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Quark interactions with topological gluon configurations can induce local chirality imbalance and parity
violation in quantum chromodynamics, which can lead to the chiral magnetic effect (CME)—an electric charge
separation along the strong magnetic field in relativistic heavy-ion collisions. The CME-sensitive azimuthal
correlator observable (�γ ) is contaminated by background arising, in part, from resonance decays coupled with
elliptic anisotropy (v2). We report here differential measurements of the correlator as a function of the pair
invariant mass (minv) in 20–50% centrality Au + Au collisions at

√
sNN = 200 GeV by the STAR experiment

at the BNL Relativistic Heavy Ion Collider. Strong resonance background contributions to �γ are observed.
At large minv where this background is significantly reduced, the �γ value is found to be significantly smaller.
An event-shape-engineering technique is deployed to determine the v2 background shape as a function of minv.
We extract a v2-independent and minv-averaged signal �γsig = (0.03 ± 0.06 ± 0.08) × 10−4, or (2 ± 4 ± 5)%
of the inclusive �γ (minv > 0.4 GeV/c2) = (1.58 ± 0.02 ± 0.02) × 10−4, within pion pT = 0.2–0.8 GeV/c and
averaged over pseudorapidity ranges of −1 < η < −0.05 and 0.05 < η < 1. This represents an upper limit of
0.23 × 10−4, or 15% of the inclusive result, at 95% confidence level for the minv-integrated CME contribution.

DOI: 10.1103/PhysRevC.106.034908

I. INTRODUCTION

Quark interactions with topological gluon fields can in-
duce chirality imbalance and local parity violation in quantum
chromodynamics (QCD) [1–3]. This can lead to electric
charge separation in the presence of a strong magnetic field,
a phenomenon known as the chiral magnetic effect (CME)
[4,5]. Such a strong magnetic field is likely present in noncen-
tral heavy-ion collisions, mainly generated by the spectator
protons [6,7], and may last an extended period of time [8,9].
It has been suggested that the CME correlation signal can
be observable in heavy-ion collisions [10,11] at the BNL
Relativistic Heavy-Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC) [3,6]. Extensive efforts have been
devoted to the search for a CME-induced charge separation
along the magnetic field in heavy-ion collisions (see reviews
in Refs. [12–16]). Many analysis techniques are being pursued
[17–20], and a CME-motivated isobar collision program was
conducted at the RHIC in 2018 [21,22].

In noncentral, i.e., finite impact parameter (b), heavy-ion
collisions, the magnetic field is, on average, perpendicular to
the reaction plane (defined by the impact parameter direction
and the beam). A surrogate for the reaction plane is the par-
ticipant plane [23], which, in turn, can be estimated using the
second-order harmonic plane (ψ2) from the azimuthal distri-
bution of final-state particles. Because topological fluctuations
are random, the single-particle asymmetry resulting from the
charge separation vanishes. One needs to resort to two-particle
correlations, a common observable of which is the three-point
correlator with respect to ψ2 [24]:

γ ≡ 〈cos(φα + φβ − 2ψ2)〉 , (1)

where φα and φβ are the azimuthal angles of particles α and
β, respectively, either of same-sign (SS) or opposite-sign (OS)
electric charges. The CME would result in SS pairs close in

azimuth and OS pairs back-to-back, both perpendicular to ψ2,
yielding γSS = −1 and γOS = +1.

It has been argued, prompted by data measurements
[25,26], that it is possible that the OS pair correlations are
lost because of medium interactions and some of the SS
pairs can still survive [6]. On the other hand, the underlying
event could have charge-independent and charge-dependent
correlations from non-CME physics. These backgrounds can
also alter the OS and SS correlations in such a way that
they are not symmetric about zero any more. To remove the
charge-independent background (e.g., from global momentum
conservation), the correlator difference,

�γ ≡ γOS − γSS, (2)

is used [24]. A CME signal would yield a measurement
of �γ > 0, the magnitude of which would be diluted by
non-CME pairs. However, charge-dependent background cor-
relations also exist, such as those from resonance decays
[24,27]. This is illustrated schematically in Fig. 1 using ρ →
π+π− as an example, where the gray plane indicates the
reaction plane and the total orbital angular momentum and the
magnetic field are, on average, perpendicular to the reaction
plane. Because more particles/resonances are produced paral-
lel to ψ2 than perpendicular to ψ2, as quantified by the elliptic
flow anisotropy parameter v2,res, the overall effect is a positive
background, �γbkgd > 0. This flow-induced background can
be expressed as �γbkgd ∝ 〈cos(φα + φβ − 2φres)〉v2,res, where
φres is the resonance azimuth, and α and β are the resonance
decay daughters [15,24,27–29].

Positive �γ is indeed observed at the level of ∼10−4 in
midcentral heavy-ion collisions where the two nuclei partially
overlap at intermediate b values [25,26,31–33]. A diffi-
culty in its CME interpretation is the large charge-dependent
background aforementioned, the magnitude of which dom-
inates or may even fully account for the measured �γ

[7,15,17,28,33–38]. The first experimental demonstration of
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FIG. 1. Schematic view of the charge separation along the sys-
tem orbital momentum (	L), which coincides with the magnetic field
( 	B) direction. The arrows 1 and 2 represent a SS pair close in
azimuth, and 1 and 2′ represent a OS pair “back-to-back.” The ρ

resonance at ψ2 decays into a π+π− pair, giving a positive �γOS.
This illustration is based on a figure in Ref. [30].

such a background comes from proton-lead collisions, where
the participant plane is determined purely by geometry fluc-
tuations (e.g., the proton strikes several nucleons in the lead
nucleus, giving an irregular overlap shape), essentially un-
correlated with the impact parameter or the magnetic field
direction [33]. Any CME signal is expected to be negligible in
small systems, and yet, a large �γ value was observed in p+
Pb collisions at the LHC, similar to that in Pb + Pb collisions.
This challenged the CME interpretation of the heavy-ion data
[33]. A large �γ is also observed in p(d ) + Au collisions at
the RHIC [39]. Event-shape engineering (ESE) [40], where
events are selected within the same centrality bin but differing
in v2, has been used at the LHC to derive upper limits on the
CME [17,18]. The CME signal likely depends on the collision
energy, but quantitative predictions are difficult [6,11,41,42].
To date, no quantitative conclusion on the CME has been
reached at the RHIC; an upper limit, as we report here, should
provide significant insights into the CME at the RHIC.

In order to isolate the resonance background contributions,
we report measurements of the �γ variable, differential in
pair invariant mass (minv). The integral �γ with a minimum
minv limit is presented. To fully exploit the data, an ESE [40]
technique is deployed to determine the v2 background shape
as a function of minv. The �γ (minv) data are then fitted to the
v2 background shape plus an minv-independent constant term.
The extracted constant term represents a v2-independent com-
ponent in the data, possibly an minv-integrated CME signal.

II. EXPERIMENT AND DATA ANALYSIS

The data reported here were taken by the STAR ex-
periment at the center-of-mass energy per nucleon pair of√
sNN = 200 GeV in the years 2011, 2014, and 2016. A total

of 2.5 × 109 minimum-bias (MB) triggered events were used
in the analysis. The STAR apparatus is described in Ref. [43].

The main detectors used in this analysis are the time pro-
jection chamber (TPC) [44,45] and the time-of-flight (TOF)
detector [46]. Track trajectories are reconstructed from hits
detected in the TPC; at least 10 points out of a possible
maximum of 45 points are required for a valid track. The
primary interaction vertex is reconstructed from those tracks.
Events with primary vertices within 30 cm (year 2011) or 6 cm
(years 2014 and 2016) longitudinally and within 2 cm in the
transverse plane from the geometrical center of the TPC are
used. The event centrality is determined from the multiplicity
of those charged particle tracks which are within pseudorapid-
ity |η| < 0.5 and have a distance of closest approach (DCA)
to the primary vertex of less than 3 cm.

Tracks used for the analysis are required to have at least
20 points used in track fitting, and a DCA of less than 1 cm.
The fraction of fit points out of the maximum allowed by the
TPC geometry is required to be greater than 0.52 to avoid
track splitting. Particle momenta are determined by the track
trajectories in the STAR magnetic field. A minimum trans-
verse momentum (pT > 0.2 GeV/c) is required to ensure that
each track traversing the TPC can reach the TOF detector. The
charged particles can be identified by their ionization energy
loss (dE/dx) in the TPC gas and their time of flight from the
TOF detector. Pions are identified up to pT = 0.8 GeV/c with
dE/dx and extended to pT = 1.8 GeV/c with the TOF.

This analysis uses the three-particle correlator:

γ = 〈cos(φα + φβ − 2φc)〉/v2,c, (3)

where α and β represent the pion index, and the average
〈· · · 〉 runs over all triplets and over all events. The azimuthal
angle of the third particle, φc, serves as a measure of ψ2.
The imprecision in determining the ψ2 by a single particle
is corrected by the resolution factor, equal to the particle’s
elliptic flow anisotropy v2,c. Charged TPC tracks with pT from
0.2 to 2 GeV/c are used for particle c. Two methods are
used: (i) the subevent method, the main method used in this
analysis, where the α and β particles are from one half of the
TPC (−1 < η < −0.05 or 0.05 < η < 1) and the particle c is
from the other half (0.05 < η < 1 or −1 < η < −0.05) [47];
and (ii) the full-event method, where the α, β, and c particles
are all taken from the pseudorapidity range |η| < 1 [25,26].
The η gap of 0.1 between the positive and negative pseu-
dorapidity subevents is to suppress short-range correlations
from quantum interference and Coulomb interaction, as well
as detector-related effects such as track splitting [22]. In order
to identify resonance decay contributions, the �γ correlator
is studied as a function of minv of the α and β particle pairs.
The analysis loops over α and β particles, and the c particle is
handled by the cumulant method [48].

The systematic uncertainties are estimated for each run by
varying the required minimum number of hit points from 20
to 15, and the DCA from 1.0 cm to 2.0 and 0.8 cm. In the
full-event method, the η gap used to determine v2,c via two-
particle correlations is varied from 1 to 0.5 and 1.4 [39,47]. In
the subevent method, the η gap between the two subevents is
varied from 0.1 to 0.3 [49]. For each variation, the statistical
fluctuation effect arising from the change in the data sample
is subtracted. For each source when multiple variations are
assessed, the systematic uncertainty is taken as the root mean
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TABLE I. The absolute systematic uncertainties on the extracted
possible CME signal fraction (as a percentage) in the inclusive �γ

in 20−50% centrality Au + Au collisions at 200 GeV from the ESE
fit method.

DCA Number of points Subevent η gap Total

±2% ±3% ±3% ±5%

square. The systematic uncertainties from the above sources
are added in quadrature for each dataset of the three runs. The
three datasets are then combined assuming their systematic
uncertainties are fully correlated.

The pion purity in this analysis is approximately 98%; the
systematic uncertainty from particle identification is found
to be negligible. The effect of different charge combinations
among the three particles in Eq. (3) has been studied in
Ref. [25] and found to cause negligible difference in the �γ

results.
For the extracted possible CME signal from the ESE fit

method, a fit result is obtained for each of the above variations,
and the systematic uncertainty is estimated in the same way
as described above. The estimated absolute systematic uncer-
tainties on the extracted CME signal fraction in the 20−50%
centrality are 2%, 3%, and 3% for the DCA, the number of hit
points, and the η gap variations, respectively. The minv range
used in the ESE fit is varied from above 0.4 GeV/c2 to above
0.35 and 0.45 GeV/c2, which yields negligible change in
the results. Table I summarizes the systematic uncertainties
on the extracted possible CME signal fraction.

III. RESULTS AND DISCUSSIONS

A. �γ as a function of minv

Figure 2(a) shows the number of OS and SS π+π− pairs
as functions of minv for 20−50% centrality Au + Au col-
lisions at

√
sNN = 200 GeV. Pions are identified by the

TPC dE/dx method within 0.2 < pT < 0.8 GeV/c. The
subevent method is used. The NOS and NSS are nearly
identical. Figure 2(b) shows the average correlators for
OS and SS pairs, γOS and γSS, respectively. The positive
(negative) values at low (high) minv arise from pair kine-
matics coupled with particle v2. Low-minv pairs tend to
be close in azimuth and hence lead to positive γ values,
while high-minv pairs tend to be back-to-back and hence lead
to negative γ values. Because of these correlations between
minv and the pair opening angle, γOS and γSS vary over a
large range as a function of minv and look nearly identical.
The integrated γOS and γSS (of pions in this analysis) over
minv (effectively over the opening angle) are close to zero and
comparable with previous results of charged hadrons [25,26].
These kinematics-related large variations in γOS and γSS over
minv are removed in the difference of Eq. (2), which we present
next.

Figure 3(a) shows the relative OS and SS π+π− pair
abundance difference, r = (NOS − NSS)/NOS, as a function of
minv for 20−50% centrality Au + Au collisions at

√
sNN =

200 GeV. Figure 3(b) shows the measured �γ as a function

/G
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FIG. 2. The minv dependencies of (a) the OS and SS pion pair
multiplicities and (b) γOS and γSS in 20−50% Au + Au collisions at
200 GeV. Error bars are statistical. The shaded areas in panel (b) are
systematic uncertainties, which are small.

of minv in a similar way. The minv < 0.4 GeV/c2 region is
excluded because the acceptance difference between OS and
SS pairs, mostly close in azimuthal angle, becomes unreason-
ably large. This is due to the charge-dependent nonuniformity
of the TPC acceptance/efficiency in the azimuthal direction;
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FIG. 3. minv dependencies of (a) the relative excess of OS over SS
pion pairs and (b) �γ = γOS − γSS in 20−50% Au + Au collisions
at 200 GeV. Error bars are statistical. The shaded areas in panel
(b) are systematic uncertainties.
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range identified by the TPC and TOF (red circles). Error bars are
statistical. The caps are systematic uncertainties.

the correction becomes too large at small minv. As shown in
Fig. 3(b), a clear peak from K0

s → π+ + π− decay is ob-
served in �γ , and possible ρ0 and f0 peaks are also visible
[50]. These peaks correspond to the resonance production
peaks in r shown in Fig. 3(a). The results indicate strong
contributions from resonances to the �γ observable.

It is clear from the comparison of the two panels in Fig. 3
that the inclusive �γ measurement is contaminated by a
large background caused by resonance decays and correlated
particle pairs. The possible CME signal is, in principle, hid-
den within the large background in the �γ measurement of
Fig. 3(b). This CME signal would be the difference in γOS and
γSS inherited from initial correlations, rather than correlations
from the final state, such as resonance decays.

B. �γ at large minv

As indicated by Fig. 3(a), most of the excess of OS over SS
pion pairs is from the small minv region (approximately 96%
at minv < 1 GeV/c2). Applying a minimum minv requirement
would reduce those contributions. On the other hand, a lower
minv cut would remove a large fraction of low-pT pions. It may
thus reduce the possible CME signal because the CME is the-
oretically conjectured to be a low-pT phenomenon [6,25]. A
recent study [11], however, suggests a rather pT-independent
signal above 0.2 GeV/c.

In any case, it is interesting to examine the �γ (minv >

mlow
inv ) above a certain mlow

inv value, which would be more
sensitive to the CME signal if the signal is a more slowly
decreasing function of minv than resonance contributions.
This is presented in Fig. 4, where two results are shown.
Black points show �γ (minv > mlow

inv ) for data in Fig. 3. Be-
cause the pions are identified by the TPC up to pT = 0.8
GeV/c, the data do not reach a large enough minv. In order to
measure the spectra at large minv with high statistics, we in-
clude the pions identified by TPC and TOF detectors with pT
extended to 1.8 GeV/c, and the full-event method is used. The

2
q

0 0.5 1 1.5 2 2.5

2v

0

0.05

0.1

0.15

0.2

40-50%

30-40%

20-30%

 = 200 GeVNNsAu+Au

FIG. 5. The elliptic flow v2 in bins of q2 for the three centrality
bins in the 20−50% range of Au + Au collisions at 200 GeV.

result is shown in red circles. The result from the full-event
method with the higher pT range is systematically larger than
that from the subevent method with the limited pT range.
The reasons are twofold: �γ has been found to increase with
pT [25] and the η gap in the subevent method suppresses
the correlation background. For both cases, �γ (minv > mlow

inv )
decreases with increasing mlow

inv and approaches zero when
mlow

inv becomes large. Note that residual resonance and other
correlation backgrounds may still remain at high mass, and
detailed model and theoretical studies are required to draw
further conclusions.

C. Event-shape engineering to extract CME

In order to fully exploit the data to extract a possible CME
signal over the entireminv range, resonance contributions need
to be removed. This may be achieved by taking advantage of
the presumably differentminv dependencies of the background
and the possible CME signal. Assuming the �γ data contain
the flow-induced background and a possible CME signal, the
inclusive �γ can be expressed as [51]

�γ (minv) = r(minv)〈cos(φα + φβ − 2φres)〉v2,res + �γsig.

(4)

The first term of the right-hand side of Eq. (4) is the back-
ground and is obviously dependent onminv and v2. The second
term is the possible CME signal.

We attempt to separate the background and the CME by
resorting to the ESE method. The ESE method selects events
from a narrow centrality bin with different v2 values by using
the reduced flow vector q2 quantity; q2 = |∑N

j=1 e
i2φ j |/√N

summing over the α and β particles in each event using the
subevent method. The v2 value is calculated as a function of q2
by the correlations with respect to the particles from the other
subevent. Figure 5 shows the v2 values in bins of q2 in each
narrow centrality bin. The v2 value is strongly correlated with
q2 because the α and β particles are used for both the q2 and
v2 calculations. In other words, this ESE method is selecting
mainly on the statistical fluctuations of the α/β particle’s
elliptic anisotropy, which has a wide spread. The v2 value does
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with �γA − �γB in 20−50% Au + Au collisions at 200 GeV. Error
bars are statistical. The shaded areas are systematic uncertainties.

not linearly depend on q2, especially at small values of q2.
This has also been observed in simulations [52].

The events shown in Fig. 3 are divided into two equal-size
groups according to the q2 value in each narrow centrality bin:
event sample A with the 50% largest q2 and event sample B
with the 50% smallest q2, as indicated in Fig. 5(a). The q2 cut
values to separate events are similar among the three centrality
bins. The �γ values are calculated in the two halves of events
for each centrality bin and then are combined. Figure 6(a)
shows the minv dependence of the �γA and �γB from event
samples A and B, respectively, integrated over the 20−50%
centrality range. Figure 6(b) shows the inclusive [no q2 restric-
tion, i.e., the same data as shown in Fig. 3(b)] �γ compared
with �γA − �γB. The systematic uncertainty of the latter is
larger than twice that of the former, which is approximately
(�γA + �γB)/2. This is due to an anticorrelation between
the two event classes as they are selected largely on statistical
fluctuations as aforementioned.

In order to exploit the presumably different minv dependen-
cies of the background and the signal to extract the CME,
we need to assess the background shape in minv. To this
end, we first have verified that the r(minv) distributions are
the same between the two event classes. The decay angular
correlations, 〈cos(φα + φβ − 2φres)〉, are presumably also the
same. It is probably safe to assume that v2(minv) has the same
minv dependence for the different q2 event classes, only differ-
ing in magnitude. Under this assumption, the backgrounds in
different q2 event classes will have the same shape in minv,
differing only in its overall magnitude. The CME depends
on the overall magnetic field. As mentioned in the Introduc-
tion, the magnetic field is primarily produced by spectator

A
γΔ

0 0.2 0.4 0.6
3−10×

BγΔ

0

0.1

0.2

3−10×

 = 200 GeVNNs20-50% Au+Au 
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 / ndf 2χ    64.7 / 45

k 0.03± 0.41

sig
γΔ 6−10×6.3)± (2.7

FIG. 7. �γA versus �γB in 20−50% Au + Au collisions at
200 GeV, with the linear function fit of Eq. (5). Error bars are sta-
tistical. Horizontal and vertical caps are the systematic uncertainties
on �γA and �γB. Marker colors indicate the data from different minv

regions (black: 0.4–0.6 GeV/c2; red: 0.6–1.0 GeV/c2; blue: >1.0
GeV/c2).

protons. Because the spectator protons and the participant
particle anisotropy are uncorrelated [19], the CME is largely
independent of the v2 of the different q2 classes. However, the
participant protons do contribute to the overall magnetic field
[53–55]. Model calculations indicate that such a contribution
could account for 20% of the overall magnetic field strength in
Au + Au collisions of medium centrality [55]. This magnetic
field contribution could have variations over the different q2
event classes due to the presumably different event shape
selected by q2. In this paper, we assume such variation is small
and proceed with the assumption that the CME is independent
of q2 and v2 Then the difference of the �γ (minv) from the
different q2 event classes can be regarded as the background
�γbkgd(minv) shape [13].

The inclusive �γ contains both the background and the
possible CME. We further assume that the possible CME
signal is independent of minv. Then, with the background
shape given by �γA − �γB, the possible CME signal can be
extracted from a two-parameter fit: �γ = b(�γA − �γB) +
�γsig. However, because the same data are used in �γ and
�γA − �γB, their statistical errors are not independent. To
properly handle statistical errors, an alternative function is
used to fit the two independent measurements of �γA versus
�γB, namely,

�γB = k�γA + (1 − k)�γsig, (5)

where k and �γsig are the fit parameters. Because �γ ≈
(�γA + �γB)/2, then b ≈ (1 + k)/(1 − k)/2. In this fit
model, the background is not required to be strictly propor-
tional to v2, but only dependent on v2 [51,56].

Figure 7 shows �γA versus �γB in 20−50% centrality
Au + Au collisions at 200 GeV. Each data point corresponds
to one minv bin in Fig. 7(a). The line is the fit by Eq. (5). The
fitted �γsig is (0.03 ± 0.06 ± 0.08) × 10−4 and is found to
be (2 ± 4 ± 5)% of the inclusive �γ (minv > 0.4 GeV/c2) =
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(1.58 ± 0.02 ± 0.02) × 10−4. These values represent over an
order of magnitude reduction from the inclusive �γ measure-
ment. Our results indicate that the possible CME signal is
small in the inclusive �γ , consistent with zero with current
precision. This presents an upper limit of 0.23 × 10−4, or 15%
of the inclusive result at the 95% confidence level [57].

We note, as previously discussed, that our two-component
fit model is based on the following assumptions: (i) the
v2(minv) dependence is the same between the two q2 event
classes, (ii) the magnetic field contribution from participant
protons has negligible variation between the two q2 event
classes, and (iii) the CME signal �γsig is independent of minv.
The χ2/ndf of our fit in Fig. 7 indicates a p value of 2.86%,
which suggests that our assumptions may be reasonable, but
future improvement with the help of theoretical calculations
is possible. Nevertheless, the fitted �γsig may be interpreted
as the signal averaged over the minv range. The potential CME
could depend onminv, and given enough statistics, such details
could be investigated experimentally by more sophisticated
ESE analysis.

Our result is consistent with our previous finding from
an ESE analysis [37] and a more recent measurement using
spectator and participant planes [58]. The recent isobar data
[22] do not yield an observable CME signal, in line with
the present work. Our upper limit is quantitatively similar to
those reported at the LHC [17,18]. Quantitative predictions of
the CME signal strength are not available at the RHIC or the
LHC; only a general expectation of 10−4 has been suggested
[10,11]. Our upper limit, together with those at the LHC, add
significant insights to the physics of the CME and calls for
further theoretical inputs.

IV. CONCLUSIONS

In summary, we report differential measurements of the
reaction-plane-dependent azimuthal correlation of pion pairs
(�γ ), sensitive to the topological-charge-induced chiral mag-
netic effect in QCD, as a function of the pair invariant
mass (minv). Resonance structures are observed in �γ (minv),
indicating the dominance of background contributions in
the previous inclusive �γ measurements [25,26,31]. At
large minv, where this background is significantly reduced,
the �γ is also significantly smaller. To isolate the possible
CME signal from the background, event-shape engineering

by the subevent method is used to determine the background
shape in minv. The background shape is used in a two-
component fit to the �γ (minv) data, assuming it contains a
v2-independent signal in additional to the v2-dependent back-
ground. Such a fit yields a v2-independent signal of �γsig =
(0.03 ± 0.06 ± 0.08) × 10−4 in 20−50% centrality Au + Au
collisions at 200 GeV, (2 ± 4 ± 5)% of the inclusive measure-
ment of �γ (minv > 0.4 GeV/c2) = (1.58 ± 0.02 ± 0.02) ×
10−4, within pion pT = 0.2–0.8 GeV/c and averaged between
pseudorapidity ranges of−1 < η < −0.05 and 0.05 < η < 1.
This represents an upper limit of 0.23 × 10−4, or 15% of the
inclusive result, at the 95% confidence level for the possible
CME signal integrated over minv. This constitutes a report
of an upper limit on the theoretically predicted CME at the
RHIC, with explicit isolation of background and under several
assumptions. Theoretical inputs on the minv dependence of the
CME as well as magnetic field calculations will be helpful to
improve this upper limit in the future.
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