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• Major unresolved (IMO) question in p+A systems at RHIC/LHC: how to connect soft QGP-
like signals with (lack of) modification in the hard sector - e.g. large HF v2  but RpA ~ 1


• Lots of interesting physics to do with new capabilities and luminosity for p+A-style collisions

• Should particularly argue that O+O and Ar+Ar collisions can offer qualitatively new insights
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tute the largest theoretical uncertainty, increasing from
⇠ 2% at pT = 50GeV to ⇠ 7% for pT > 200GeV.
Compared to a conservative 15% uncertainty estimate
on the modeling of hTAAi for very peripheral heavy-ion
collisions, they are approximately 4 times smaller for
pT < 100GeV. Moreover, nPDF uncertainties can be
reduced by including additional LHC data. We show
this by reweighting nPDF uncertainties with CMS dijet
data [31] (following the work of Ref. [32], see supplemen-
tal material). The nPDF error band in Fig. 2 then shrinks
to 1% (4%) at low (high) pT , respectively. This demon-
strates that the null hypothesis in the absence of parton
energy loss is known with much higher accuracy from
Eq. (2) than from centrality dependent measurements of
Eq. (1).

To gain insight into whether this higher theoretical ac-
curacy can be exploited in an upcoming OO run, we have
overlaid in Fig. 2 statistical uncertainties of OO mock
data for an integrated luminosity of LAA = 0.5 nb�1 cor-
responding to a few hours of stable beam in the “mod-
erately optimistic” running scenario of Ref. [14]. The
errors displayed on the mock data do not account for sev-
eral sources of experimental uncertainties that can only
be determined with detailed knowledge of the detectors
and the machine. There are indications that the system-
atic experimental uncertainties entering Eq. (2) can be
brought down to less than 4% in the measurement of the
jet nuclear modification factor [18]. In addition, a precise
determination of Eq. (2) requires controlling the OO and
pp beam luminosities with comparable accuracy [33, 34].
In this case, both experimental precision and theoretical
accuracy of the no-parton-energy-loss baseline of Eq. (2)
in OO would be high enough to provide unprecedented
sensitivity for the search of parton energy loss in systems
with hNparti ⇠ 10.

In close analogy, we have also calculated the nuclear
modification factor Eq. (2) for single inclusive charged
hadron spectra at LO. We convoluted the parton spec-
tra with fragmentation functions (FFs) provided by the
NNPDF collaboration [35]. In the absence of final state
rescattering in the QCD medium, however, the same FFs
enter the numerator and the denominator in Eq. (2), such
that their uncertainties largely cancel as shown in Fig. 3.
The remaining uncertainty is dominated again by our
current knowledge of nPDFs. As parton fragmentation
softens hadron distributions, the region of small ⇠ 2%
uncertainty lies at a pT that is shifted compared to the
pT dependence in Fig. 2.

Predictions of parton energy loss. The sizable az-
imuthal momentum anisotropies vn observed in systems
of hNparti ⇠ 10 are interpreted in terms of interactions
in the QCD medium. Therefore, qualitatively, some par-
ton energy loss in OO collisions is expected. However,
quantitative theoretical expectations for Rh

AA,min bias are
model dependent, and there is no a priori reason that the
e↵ect is large. The medium modifications of the multi-
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FIG. 3. Minimum bias hadron nuclear modification factor
Eq. (2) for OO collisions. A broad range of parton energy
loss model predictions (blue bands) [36] is overlaid with the
baseline in the absence of parton rescattering. The red band
shows reweighted nPDF uncertainties (reweighting is done by
including additional pPb dijet data). Proton PDF (orange),
scale (green) and FF (yellow) uncertainties are fully correlated
and cancel. Error bars illustrate statistical uncertainties for
OO mock data at 100% e�ciency.

particle final states giving rise to jets are more compli-
cated to model than single inclusive hadron spectra, and
none of the Monte Carlo tools developed to this end (see
e.g. [37–39]) have been tuned to very small collision sys-
tems. For these reasons, we restrict the following discus-
sion of quantitative model expectations for parton energy
loss in OO to single inclusive hadron spectra.

In general, models of parton energy loss supplement
the framework of collinearly factorized QCD with as-
sumptions about the rescattering and ensuing modifi-
cations of the final state parton shower in the QCD
medium. For leading hadron spectra, the hard matrix el-
ements are typically convoluted with quenching weights
that characterize the parton energy loss of the leading
parton in the QCD medium prior to hadronization in
the vacuum. First perturbative calculations of this par-
ton rescattering within QCD go back to the works of
BDMPS-Z [40–43] and many others [44–46]. Within this
framework, a large number of models were developed for
the description of Rh

AA over the last two decades [47].
These models di↵er in their assumptions about the
strength of the rescattering (typically parametrized in
terms of the quenching parameter q̂ or an equivalent pa-
rameter), the time evolution of the medium, the path
length dependence, and other details. To the best of our
knowledge, none of these models have been used to make
predictions for Rh

AA, min bias in OO collisions.

In a companion paper [36], we therefore derive pre-
dictions for Rh

AA,min bias in OO collisions. This is done
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model that includes energy loss fluctuations (sampled from an underlying distribution) is used for
the heavy quarks evolution or a relativistic Langevin model based on an input drag or di↵usion
coe�cient. Once the decoupling temperature Td = 160 MeV is reached, hadronization follows via
a hybrid fragmentation/coalescence model from which the final nuclear modification factor can be
reconstructed. In [62] it was shown for PbPb collisions that with the Langevin description using
the purely collisional spatial di↵usion coe�cient model from [65] (Ds(2⇡T ) = 2.23) one obtains
a reasonable description of experimental data at low pT . 5 – 6GeV, while for the high pT & 5
– 6GeV sector it was found that an energy loss model works best [66]. However, the range of
applicability for Langevin versus energy loss is not clear across system size and, therefore, we com-
pare them across a somewhat wider range. The initial conditions+hydrodynamical backgrounds
are identical to those used in [39, 60, 61] where the Trento initial conditions used the parameters
p = 0, k = 1.6, and � = 0.51 fm, as established by a Bayesian analysis [67]. The parameters of the
viscous hydrodynamic code v-USPhydro are ⌧0 = 0.6 fm, ⌘/s = 0.047, TFO = 150MeV, which have
been shown to fit well compared to experimental data. We test both a spherical 129Xe nucleus and
a prolate one (per the parameterization of the deformed Wood-Saxon in [61, 68]).

One should note that in our model there is some ambiguity on the overall magnitude of RAA in
the absence of experimental data since we generally fix the scaling constant of the transport model
using high pT RAA in most central collisions. Thus, it is possible that there may be a system
size dependence to this constant, whereas we use here for all systems the value obtained in PbPb
collisions. Furthermore, while we write vn{2} to indicate that this is a two particle correlation
— obtained via the scalar product method for cumulants — we also point out that one of these
particles is a soft particle while the other is a heavy flavor hadron, as has been discussed extensively
in [59, 69–72].

3. Results. In small systems it was found that the nuclear modification factor is consistent with
unity within error bars [73–80]. However, it is not clear how RAA changes with system size as one
moves towards small systems: does it smoothly increase as the size shrinks or does it suddenly
jump to 1 at a certain critical size? Additionally, is the lack of light flavor jet suppression unique
to asymmetric systems? These questions are precisely investigated in Fig. 1 where we show the
RAA of D mesons in 0–10% and 30–50% centrality classes. There are a number of conclusions that
can be drawn from these results. First, 0–10% centralities are more sensitive to system size e↵ects
whereas for 30–50% centralities one cannot see a distinguishable di↵erence between ArAr and OO
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FIG. 1. D0 meson RAA for PbPb, XeXe with spherical and prolate initial nuclei, ArAr, and OO collisions
at the LHC top energies in 0–10% (a) and 30–50% (b) centrality classes. The gray (white) area indicates
the pT region where the Langevin (energy loss) description is the most relevant.
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FIG. 1. D0 meson RAA for PbPb, XeXe with spherical and prolate initial nuclei, ArAr, and OO collisions
at the LHC top energies in 0–10% (a) and 30–50% (b) centrality classes. The gray (white) area indicates
the pT region where the Langevin (energy loss) description is the most relevant.

5

1 2 10 50 100
pT

0
v 2
{2
}

16

40

129

129

208

1 2 10 50 100
pT

FIG. 3. D0 meson v2{2} for PbPb, XeXe with spherical and prolate initial nuclei, ArAr, and OO collisions
at the LHC top energies in 0–10% (a) and 30–50% (b) centrality classes. The gray (white) area indicates
the pT region where the Langevin (energy loss) description is the most relevant.
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FIG. 4. D0 meson v2{2} for XeXe collisions with spherical and prolate initial nuclei at the LHC top energies
in the 0–10% centrality class. The gray (white) area indicates the pT region where the Langevin (energy
loss) description is the most relevant.

Now that we have shown that the system size suppresses D meson v2 when the eccentricities
are held fixed, we can understand the results in the 0–10% centrality class in Fig. 3 where the v2
is roughly equivalent regardless of system size. Additionally, the v2 in ArAr and OO collisions is
larger in central collisions than in mid-central collisions. Returning to Fig. 2 we know that for
central collisions as the system size decreases the eccentricities increase. Thus, there are now two
competing factors that can contribute to the final v2: a suppression e↵ect from decreasing the
system size and an enhancement e↵ect from increasing eccentricities. In Fig. 3 when we see that
all curves are very similar in 0–10% centrality it simply is because these two competing e↵ects
roughly cancel each other out. This implies that in the CMS pPb D mesons data likely there is
a large enough eccentricity such that v2 does not vanish completely due to shrinking system size
(although it may be that some initial flow could also influence D meson v2 [91], we have not yet
explored this possibility).

Another interesting consequence from Fig. 3 in 0–10% centrality (shown explicitly Fig. 4) is
that the v2 between pT = 2 – 5GeV for Langevin and up to pT = 10GeV for energy loss show
some sensitivity to the deformation present in the 129Xe nucleus. Using a prolate nucleus we find
that there is an enhancement in this regime compared to a spherical nucleus. This is a surprising
result since 0–10% is quite a wide centrality bin whereas in the soft sector the large deformation
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FIG. 4. D0 meson v2{2} for XeXe collisions with spherical and prolate initial nuclei at the LHC top energies
in the 0–10% centrality class. The gray (white) area indicates the pT region where the Langevin (energy
loss) description is the most relevant.

Now that we have shown that the system size suppresses D meson v2 when the eccentricities
are held fixed, we can understand the results in the 0–10% centrality class in Fig. 3 where the v2
is roughly equivalent regardless of system size. Additionally, the v2 in ArAr and OO collisions is
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roughly cancel each other out. This implies that in the CMS pPb D mesons data likely there is
a large enough eccentricity such that v2 does not vanish completely due to shrinking system size
(although it may be that some initial flow could also influence D meson v2 [91], we have not yet
explored this possibility).

Another interesting consequence from Fig. 3 in 0–10% centrality (shown explicitly Fig. 4) is
that the v2 between pT = 2 – 5GeV for Langevin and up to pT = 10GeV for energy loss show
some sensitivity to the deformation present in the 129Xe nucleus. Using a prolate nucleus we find
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https://arxiv.org/abs/1907.03308


• See also discussion in Run 3+4 CERN Yellow Report , other works not shown here

• Lots of interest from theoretical and experimental communities in small symmetric systems

➡ through better controlled initial geometry, can we bridge the gap between our 

understanding of the soft and hard sectors and arrive at a comprehensive understanding 
of many-body QCD effects in small systems? 


➡ opportunity to answer the big questions first raised in 2010-2013!

• Contact Dennis, Jaki, Wei to get involved (dvp@colorado.edu, jnorhos@illinois.edu, davidlw@rice.edu)
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where the �Nch�pp and vn,n{2PC,pp} are the average
charged particle multiplicity and harmonic coe�cient
from pp collisions, respectively. This subtraction method
was shown to work reasonably well for pT-integrated cor-
relation measurement (but underestimate the flow signal
for pT > 1 − 2 GeV/c) [38].

The vn{PP} and vn{2PC, sub} are calculated as a
function of centrality, which are determined based on ei-
ther Npart or the number of charged particles �Nch� in the
forward rapidity region 2.5 < �⌘� < 4.5. In each case, the
vn{PP} and vn{2PC, sub} are calculated in unit Npart or�Nch� bin and then averaged to obtain results in larger
centrality ranges.

Figure 2 shows the vn{PP} as a function of �Nch� in
four symmetric and three asymmetric small systems. For
symmetric systems, the v2{PP} values increase and then
decrease with increasing �Nch�, and the peak positions
in �Nch� also increase slightly for larger systems. This
behavior has been observed in larger systems [29, 39–
42] and is consistent with the expectation that the "2 is
driven by the average shape the overlap region [42]. The
v3{PP} values for di↵erent symmetric systems tend to
follow a common increasing trend as a function of �Nch�.
Similar observation has been made in Cu+Cu, Au+Au
and U+U collisions at RHIC [42], and in p+Pb and pe-
ripheral Pb+Pb collisions at the LHC [43, 44]. Based on
an independent source picture and a simple conformal
scaling argument [45], this scaling behavior is expected
since "3 is driven by random fluctuations of the positions
of participating nucleons.
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FIG. 2. The v2{PP} (left) and v3{PP} (right) as a func-
tion of �Nch� in four symmetric and three asymmetric small
collision systems.

Figure 2 also shows that the v2{PP} values from asym-
metric systems follow di↵erent trends: the v2{PP} in
d�4He+Au increase with �Nch�, while it is relatively
constant in p+Au. The v3{PP} values show a simi-
lar �Nch� dependence as symmetric systems, except for
d+Au which deviates from the common trend at large�Nch�. Therefore, in a final-state driven model, we ex-
pected a clear di↵erence between d�4He+Au and A+A
for v2, but relatively similar behavior for v3.

Figure 3 shows the same results for vn{2PC, sub}. The
overall trends are similar to vn{PP} in Fig. 2. The larger
values of vn{2PC, sub} are possibly due to contributions
from initial momentum anisotropy that may survive to

the final state in small systems, as well as possible dy-
namical flow fluctuations generated by final-state inter-
actions [46], both of which are uncorrelated with the PP.
Since a geometry response picture is absent for pure

initial momentum anisotropy models, several behaviors
of v2 discussed in Figs. 2 and 3 are not naturally ex-
pected, including the �Nch� dependence and the dif-
ferences between asymmetric and symmetric systems.
Therefore, measurements of centrality dependence of v2
and v3 and comparison with large A+A systems at sim-
ilar �Nch� can provide strong constraints on whether the
observed anisotropy is dominated by initial- or final-state
e↵ects.
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FIG. 3. The v2{2PC, sub} (left) and v3{2PC, sub} (right) as
a function of �Nch� in four symmetric and three asymmetric
small collision systems.

In a recent yellow report for the future LHC heavy-ion
physics program, the possibility for smaller A+A colli-
sions is discussed [25]. This includes a possible 16O+16O
run at

√
sNN = 2.76−7 TeV in 2022–2023, and other light-

ion species such as Ar+Ar beyond 2028. The main argu-
ment for O+O run at the LHC is that it allows a better
control of Npart, "n and hard-scattering rate via number
of nucleon-nucleon collisions Ncoll [25]. An O+O run at
RHIC right after BES-II would provide an unprecedented
and timely comparison of the same small system at very
di↵erent collision energies (0.2 TeV vs. 2.76–7 TeV). This
“RHIC-LHC energy scan” provides a unique opportunity
to study systems with nearly identical nucleon geome-
try but very di↵erent subnucleon fluctuations and parti-
cle production mechanism with di↵erent saturation scale
and mini-jet productions in the initial state. The large
lever-arm in collision energy should provide new insights
on the onset behavior of collectivity, jet quenching, or
any other final-state e↵ects in small systems: any model
has to describe results at both energies, which naturally
leads to better understandings of results at each energy.
The top panels of Fig. 4 compare the AMPT model

prediction of v2{PP} and v3{PP} as a function of Npart

in O+O collisions at 0.2 and 2.76 TeV. The vn{PP} val-
ues are larger at 2.76 TeV, but the shape of the Npart

dependence is rather similar between the two energies.
The bottom panels of Fig. 4 show vn{PP} as a func-

tion of �Nch�. The results for 2.76 TeV span about a
factor of 2.5 larger �Nch� range than those for 0.2 TeV,
due to a larger multiplicity at a higher collision energy.

1904.10415, Huang et al.: symmetric systems 
offer different mix of global geometry and 

(sub-)nucleon-level fluctuations, valuable to 
have RHIC-LHC overlap on O+O

1812.08096, Lim et al.: symmetric 
systems can better test initial 

correlation vs final state interaction 
pictures (+ sensitivity to 𝛂-clustering)
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SONIC O+O

FIG. 3. An example of time evolution of a O+O event from sonic; the color scale indicates the local temperature.
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FIG. 4. Comparison of vn and vn/h"ni as a function of pT in 0–5% of three collision systems, p+O and O+O collisions atp
sNN = 7 TeV and p+Pb collisions at

p
sNN = 8.16 TeV.

4He+Au is shown in Fig. 9. We then calculate the flow
coe�cients as a function of pT for both systems in the
highest 5% multiplicity events as shown in Fig. 10. The
resulting vn values are quite similar for the two systems,
though the translation from geometry as characterized
by vn/h"ni is larger for the 4He+Au system. In order
to determine if this is related to the slightly higher mul-
tiplicity or the more compact initial geometry, we make
the comparison in Fig. 11 where the event categories are
selected to match in multiplicity. The results confirm
that, just as in the p+O, O+O, and p+Pb comparison

above, it is also true in the 3He+Au and 4He+Au case
that the more compact source leads to larger flow.
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