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A R T I C L E I N F O A B S T R A C T

Editor: F. Gelis We present an estimate of the yield of hard probes expected for collisions of the isobars 9644Ru and 9640Zr at collision 
energies reachable at RHIC and the LHC. These yields are proportional to the number of binary nucleon-nucleon 
interactions, which is characteristically different due to the presence of the large neutron skin in 9640Zr. This 
provides an independent opportunity to measure the difference between the neutron skin of 9644Ru and 9640Zr, which 
can provide an important constraint on the Equation of State of cold neutron-rich matter.
1. Introduction

The relativistic heavy ion programs at RHIC and the LHC [1–3]

aim to extract properties of the quark-gluon plasma (QGP), a state of 
matter believed to have existed in the early universe [4]. However, cur-

rent knowledge of the initial condition of the QGP, especially how it 
is formed and shaped from the colliding nuclei, remains limited. Isobar 
collisions [5], involving nuclei with significant differences in structural 
properties but an equal number of baryons, offer a new way to study the 
QGP. In particular, it is possible to study ratios of observables obtained 
from collisions of different isobars, such as the momentum anisotropies 
of detected particles or the total multiplicity as a function of impact pa-

rameter (centrality) and the transverse momenta of the particles. These 
ratios will have significantly reduced theoretical and experimental sys-

tematic uncertainties.

Given the equal energy carried by both isobars, the ratio of observ-

ables becomes relatively insensitive to shared properties, such as the 
speed of sound or shear viscosity. However, it becomes particularly sen-

sitive to differences in the shape of the isobars [6–11]. Subsequently, a 
precise understanding of the shape contributes to minimising uncertain-

ties in determining QGP properties through data analysis.

The nuclear structure program aims to explain the emergence of nu-

clei from fundamental theory [12–14]. Synergising with the hot QCD 
program based on high-energy heavy-ion collisions, this field can ben-

efit from event-by-event measures of particle angular correlations in 

* Corresponding author.

the final stages of such collisions [15,16]. These angular correlations 
are sensitive to the many-body distribution and correlations of nucle-

ons, including deformations, in the colliding nuclei. High-energy col-

liders are thus a novel tool for gaining insight into strongly correlated 
atomic nuclear systems and testing ab initio nuclear structure calcula-

tions.

In this paper, we present a study of the yield of hard probes ex-

pected for the collision of isobars 9644Ru and 9640Zr at energies for RHIC and 
the LHC. Hard probes generically can be separated into colour-neutral 
probes (such as photons and W and Z bosons) that do not interact with 
QGP and coloured probes such as quarks and gluons (partons). Due to 
the transparency in the QGP the former can be used to directly access 
the production of hard probes, while quarks and gluons can be used to 
(also) study the interaction with the QGP. We will show that the produc-

tion is significantly larger for 9644Ru due to its smaller and denser nucleus. 
Furthermore, while 9640Zr is larger, the lower temperature has a compen-

sating effect, and only subleading effects are expected for the difference 
in the interactions of quarks and gluons with the QGP. This approach 
provides an independent opportunity to measure the difference between 
the neutron skins of 9644Ru and 9640Zr.

2. Production of hard probes

At large transverse momentum the heavy ions are to an excellent 
approximation transparent, which means that the production rate is 
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Fig. 1. (Left) The number of participants 𝑁part (blue) and number of binary collisions 𝑁coll (red) as a function of collision event centrality in RuRu (solid) and ZrZr 
(dashed) collisions at √𝑠𝑁𝑁 = 0.2 TeV for the parameters of Case 5 in Table 1. (Middle and Right) The ratios of 𝑁part (middle) and 𝑁coll (right) in RuRu and ZrZr 
collisions as a function of centrality for the five cases as presented in Table 1. The number of binary collisions is more sensitive to the nuclear structure than the 
number of participants. The dashed curve presents the same ratio for collisions at a nucleon-nucleon energy of 5.67 TeV, which gives larger effects for 𝑁coll and 
smaller effects for 𝑁part .
proportional to the total number of nucleon-nucleon collisions, i.e. the 
number of binary collisions 𝑁coll.

1 The interactions, to be more fully de-

scribed later, will also depend on the QGP formation and its evolution. 
Here we describe the model used, with a particular focus on the shapes 
of the nuclei, since as discussed this has a large effect on the ratios.

We use the Trajectum 1.2 framework [10,17]2 using the maximum 
likelihood settings as in [18]. Trajectum features an initial state de-

pending on the nucleon positions that generalises the TRENTo model 
[19], a far-from-equilibrium stage that can interpolate between free 
streaming and a holographic scenario [20], a hydrodynamic phase with 
temperature-dependent first and second order transport coefficients and 
finally a freeze-out prescription [21] that can transfer the resulting QCD 
resonance states to a hadronic rescattering code such as UrQMD [22] or 
SMASH [23].

In the TRENTo model the nucleon positions are located according to 
a Woods-Saxon (WS) distribution,

𝑃𝑝∕𝑛(𝑟, 𝜃) ∝
(
1 + exp

(
𝑟−𝑅(𝜃)
𝑎𝑝∕𝑛

))−1
, (1)

where 𝑅(𝜃) =𝑅𝑝∕𝑛 ⋅
(
1 + 𝛽2𝑌 0

2 (𝜃) + 𝛽3𝑌
0
3 (𝜃)

)
, with 𝑌 0

𝑛
the spherical har-

monics, the radius 𝑅, skin depth 𝑎, quadrupole deformation 𝛽2 and 
octupole deformation 𝛽3. Importantly, especially 9640Zr has a large neu-

tron excess which leads to significantly more neutrons at the edge of 
the nucleus, i.e. a neutron skin. This is reflected in a larger skin depth of 
96
40Zr as compared to 9644Ru [24]. In addition, 9640Zr is a strongly deformed 
nucleus that has a large 𝛽3 deformation [8,10,25], though this deforma-

tion plays a relatively minor role for hard probe studies as compared to 
the neutron skin.

In this work we use the five different parameterisations as repro-

duced in Table 1 from [10]. The first three are taken from the STAR 
isobar paper [5]. Case 1 is based on 𝑒-A scattering [26] whereas case 
2 comes from a theoretical liquid-drop macroscopic model [27]. Case 3 
includes the effect of a neutron skin, computed using Density Functional 
Theory (DFT) [28]. Case 4 comes from the same DFT framework as Case 
3, albeit with a fixed elliptic deformation of 𝛽2 = 0.16 for both 9644Ru and 
96
40Zr. Case 5 is finally the most realistic case [8], with the same neu-

tron skin as Case 4 but including non-equal spherical deformations for 
96
44Ru and 9640Zr. Here 𝛽2 was derived from excitation energies measured 
in [26] and 𝛽3 was fitted to the STAR result [5] itself.

Having specified how nucleon positions are sampled, every pair of 
nucleons interacts with a probability based on their overlap, in such 
a way that the nucleon-nucleon cross-section 𝜎𝑁𝑁 equals the proton-

proton cross-section 𝜎𝑝𝑝 for that particular collision energy [29]. The 

1 In this work we neglect the modification of the nuclear parton distribution 
functions (nPDFs). For many of the isospin symmetric probes we expect similar 
modifications for 9644Ru and 9640Zr, such that for ratios their effect is reduced.

2 The Trajectum code can be found at https://sites .google .com /view /
2

govertnijs /trajectum.
Table 1

Woods-Saxon parameters and inelastic nucleus-nucleus cross sections for the 
five cases taken from [10], for both 9644Ru and 9640Zr. The 𝑝 and 𝑛 labels denote 
the different WS distributions used for protons and neutrons, respectively.

nucleus 𝑅𝑝 [fm] 𝑎𝑝 [fm] 𝑅𝑛 [fm] 𝑎𝑛 [fm] 𝛽2 𝛽3 𝜎AA [b]

96
44Ru(1) 5.085 0.46 5.085 0.46 0.158 0 4.628
96
40Zr(1) 5.02 0.46 5.02 0.46 0.08 0 4.540

96
44Ru(2) 5.085 0.46 5.085 0.46 0.053 0 4.605
96
40Zr(2) 5.02 0.46 5.02 0.46 0.217 0 4.579

96
44Ru(3) 5.06 0.493 5.075 0.505 0 0 4.734
96
40Zr(3) 4.915 0.521 5.015 0.574 0 0 4.860

96
44Ru(4) 5.053 0.48 5.073 0.49 0.16 0 4.701
96
40Zr(4) 4.912 0.508 5.007 0.564 0.16 0 4.829

96
44Ru(5) 5.053 0.48 5.073 0.49 0.154 0 4.699
96
40Zr(5) 4.912 0.508 5.007 0.564 0.062 0.202 4.871

total number of interactions equals 𝑁coll , whereas the number of nucle-

ons that have at least one interaction is called 𝑁part .

In Fig. 1 we show 𝑁part , 𝑁coll and their ratios for 9644Ru and 9640Zr for 
the five cases. The cases with neutron skin (3 to 5) lead to a smaller size 
for 9644Ru and hence a smaller cross section (see Table 1). Per collision, 
however, there are then more participating nucleons (and hence also 
a higher multiplicity, see [5,10]). For 𝑁coll this effect is significantly 
stronger, which will give rise to the characteristic signal for hard probes.

For case 5 we also include a collision energy appropriate for the 
LHC (5.67 TeV per nucleon pair, dashed), which for this figure equals 
to an increase of 𝜎NN from 39.7 to 68.8mb. This increases both 𝑁part
and 𝑁coll, but interestingly the Ru/Zr ratio decreases for 𝑁part while it 
increases for 𝑁coll. This indicates that the 𝑁coll effect will be stronger 
at higher collision energies.

3. Interactions with the QGP

After having discussed the production of hard probes we estimate 
the modification of the hard probes due to the interactions with the 
QGP. Due to energy loss of the partons the yield of charged hadrons at 
high 𝑝𝑇 will be reduced. Typically this is quantified using the nuclear 
modification factor 𝑅AA, which gives the ratio between the yield in AA 
collisions versus the expected yield from 𝑝𝑝 collisions in the absence of 
a medium such as the QGP. For the 𝑅AA we estimate that (see also [32])

𝑅AA(𝑝𝑇 ) = 𝜎𝑝𝑝(𝑝𝑇 + 𝛿𝑒(𝑝𝑇 ))∕𝜎𝑝𝑝(𝑝𝑇 ), (2)

𝛿𝑒(𝑝𝑇 ) = 𝜅(𝑝𝑇 )∫ 𝑇 3𝐮 ⋅ 𝐝𝐋, (3)

where 𝛿𝑒(𝑝𝑇 ) is an estimate for the effective energy loss, 𝜎𝑝𝑝(𝑝𝑇 ) is the 
relevant cross section in 𝑝𝑝 collisions which we estimate as being pro-
portional to 𝑝−7
𝑇

and 𝜅 is a 𝑝𝑇 dependent constant that we fix from the 

https://sites.google.com/view/govertnijs/trajectum
https://sites.google.com/view/govertnijs/trajectum
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Fig. 2. (Left) The integrated path lengths calculated in RuRu and ZrZr collisions at √𝑠𝑁𝑁 = 0.2 TeV (top) and 5.67 TeV (bottom). Their ratios are shown in the right 
panels. The in-plane (out-of-plane) results are shown as red (blue) lines while the average is presented as black lines.

Fig. 3. We show the charged particle 𝑅AA as a function of particle 𝑝𝑇 in different centrality intervals (left). The Ru results in the 0–10% class are fitted [30,31] and 
the rest are computed using Eqn. (4). The 𝑅AA Ru/Zr ratios are shown in the right panel. The ratio is close to unity and is maximal for the 40–60% centrality class, 
which optimizes the larger difference in path length (see Fig. 2) while still having an 𝑅 that is significantly different from unity.
measurement in the 0–10% Ruthenium centrality class. 𝑇 and 𝐮 are 
the temperature and fluid velocity a parton encounters3 during its path 
from that start of hydrodynamics at 𝜏 = 1.17 fm∕𝑐 till freeze-out at a 
temperature of 𝑇switch = 153.5MeV. The motivation for this formula is 
that energy loss is on average approximately proportional to the entropy 
density (which goes like 𝑇 3 for a scale invariant theory) and the 𝐮 ⋅ 𝐝𝐋
partly corrects for the fluid flow [32,33].

If 𝛿𝑒 is small then 𝑅AA is close to unity and can be approximated as4

𝑅AA(𝑝𝑇 ) = 1 −
[
1 −𝑅AA, Ru, 0–10%(𝑝𝑇 )

] ∫ 𝑇 3𝑢 ⋅ 𝑑𝐿

∫ 𝑇 3𝑢 ⋅ 𝑑𝐿Ru, 0–10%

, (4)

where the subscript Ru 0–10% indicates that we use the 𝑅AA in the 
0–10% class for Ruthenium to fix 𝜅(𝑝𝑇 ). We note that this is a relatively 
coarse estimate for the charged hadron 𝑅AA that in particular ignores 
fluctuations in energy loss, modification of parton distribution functions 
or effects coming from fragmentation. Nevertheless, for a comparison 
between 9640Zr and 9644Ru we expect that many such effects mostly cancel 
in the ratio for our observables.

4. Results

In Fig. 2 we present the average temperature integrals of in-plane 
and out-of-plane5 for 9644Ru and 9640Zr at 0.2 and 5.67TeV. It is interesting 

3 We average over many events and many lightlike trajectories placed accord-

ing to the distribution of nucleon-nucleon interactions.
4 In the figures we use the exact formula.
5 In- and out-of-plane is defined with respect to the 𝑄2 =

∑𝑀

𝑖=1 𝑒
2𝑖𝜑𝑖 direction 
3

whereby the sum is over all charged particles.
AA

that even though 9644Ru is smaller the temperature is higher and hence 
the total temperature integral is larger than for 9640Zr. This effect is less 
pronounced at 5.67TeV since the lifetime of the QGP is longer and hence 
the finite size is increasingly important.

With the temperature integrals, Eqn. (4) and the STAR results in 
the 0–10% Ruthenium class [30,31] we show in Fig. 3 the inclusive 
charged hadron 𝑅AA versus 𝑝𝑇 for several centrality classes for Case 
5. By construction Eqn. (4) reproduces the experimental results for the 
0–10% Ruthenium class, but the other points are results of our model. 
Even though a significant suppression is visible the ratio of 9644Ru over 
96
40Zr is close to unity. This can be explained by Fig. 2, where for central 
collisions the ratio of the temperature integral is also close to unity. For 
more peripheral collisions the difference is larger, but for those the 𝑅AA
is quite close to unity and the effect of energy loss is hence relatively 
modest by itself.

The 𝑁part dependence of the nuclear modification factor for high 𝑝𝑇
hadrons is presented in Fig. 4, in which the 𝑅AA at the largest 𝑁part
(the last point in the figure) was again used for model calibration. Tra-

jectum agrees qualitatively and semi-quantitatively till about 𝑁part ∼ 50, 
which corresponds to about 40% in centrality. Indeed, data from higher 
centrality intervals are often difficult to describe both theoretically and 
also experimentally (see e.g. [34,35]).

Our main result is presented in Fig. 5. Here, we show Ru/Zr ratios 
for both the 𝑅AA and the total yield of hadrons for three representative 
nuclear shapes (cases 2, 3 and 5 respectively). While the yield ratio is 
simply the product of the 𝑅AA ratio with the 𝑁coll ratio as presented 
in Fig. 1 we see that the modifications of the yield are much stronger 
and also depend more strongly on the nuclear geometry. Importantly, 
the yields are also a more direct measurement that hence can have a 

smaller experimental uncertainty. We thus argue that yields of high 𝑝𝑇
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Fig. 4. (Left) Nuclear modification factor for high 𝑝𝑇 charged particles (𝑝𝑇 > 5.1 GeV∕𝑐)) in RuRu (blue line) and ZrZr (red line) compared to STAR RuRu data (black 
dots, [30,31]) as a function of 𝑁part . Again the Ru 0–10% class is fitted, which corresponds to the rightmost Ru data point. (Right) The ratio of RuRu and ZrZr 𝑅AA
as a function of 𝑁part in Trajectum.

Fig. 5. For three representative cases (2, 3 and 5 in left, middle and right respectively) we present the 𝑅AA ratio between Ru/Zr (top) and the total yield ratios 
(bottom) as a function of 𝑝𝑇 for several centrality classes. As in Fig. 4 the centrality dependence in the STAR data [30,31] is somewhat stronger in data than in the 
simple estimate of Eqn. (4). The yields are simply a multiplication of the 𝑅AA and the number of binary collisions from Fig. 1. Nevertheless, we argue the yields are 
a simpler and more sensitive probe of nuclear structure than 𝑅 .
AA

hadrons can be a complementary observable sensitive to the nuclear 
structure of in particular isobars.

Even for our case 5 the ratios of the yields do not give a perfect de-

scription of the STAR data [30,31]. For centrality classes above about 
40% this is consistent with Fig. 4, where it is seen that the model un-

derestimates modifications for very peripheral collisions. At low 𝑝𝑇 the 
assumption of 𝑁coll scaling may break down due to hydrodynamic par-

ticle production from the QGP, and indeed it seems the model works 
better at higher 𝑝𝑇 . We note that even though our model is fixed at the 
0–10% Ru centrality the Ru/Zr ratio at 0–10% is still a non-trivial model 
result that works best for case 5.

5. Discussion

Given the in-plane and out-of-plane path lengths it is possible to com-

pute the elliptic flow through the formula 𝑣2 ≈ (1 − 𝑥)∕(2 + 2𝑥), with 
𝑥 = 𝑅AA,in∕𝑅AA,out . The results are presented in Fig. 6, whereby inter-

estingly Ruthenium has a significantly larger 𝑣2 . This can be traced back 
to the more anisotropic path lengths presented in Fig. 2. Interestingly, 
the difference in 𝑣2 is largest in the 20–30% centrality class, even though 
for the soft observables there is no difference between collision energies 
in 𝑣2 at that centrality (see Appendix).

One subtlety of the yield ratios as presented is that they are divided 
per centrality class. Since centrality is determined independently for Ru 
and Zr this gives a systematic uncertainty that does not cancel in the ra-
4

tio. With Trajectum we used the centrality boundaries for Ru and Zr as 
Fig. 6. Using the ratio of the in-plane versus out-plane path lengths together 
with the measured 𝑅AA we can make an estimate of the elliptic flow 𝑣2 as a 
function of 𝑝𝑇 . We expect a small but significant anisotropic flow of up to 1.1%.

defined in [5], which is significantly different than the standard central-

ity boundaries (see Appendix).

In summary, we have argued for hard probes in relativistic isobar 
collisions to investigate their nuclear structure and to provide a unique 
opportunity to study the behaviour of nucleons at high energies and den-

sities. Trajectum calculations show that the number of binary collisions 
(𝑁coll) in RuRu and ZrZr collisions differs significantly in different cen-

trality classes. The ratio of 𝑁coll depends sensitively on the shape of the 
nuclei. These make electroweak bosons, which provide direct access to 
the number of binary collisions in the isobar collisions, promising ob-

servables at the Large Hadron Collider. See also [36] for a study using 
𝐽∕𝜓 mesons, which due to regeneration can even be sensitive to 𝑁coll

2. 

Moreover, we demonstrated that due to the significant cancellation of jet 
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Fig. 7. For Case 5 we present several anisotropic flow coefficients at 0.2 TeV collision energy (see also [10]) and at 5.67 TeV for Ru (left) together with the Ru/Zr 
ratio (right). At higher energy we expect larger anisotropic flow signals with a stronger centrality dependence. It is interesting that especially the triangular flow 
ratio is significantly more modified at 5.67 TeV.
Fig. 8. We show the 𝑁coll ratios for different centrality definitions as done in [5]

(dashed) as compared with the standard Trajectum definition from Fig. 1 (solid).

quenching in QGP in the ratio, coloured hard probes, such as high mo-

mentum jets and charged particles that are more abundantly produced 
than electroweak bosons, could be used to achieve the same goal. The in-

formation obtained from these collisions has important implications for 
understanding neutron-rich nuclei, the quark-gluon plasma, and other 
phenomena in nuclear and astrophysics.
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Appendix A

In Fig. 7 we show anisotropic flow coefficients from the hydrody-

namic calculations for 0.2 TeV (reproduced from [10]) and 5.67TeV. 
Interestingly, though the flow is larger at higher energy we see that the 
ratio is relatively robust even under this large change in collision energy. 
The exception is perhaps the triangular flow 𝑣3{2}, which deviates more 
strongly for central collisions (see also [37] for similar findings).

In Fig. 8 we compare our standard centrality definition for 𝑁coll with 
the STAR definition from [5]. In the STAR definition Ru and Zr central-
5

ity classes are slightly different to ease the experimental analysis. We 
see that especially for peripheral collisions this is an important effect 
(similar to the effect on the multiplicity, see [10]), so that clarity on the 
precise centrality selection will be essential for a precision analysis.
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