should act oppositely on the different species.
StatiStiCS iS not to be taken I|ght|y We dO not diSCUSS her¢or pionS, we may S|mp|y View th|s mechanism as a Way to
other proposed observables such those defined in [BBf. produce the expected asymmetries cause@ Byviolation.

because we have not studied these in any detail. Models Il and Il are similarly based on the idea of em-
bedding into events metastable bubbles which have a
I1l. SIMULATION MODELS vacuum whereCP is violated. For these models, we use

RHIC:EVENT [19] (an improved version ofildeT [20]) as the
In order to develop these observables as well as to makg,sic event generator.

rough estimates of the sensitivity that we may expect a RHIC  Tpis generator was then customized f6P-violation
experiment to have to these effects, we have developed somg ies. In each generated event, the particles within a certain
simple models to simulate the effects of the proposed Strongpatial region are “tagged” to be turned into a bubble with a
CP violation. These models are not intended to be realisticz P-violating vacuum(for details, see Ref:19]) which has
descriptions of the collision and P-violating dynamics, but  he momentum and baryon numbers of the particles it re-
rather to lead to similar final state asymmetries which we cam|aces. This bubble consists of quarks uniformly distributed
use to estimate observable signals. o _ in a region of aligned color electric and magnetic fie{ds

We base moddl on the idea that th€ P-violating region  randomly chosen directiorihat alter the quarks’ momentum
will exist as a “bubble” inside the collision region which similarly to what was described for pions in modeloppo-
contains a nonzero value Bf B. These fields then affect the sitely for quarks and antiquarksWhen a quark reaches the
trajectories of quarks or hadrons which pass through thigoundary of the bubble, it forms a pion which retains the
bubble. We model the color fields as electromagnetic fieldeffect of the impulse imparted to the quark from the color
and so let them provide forces by acting on the electridfields (again, for details, see Réfl9]). For these models, the
charges of the particles, thus mimicking the net effect thaexpected net flow of pion chardé] is obtained by allowing
the strong fields would have on the particles’ trajectoriesthe momentum impulses given to quarks to affect positive
Modeling the fields in this manner is an assumption but wepions and the impulses given to antiquarks to affect only
believe not an unreasonable one in light of the discussion imegative pions.
Sec. | concerning the predicted net effects that the color Using this underlying model, we have studied the effects
forces will have on the pion and baryon momentum spectraof two different assumptions concerning the momentum dis-

The initial distribution of particles in momentum space tributions of pions emitted from the bubble. The first is a
for model | is taken from the event generataniNG [16].  spherically symmetric Boltzmann distribution with a tem-
Initial positions for these particles are then picked randomlyperature of 70 Me\Mthis is model 1). The second distribu-
from a uniform distribution over a spherical collision vol- tion has a Landau expansion with an inverse slope parameter
ume. Note than no position-momentum correlations are int“temperature” of 150 MeV/c defining the transverse distri-
cluded in this simple model. TheP-violating bubble is then  bution and a distribution along the beam axis which is flat in
included as a static, randomly positioned spherical subregiorapidity over four unitsmodel II).
of this collision volume in which there are nonzero aligned For model I, if the color fields are of uniform strength
electric and magnetic fields. As charged particles move fronthroughout the bubble, no signal due to the fields’ effects
their initial positions, if they happen to cross through thismay be seen on the final momentum of the pidinsagine
CP-violating bubble their trajectories are altered by the presFig. 1 with initially spherically symmetric distributions in
ence of the aligned fields. The field strength and size of thesmomentum space, so that the rotation caused by the color
regions is chosen to correspond to theoretical predictionmagnetic field could not be detecjedn this case we have
about these&C P-violating regions and their color fields; they broken this symmetry by making the field strengths constant
are determined as described in Sec. V. only in the transverse direction and letting them have a

Additionally, to explore the idea advocated in Rigf] of  strong longitudinal dependence. For model Ill, as in model |,
examining the trajectories of final state baryons rather thathe necessary asymmetry is built into the pion momentum
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A. Mixed-event reference distributions

Perhaps the easiest way to create a reference distribution
is to use real events to create a pool of “mixed events.”
These are fake events which are constructed from small
pieces(ideally, just one tracktaken from many different real
reconstructed events. In this manner one creates a pool of
mixed events, each of which has the global features of a real
event but does not contain correlations between tracks, in-
cluding those caused B®P violation. Thus in the presence
of CP violation, the distribution of values of any of our
observables should be wider in real events than it is in mixed
events.

The presence or absence of a signal for parity violation
can be determined quantitatively in this method then by sim-
ply forming histograms of the distribution d@for example
T,, for real events and for mixed events and then taking the
difference of these two histograms. This difference histo-
gram can then be compared channel by channel with a value
of 0 and ay? value obtained for the difference. If this pro-
cess were repeated many times on signal-free independent

samples of equal size, the values gf should form a
FIG. 2. lllustration of the problem of observing parity violation Gaussian distribution about the number of degrees of free-

when in each event the violation is equally likely to be right handeddom (Ngo) in the fit with a width given by/(2Ngs) (this is
or left handed(a) shows the distribution of ,, for simulated events assuming a sufficiently large number of nonzero
with no parity violating fields(b) shows the same distribution with bins). For any single data sample then, the value, (
B-E>0 for every event. Fofc), B-E is as likely to be greater than —Ngo1)/V(2Ngo1) gives a quantitative measure of the num-
as less than zero in each event; this is expected to be the caselier of standard deviations away from the zero signal. This
strongC P violation occurs. The difference betweé and(c) then ~ measure does depend somewhat on the binning chosen for
is simply in the width of the distribution, and this is the basic signal histograms, but the variations for any reasonable choice of
of parity violation (shown here in exaggeratipfor which we are  binning tends to be well less than a factor of 2.
searching with the methods described here. In our simulation models, using this method with any of
the observables described above shows by far the largest
distribution, so that such a field dependence need not belgnal in the presence oCP-violating bubbles of any
fwethod we have tried, but this is quite misleading: Any ef-

assumed. To obtain quantitative results from these mode hich makes th i .
concerning sensitivities at RHIC, we assume an acceptandgCt Which makes the momentum space structure different in

of —1 to +1 in rapidity and .120 to 1 GeV/c in transverse real events than in mixed events can in principle lead to a
momentum. similar to that 0£ITAR [17] signal in this method. This certainly includes practical ex-

perimental effects which will be discussed in Sec. VI. How-
ever, this also includes other physics effects such as the pres-
ence of jets and fluctuations of megny in real events.
V. EXPERIMENTAL METHODS Additionally, a positive signal using any of the observables

As described in Sec. |, the spontaneous nature of thigescribed above can be produced by the presence of a non-
proposedC P violation makes it impossible to see a nonzerozeroB field without a correlated, or vice versdthis signal
expectation value in the distribution of al®f-odd observ- is due to a change in the width of the distributions that comes
able which will accumulate from event to event. This, com-about not because a slightly nonzero mean in each event is
bined with the fact that we expect any single event to haveadded on top of fluctuations as would be the case for corre-

far too small a signal to be statistically significaftiis is  |ated B and E, but simply because the presence of a single
clearly confirmed by our model simulations even under exfie|d causes the size of the event-by-event fluctuations about
treme assumptions about the strength of @@ violation),  zero to increase one field alone does not imply @P vio-
means we have to turn to event-by-event techniques to l00ojgtion but does produce a signal in this mixed-event method.
for a signal. This final point is somewhat subtle so we will attempt to

Because any signal of spontanedLiB violation will be . A . .
) . . . ._clarify it, usingJ.- k™ for definiteness. If the real event dis-
contained essentially in the width of the event-by-event dis- fy 9

tributions of CP-odd observablegas illustrated is Fig. P tr@but@on of [k~ .has an rms W.idth. Iarger.than th_e same dis-
such as those described above, the most straightforwaiiiPution from mixed eventéwhich it does in our simulations
method is to measure the width of one of these distribution#f We turn on only arE field since this is essentially whiat

and compare it to a reference “no-signal” distribution. Of measurek this by itself will give a larger width to the dis-
course, then the problem becomes one of how to create taibution of J.- k™ in real compared with mixed events, with-
bias-free reference distribution with which we can compareout any event-by-event correlation in the directions of the
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two vectors in real events. We could in principle avoid this TABLE I. Estimated number of central RHIC events needed to

problem by switching to an observable suchlask™ which ~ S€€ 2 3;5#9&3' ‘;Of thteh Qbser"gbféz' as a f“”Ctionl_Ef ‘bubble’
measures only the angular correlation between the two vec;c‘—Ize and field strength in model (assuming astar-like accep-

t but this i ffectively d by ch ina th ance. The top two cases are those that we discuss in the text as the
ors, but this 1S more effectively done by changing the Way In,, 5y cases for these parameters. A value for the top case in the
Wh'Ch_ the 'reference distributions are made to the 'metho ubevent method is not included because a sufficient number of
described in Sec. IV C. We conclude then that using the&mylation events have not been run.

mixed-event method as here described might be useful to set

an upper limit in the absence of a sigridlsome nontrivial  Field Raom/Riot Events needed Events needed

practical problems can be overcombut the observation of strength (mixed evenk (subevent

a signal using this technique could never by itself be taken a

strong evidence for parity violation. T o 10000000
1 2/5 50000 30000 000
1 3/5 3000 350000

B. Subevents 2 35 300 15000
A second method, which for our purposes is much more3 3/5 100 200

robust, is another standard event-by-event technique genex
ally referred to as the subevent metHd@]. The method is
quite simple: we in some manner parse the tracks from agubevent methodJust to clarify again, the underlying rea-
event into two subevents and calculate the value of one odon for this is that the subevent method in our simulations is
our observables, salf,ist, for each subevent. To look for a sensitive only to the presence of aligned cdoand B fields
signal then, we look at whether there is a significant covariwhich impliesC P violation; the mixed-event method is sen-
ance between the distributions ofK{,s)sum a@nd sitive not only to this, but also to the presence of only one of
(Kiwisdsure- Equivalently, we can observe the distribution of these fields, which does not by itself imp&P violation.)
event-by-event values ofKyis)sub* (Kiwisdsute- If the  This will be discussed further in Sec. V.

mean of this distribution is significantly shifted away from

zero, a parity violation is implied. o . C. Other reference distributions

The idea behind this method then is this: the expectation ) o
value of (K,yis) in any event or subevent in which parity is There_ are other methods for producmg_ reference distribu-
not violated will be zero(and the distribution of values tons which avoid the problems of the mixed-event method
should be symmetric about zer&o if we choose two ran- @S described a.bove. For example, when using a pseudqscalar
dom uncorrelated subevents from an event and calculatgPservable which measures the event-by-event correlation of
Kuwist for each of these, we randomly sample two such distwo vectors(we'll use J;-k_ as an example one can form
tributiong, and (<_twi§t)sub1'(KtWiSt)Suh2 should then also be_ the reference distribution by using the veclgifrom a given
symmetrically distributed about zero. If, however, there iSeyent and the vectok_ from a different event; there are
CP violation in an event, we expect both subevents to yieldseyeral similar variations of this method which retain this
values for K.yisy which are on average shifted slightly in pasic principle. We find this technique to be similar to the
the same direction, yielding a distribution foK{isdsum  subevent method in its sensitivity ®P violation, and it is
- (Kiwisdsure Which, given enough events, will have a meangjmilarly not sensitive to the false signals that the mixed-

significantly greater than zero. event method.
Different methods of choosing subevents have their own
advantages and disadvantages as discussed briefly in Ref. V. SIMULATION RESULTS
[18]. Two possible variations ar@) choosing the subevents AND EXPECTED SENSITIVITIES
randomly from the available tracks, thus forming two subev-
ents which overlap in momentum space, @mgdividing an For our studies with model I, the size of tldP-violating

event into subevents by partitioning momentum space, ideregion and the strength of the fields in this region can be
ally with some gap in momentum space between the twovaried for a systematic study of the signal strength as a func-
Because the parity violation may be localized in momentuntion of these parameters, and some of the results from these
space, variatiorli) may have an advantage for sensitivity in studies are shown in Table I. Clearly, there is considerable
real data. Variatior(ii), however, has a clear advantage for uncertainty in choosing reasonable values for these param-
avoiding correlations between the two subevents, and for aters. The nominal value for the field strength we have taken
study such as this where a false signal is clearly highly unis as suggested by Kharzeg®1]; both E and B fields are
desirable this is an important advantage. Also, variaiobn  strong enough to give a 30 MeV/c kick in momentum to a
may be easily generalized to a larger number of smaller sulrelativistic quark which traverses the length of the redion
events per event which in principle is useful for looking for simplicity, from now on we will write field strengths in units
parity-violating correlations over a momentum range smallewhere this value is equal to).1For the bubble size, our
than an entire event. nominal choice is to use a bubble radius equal to 1/5 or 2/5
The subevent method avoids most of the pitfalls of theof the radius of the “collision region.” These sizes are cho-
mixed-event method discussed above, but the price is that #en so that the fields affect about 100 pions in an event, as
takes significantly more events to produce an effect in thesuggested in Ref[6]. We list in Table | the approximate
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TABLE II. Results from the three different simulation models of the bubble size and strength those values which would
for the number of central RHIC events needed to observera 3 produce a signal at the 10 level in the observabld, for
signal resulting fromCP violation using the mixed-event method pion pairs coming from the bubblas suggested in Ri6])
and “nominal” values for bubble size and field strength as de-gg opposed to the 18 level which is produced by model |
scribed in the text. These results are assuming a detector Witﬂsing the parameters from the top row of Table I; this would
acceptance similar to that effar. clearly lead to a considerably more pessimistic outlook for
the number of events needed.

Model Number of events needed Finally, we should mention our results from using model |
I 10 000 000 to model the effects on protons and antiprotons as described
I 200 000 in Sec. Ill. Clearly, the main drawback in using baryons
1] 2000000 rather than pions is the small relative number produced in the

collision. In the case of bubble radius 2/5 and field
strength of 1(the more optimistic “nominal” case from
number of central RHIC AttAu events that were required in  above this model predicts that we could observe@ signal

our simulations to produce an effect frd@P violation at the  using the mixed-event method in approximately 3 000 000
30 level in the observabl&,,. We also list results for other central events(compared to about 300000 events with
larger choices of bubble size and field strength mainly topions. We conclude then that we have little chance of ob-
demonstrate the scaling of the number of required eventserving aCP-violation signal for protons and antiprotons,
versus these parameters. In the subevent case, we find tharticularly using any of the more robust methods.

the strength of the signdhs measured by the shift of the
distribution mean away from zerscales as the field strength

to the fourth power, as expected; the value of these observ-

ables is affected linearly by the strength of both EhendB Of course a very important point in studies such as these
fields and the shift of the subevent distribution scales as thgs the possibility of something other than actual parity viola-

square of the shift in the eventwise distribution. Recall thatjon faking a positive signal. We categorize and discuss such
as discussed in Sec. IV, although the mixed-event method igffects below.

clearly the more sensitive, a signal in this method could not
be taken as strong evidence for parity violation. Although we _ S
show only the results fofl,, in this table, the results for A. Experimental inefficiencies

Kewist» V, and J.-k_ are roughly consistent with these;  Experimental inefficiencies may be divided into two cat-
variations on the order of factors of a few between the obegories: single track inefficiencies and correlated inefficien-
servables in some cases are observed. cies. We have attempted to simulate various patterns of

In Table Il we show a comparison between the predictionssingle track inefficiencies as a function of polar and azi-
of the three different models with comparable choices ofmuthal angles as well as differing inefficiencies for different
field strength and bubble sizes. The nominal values used farharge species and have been unable to produce a fake signal
models Il and IlIl were established in a similar manner toof any sort from these effects alone. Furthermore, even if a
those for model I, with the bubble size chosen again so thgpattern exists which can cause a fake signal, provided that it
approximately 100 pions are produced by quarks exiting thés static in time, it clearly should not behave as a signal
bubble. For the comparison shown here we have used which changes handedness event to event and therefore
bubble radius of 1/5 in model | and the actual observableshould be observable as a shift of the mean of the event-by-
compared iK,,is;- This comparison gives some idea of the event distributions of ou€ P-odd variables rather than just a
variations we can obtain even from somewhat similar modbroadening of these distributions. Considering these factors,
els: model Il(nonuniform field strength in the longitudinal we conclude that single track inefficiencies alone are not a
direction predicts considerably better sensitivity than modelsignificant concern for providing a false signal which is in-
[, while model Il (pions with a Landau distributiorgives us  distinguishable from a true parity violatiofthe same argu-
results more similar to model I. ments also apply to single track measurement exrors

We see from Tables | and Il that even with the mixed- More concerning are correlated efficiencies, and specifi-
event method, we would not expect to see any signs of theally track merging and splittingi.e., the results of track
presence ofCP violation with less than a few times 10 recognition software mistaking two nearby tracks for a single
central RHIC events. For strong evidence of parity violationtrack or mistaking a single track for two similar tragkgi-
(meaning a signal with the subevent method or using a morther of these can generally cause a fake signal for the mixed-
robust reference distribution methothe number of events event method as can in principle any effect that makes the
needed appears to be more like a minimum of a few timesnomentum space distribution of tracks different in real
10’ central RHIC events. events compared with mixed events. This can to some extent

Some comments about these results are in order. First, wee compensated for when forming mixed events, but this is a
emphasize again that the transition from the theory advoparamount practical concern when using the mixed-event
cated in Ref[4] to these models requires several assumpmethod.
tions and if these are changed the results could be quite dif- In principle track splitting may also cause difficulties with
ferent. For example, we can also choose for nominal valuethe subevent method; clearly if one of the two versions of a

VI. FALSE SIGNALS
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split track is assigned to each of two subevents, the subewwo beam directions in a collision “forward” and “back-
ents will contain a correlation that may lead to correlations inward”), if in a given collision forward goingm™ moved
their values for parity-odd observables. This was mentionegreferentially to the right with respect to the beam while
in Sec. IV B as motivation for forming subevents which arebackward moving7* moved preferentially down, this
separated from one another in momentum space; providedould lead to a nonzero value fatcalculated from ther ™.
that both tracks resulting from a split track are contained We can very roughly estimate the size of this effect using
within the same subevent, track splitting should not cause ¢he available dat23] and the resulting phenomenological
false signal for the subevent method which we cannotlescriptiong24] to extrapolate to the momentum space re-
distinguish from a real signal. gion relevant for these studies. The asymmetry is character-
ized for a proton beam with spin measured to be “up” or

B. Physics concerns “down” by

With an illustration similar to that shown in Fig. 1, we can 1 Ni(¢)—N(¢)
visualize in momentum space the combined effects of di- An=— c05h N.($)+ N, ()’ 8
rected flow together with a charge separation which increases f .
the radial momentum of one charge species while decreasirw
the other. The combined result of these effects and finit
detector acceptance can mimic the “twist” shown in Fig. 1

but not the “lift.” This generally would still not be confused be quite large inp-p collisions; typically, Ay~0.3 for X

with a CP-violating effect because for this confusion to oc- :
cur there must be some additional effect which distinguishe)é(z0'(5<%ngg;§t7oo(Mivgécg\)’vfgg’;g ;yp'fc?l r\i/aatleuiseroef
“up” from “down” along the twist axis. The differentiation .~ ™~ " Pr = pprop '

could in principle be provided by asymmetric acceptancest,he asymmetry is much smaller; we can take a conservative

+ 2

and efficiencies but these effects should be identifiéfue Vallljiirc:f ttf;]tiasavsailllzgn;trlyofzo%r 28 (l)?tﬁe + and assumin
example, creating mixed events only out of events with o bea?ms to be unpolarized Nwe canwwith our simula%ion
nearly common reaction planes and processing these everﬁ’s P ’

by the subevent method should also show a signal if th _odels_ estimate the number.of events needed to see a 3
signal is caused by these effects but not if it is a R signal inV, due to this effect: In each event we randomly

violation). And ultimately, any false effect which has flow as choose polarization vectors for the forward and backward

one of its root causes should be distinguishable by its knowrtl)eam.s' WE then alter the event so that foryvéhdckward
dependence on collision centralitg2]. travelingz™ have an asymmetry &= 0.01 with respect to

the polarization direction of the forwardackward travel-

It is also true that many hyperons will be produced in a.

typical central event and these do in fact undergo parity vion9 beam. We find that assuming an asymmetry of this size

lating weak decays. However, this process alone should n(Wi” give a 3o signal for t_he sube\_/ent method in roughl_yglo

be able to lead to a parity vi’olating effect in global event EVents. Furthermore, this result is under the assumption that
observables unless some facet of hyperon production or pgpln{1/2), At=200 nhu_cfl will produce af Iargcla an asymms-
larization depends on production angle in a way that itself’y as protons, which seems an extremely conservative

; : assumption.
violates parity. o :
party We conclude therefore that it is extremely unlikely that

this particular mechanism presents a practical difficulty with
the amount of data likely to be collected by RHIC experi-
If the two colliding nuclei are not spin zero, then it is no ments. We suspect that this may be generally true of any
longer true that we can form no pseudoscalars in the initiaC P-mimicking effects which may be caused by spin, be-
state, and so it no longer follows that the expectation valueause the small size originates chiefly in the small expected
of every pseudoscalar observable in any given collision is/alue for spin-induced asymmetries in the central rapidity
zero, but(provided the beams are not polarizé¢de average region which will be observed at RHIC. Clearly, though, if a
value over many events must still be zero. This, then, is gotential signal for strong parity violation is observed in a
signal that may in principle appear in the “width” of the collision of spin{1/2) nuclei, this point should be addressed
distribution of some pseudoscalar observable but not as more thoroughly.
shifted mean value, exactly the type of effect we are con-
cerned with observing. This is a relevant point because the
colliding beams at RHIC are composed of (A87), a
spin{1/2) nucleus. We have discussed methods of identifying spontaneous
We should then consider what effect these initial statestrong parity violation in heavy-ion collisions and argued
spins might have on the observables with which we are conthat this violation may in principle be uniquely identified by
cerned here. For the observabalefined in Eq(7), a left-  standard event-by-event techniques for any colliding system
right asymmetry in the production of* and =~ as is  of spin-0 nuclei. We have discussed and introduced observ-
known to occur in polarizedh-p collisions [23] is one ables which should be useful in looking for such a violation.
mechanism by which nonzero spin could lead to an effectn our simulations, under certain assumptions about the
which would mimicC P violation. For examplélabeling the  strength of the violation, we find that for the mechanism

here ¢ is the angle between “up” and the pion production
%Iane aniN;(¢) is the number of pions produced atwhen
'the proton is measured to have spin up. This asymmetry can

C. Nuclei with spin

VIl. SUMMARY
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proposed by Kharzeest al, [4] it is possible that we would in principle effects due to the spin of the incoming nuclei
see a signal which we would consider as strong evidence aand we believe that in practice this will also not be a sig-
parity violation with a few times 10full energy RHIC cen- nificant problen.

tral events in a detector such s#R, although some of the

assumptions which lead to this number may be optimistic. At

any rate, this is a tremendously interesting effect to be ACKNOWLEDGMENTS
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as becomes available. We have investigated likely sources of This work was supported in part by grants from the De-
false signals and have thus far found none which we expegiartment of EnergfDOE) High Energy Physics Division
could not be distinguished from a true parity violation, saveand the DOE nuclear division.

[1] T. D. Lee and C. N. Yang, Phys. Rel04, 254 (1956; C. S. [13] Robert G. SachsThe Physics of Time Revergalniversity of

Wu et al, ibid. 105 1413(1957). Chicago, Chicago, 1987
[2] J. H. Christensort al, Phys. Rev. Lettl3, 138(1964). [14] A. Chikanian and J. SandweisParity and Time Reversal
[3] R. D. Peccei, inCP Violation edited by C. Jarlskogworld Studies in STAReport, 1999.
Scientific, Singapore, 1989 [15] S. A. Voloshin, Phys. Rev. 62, 044 901(2000.
[4] D. Kharzeev, R. D. Pisarski, and M. H. G. Tytgat, Phys. Rev.[16] X. N. Wang and M. Gyulassy, Phys. Rev.44, 3501(1991J).
Lett. 81, 512(1998. [17] K. H. Ackermanet al,, Nucl. Phys.A661, 681 (1999.
[5] P. D. Morley and I. A. Schmidt, Z. Phys. 26, 627 (1985. [18] S. A. Voloshin, V. Koch, and H. G. Ritter, Phys. Rev.@80,
[6] D. Kharzeev and R. D. Pisarski, Phys. Rev.6, 111901 024 901(1999.
(2000. [19] S. J. Lindenbaum and R. Longacre, J. Phy®63937 (2000.

[7] M. Gyulassy, RBRC Memo, 1999, www- [20] T. Ludlamet al., RHIC Workshopedited by P. Haustein and C.
cunuke.phys.columbia.edu/people/gyulassy/RHIC/cp_twist.ps L. Woody (Brookhaven National Laboratories, Brookhaven,
[8] K. Buckley, T. Fugleberg, and A. Zhitnitsky, Phys. Rev. Lett. NY, 1985).

84, 4814(2000. [21] D. Kharzeev (private communication Riken Workshop
[9] D. Ahrensmeier, R. Baier, and M. Dirks, Phys. Lett4B4, 58 Brookhaven National Laboratoriesl999, www.star.bnl.gov/
(2000. STAR/html/parity_I/kharzeev-3-11-99.pdf
[10] K. Buckley, T. Fugleberg, and A. Zhitnitsky, Phys. Rev6G, [22] K. H. Ackermannet al, Phys. Rev. Lett86, 402 (200J.
034602(2001). [23] D. L. Adamset al,, Phys. Lett. B264, 462(1991).
[11] E. Witten, Nucl. PhysB233 422 (1983. [24] M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett.382,
[12] J. Wess and B. Zumino, Phys. Le37B, 95 (1971). 164 (1995.

014908-9



