Available on the CERN CDS information server CMS PAS HIN-23-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-heavyions@cern.ch 2024/06/11

Elliptic anisotropy at high pr in pPb collisions using
subevent cumulants

The CMS Collaboration

Abstract

The second-order (elliptic) Fourier coefficients (v,) as a function of particle trans-
verse momentum (pg) and event multiplicity are presented for pPb collisions us-
ing a subevent multiparticle cumulant analysis where nonflow effects are strongly
suppressed. The data were recorded by the CMS experiment at a nucleon-nucleon
center-of-mass energy of , /5= 8.16 TeV. The new measurement probes an extended
range of particle pr, up to values where the influence of nonflow effects are shown
to strongly influence the results using a standard cumulant analysis. Results for both
pPb and PbPb collisions are compared in similar multiplicity ranges, allowing for an
assessment of the medium influence on the elliptic anisotropy associated with high
pr particle production.
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The observation of strong collective azimuthal correlations in relativistic nucleus-nucleus (AA)
collisions at the BNL RHIC [1-3] and CERN LHC [4-9] facilities is believed to reflect the forma-
tion of a quark-gluon plasma (QGP) that exhibits nearly ideal hydrodynamic behavior [10-12].
The azimuthal correlation structure of the emitted particles can be characterized by its Fourier
components. In hydrodynamic models, the second and third Fourier components, known as el-
liptic (v,) and triangular (v5) flow, respectively, reflect the response of the medium to the initial
collision geometry and fluctuations, providing insights into the fundamental transport proper-
ties of the QGP medium [13, 14]. Similar correlations have been observed in high-multiplicity
proton-lead (pPb) [15-18] collisions at the LHC, which raises the question of whether a fluid-
like QGP state is also created in small hadronic collision systems. These long-range correlations
have also been studied in lighter AA systems such as dAu [19, 20] and *HeAu [21] at RHIC,
with the properties of the observed long-range correlations in small systems consistent with
hydrodynamic models of a tiny QGP droplet [22].

The present analysis focuses on the origin of azimuthal anisotropy at very high transverse
momentum(py). At high pr, partons are not expected to be thermalized in the hot and dense
medium created in heavy ion collisions, and a hydrodynamic picture is not applicable. Rather,
the observed azimuthal anisotropy in this regime is primarily attributed to the interaction be-
tween high-pr partons and the QGP medium [23, 24], which is expected to have a lenticular
geometry for non-central AA collisions. As the high-pt partons traverse through the hot and
dense medium, they lose energy through induced radiation and collisional interactions with
the medium constituents. This energy loss depends on the path length traversed by the par-
tons through the medium, which in turn depends on the direction in which the partons travel
relative to the orientation of this medium [25-28].

The evidence for the formation of a QGP in pPb collisions [29, 30] makes the study of how
this smaller scale medium affects high-pr partons of considerable interest. The azimuthal cor-
relations of high-p particles in small system collisions has been previously studied, e.g., in
Refs. [31, 32], using a two-particle correlation technique. To remove short-range, nonflow cor-
relations, these analyses have used either peripheral subtraction or template fit methods [33],
which are based on the strong assumption that peripheral events have negligible contribu-
tion from the extended medium. The method used in the present analysis is based on the
Q-cumulant multiparticle correlation technique [34] with subevents [35, 36]. Rapidity gaps
are required between the particles in the correlators to strongly suppress short-range correla-
tions. This note presents the first subevent cumulant analysis of the azimuthal anisotropy up
to pr ~ 20 GeV in pPb collisions at 1/s_ = 8.16TeV. The results are compared to a similar
analysis using PbPb collision events at \/Nsi; = 5.02 TeV. Both collision systems were measured
using the CMS experiment at the LHC.

The CMS detector is composed of various subsystems, one of which is the silicon tracker. This
tracker is situated within the 3.8 T field of a superconducting solenoid and consists of 1440
silicon pixel and 15,148 silicon strip detector modules (Phase-0). In 2017, the pixel detector
received an upgrade with an additional layer added to both the barrel and endcap regions,
resulting in an increased number of silicon pixel modules to 1856 (Phase-1) [37]. Charged
particles within the laboratory pseudorapidity range |17| < 2.5 are measured by the silicon
tracker, which provides transverse impact parameter resolutions of 25-90 (20-75) ym for Phase-
0 (Phase-1) pixel detectors and a p resolution better than 1.5% up to 100 GeV [38]. The ECAL
and HCAL calorimeters are also located inside the solenoid and cover the range |#| < 3.0. The
ECAL utilizes lead tungstate crystals arranged in a quasi-projective geometry, while the HCAL
barrel and endcaps are composed of brass and scintillator plates. The steel and quartz-fiber
Cherenkov HF hadron forward calorimeters cover the range 2.9 < || < 5.2 on either side of



the interaction region. The HF calorimeters are azimuthally divided into 20° modular wedges
and further segmented to form 0.175x0.175 radians (A x A¢) towers. The response of the CMS
detector is simulated in detail using GEANT4, and a more comprehensive account of the CMS
detector can be found in Ref. [39].

The measurements presented in this note use CMS data sets of 8.16 TeV pPb collisions and
5.02 TeV PbPb collisions taken in 2016 and 2018 and with integrated luminosities of 186 and
0.607nb !, respectively [40, 41]. For pPb collisions, the beam energies for protons and lead
nuclei were 6.5TeV and 2.56 TeV per nucleon pair, respectively, resulting in a center-of-mass
energy of \/s = 8.16 TeV. A mid-run reversal of the beam directions had negligible effects on
detector-related systematic effects, and the merged results are reported using the convention
that the proton-going direction defines positive pseudorapidity.

To select high-multiplicity pPb collisions, a dedicated high-multiplicity trigger was imple-
mented using CMS level-1 [42] and high-level trigger systems [43]. At level-1, events were
triggered by requiring at least one track with pr > 0.4GeV in the pixel tracker during a pPb
bunch crossing and at least one tower in one of the two HF detectors having an energy above
1GeV. Additionally, the total number of ECAL and HCAL towers with transverse energies
above a threshold of 0.5 GeV needed to exceed 120 and 150 in ECAL and HCAL, respectively.
Events passing the L1 trigger were subsequently filtered by the HLT. To trigger minimum bias
(MB) pPb events, at least one of the two hadronic forward (HF) calorimeters must register en-
ergy deposits above a threshold of around 1 GeV. Additionally, there must be at least one track
with pr > 0.4 GeV in the pixel tracker. Offline, events must also have a primary vertex within
15 cm of the nominal interaction point along the beam axis and 0.2 cm in the transverse direc-
tion. At least two reconstructed tracks must be associated with the primary vertex. Results
are reported in ranges of N2iflin¢, with Noffline corresponding to the measured track multiplicity
with pr > 0.4 GeV and is not corrected for tracking efficiency. Table A.1 of the Appendix A re-
ports the mean multiplicity (N°flin¢) and tracking efficiency corrected multiplicity (NggTected)
for various N2iflin® ranges. An efficiency plateau above 95% is observed in the Nofli® range for
the analysis.

The PbPb minimum bias (MB) events are selected based on signals surpassing readout thresh-
olds in the range of ~6-12GeV on both sides of the HF calorimeters. The PbPb events are
further filtered to have a primary vertex within 15cm of the nominal interaction point along
the beam axis and 0.2 cm in the transverse direction. Additionally, each HF detector must have
at least two towers with a combined energy deposit of 4 GeV or more. The trigger, event recon-
struction, and selections are described in previous correlation analyses [29, 44—46]. To perform
correlation measurements, only primary tracks that originate at the primary vertex and meet
the high-purity criteria of Ref.[38] are used for all data sets analyzed. The trigger and event se-
lection efficiency was found to be about 98%. Furthermore, the impact parameter significance
of the tracks with respect to the primary vertex in the longitudinal and transverse directions
must be less than 3 standard deviations, and the relative pt uncertainty must be less than 10%
for the pt range used in the analysis.

To ensure high tracking efficiency and minimal background contamination, only tracks with
ln| < 2.4, pr > 0.3GeV (for pPb) and pr > 0.5GeV (for PbPb) are used in this analysis. The
selected tracks are corrected for tracking inefficiency and acceptance using simulated Monte
Carlo samples from HIJING v1.35 [47] and HYDJET 1.9 [48] for pPb and PbPb respectively, and
the response of the CMS detector to these simulated events is based on GEANT4 [49]. In the
measurement of correlations in pPb collisions, multiple independent interactions (pileup) in
the same event may have constituted a background. The average number of collisions per



bunch crossing in the pPb data varied between 0.1 and 0.25. The procedure used for identifying
and rejecting events with pileup was similar to that described in Ref. [44].

The multiparticle Q-cumulant [34] method is used to measure the v, value of charged hadrons
within || < 2.4 using the software package mcorrelations [50]. The Q-cumulant method has
been used to measure 4-, 6-, and 8-particle correlations in previous CMS publications [51, 52],
with the multiparticle correlations being inherently less sensitive to the few-particle correla-
tions such as those arising from jet fragmentation and back-to-back dijet correlations. In this
method, the two- and four-particle correlators, ((2)) and ((4)) are defined as

((2)) = (("®=0)),  ((4)) = ((ePHhmtsmti))), @)

Here, ¢; (j=1, ..., 4) represents the azimuthal angles of four distinct particles in an event, and
the notation ((- - -)) signifies that the average is calculated over all particles across all events.
For elliptic flow, n = 2. Then the four-particle cumulant ¢, {4} is given as

ca{4} = ((4)) —2((2))%, @

which finally relates to the flow v, {4} as

vn{4} = \4/ _Cn{4}' 3)

The m-particle cumulant method correlates each Particle of Interest (POI) with m — 1 Reference
Flow Particles (RFPs). In this analysis, the RFPs for the cumulant method are charged hadrons
within || < 2.4 and with 0.3 < py < 3.0GeV (for pPb) and 0.5 < p < 3.0GeV (for PbPb). The
upper pr bound of the RFP range is chosen so as to reduce the contribution of minijets, which
can contribute above pr ~ 3 GeV.

In a standard multiparticle Q-cumulant analysis, the POI and RFP ranges overlap in 7. In or-
der to suppress non-flow effect from the short-range correlations, a subevent method has been
suggested based on the calculations published in Ref. [35]. It has to be noted that the method
and calculation are essentially the same between the regular and subevent method, but for the
subevent method instead of selecting particles in the full acceptance, particles are selected from
different subevents to develop the cumulant values. By selecting the correlated particles from
different subevents, the contribution from short-range correlations is naturally suppressed as
a pseudorapidity gap is guaranteed between any two particles in a given correlation. To es-
timate the statistical uncertainties on the cumulants, we use the sub-group method in which
the entire dataset is divided into six trials with comparable numbers of events. Using identical
algorithms, the cumulants for each trial are calculated. The standard deviation of the resulting
cumulant distribution is treated as a statistical uncertainty.

Figure 1 illustrates how we choose particle tracks to build our four particle correlators used in
computing the cumulant values. The star(*) superscript is for the particles whose azimuthal
angle has a negative sign in the correlator. The prime symbol denotes the POI. The top left
case illustrates the case where four separate particles are chosen from the same pseudorapidity
range. In this case, it is possible that all four particles will originate from a single jet, leading
to a large nonflow contribution to the cumulant. In the top right panel, 2-subevent scenario,
the probability to pick all particles in the same jet is small (particle a and b are chosen from
distinct pseudorapidity range) and most remaining non-flow contribution comes from dijets.
In the bottom left panel, the 3-subevent scenario is shown. In this case, the dijet contribution
is drastically reduced since it is unlikely to select all four particles from the same dijet. Finally,
in the 4-subevent scenario, each of the four particles is selected from distinct pseudorapidity
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Figure 1: Subevent chosen in various cases in the CMS tracker acceptance to correlate four
particles

ranges, further reducing the nonflow contribution.
In this analysis, we use pr differential cumulants, d,,{4}, defined as

d, {4} = ((4)) —2((2)) - ((2)), 4)

where ((4')) is 4-particle correlator with 3 RFPs and one POI and ((2')) is 2-particle correlator
with one RFP and one POL. In the following, we provide the formula to compute d,,{4} in all
scenarios, where a, b, c and d are refering to the particle chosen in a specific subevent and the
symbol “|” indicates a separation between subevents. In Eq. 5, for example, the notation a’a|bb
in the 4- particle correlator means that two particles are required to be in the first subevent
(a’a) while the other two are required to be in the second subevent (bb), where a’ is the POL
Similarly, for the 2-particle correlator, one particle in each subevent is required (a’b).

The 2 subevent differential cumulant can be expressed in terms of the correlators with

dy {4} 20 = ((HTP) = 2(@)7) - ((2)71). ®)
For the 3 subevent, the correlator expansion depends on the pseudorapidity range of POI, with
d,{4}a0 = (@)1 —2(@)") - (2)71) ©6)

when the POl is in the range 2.4 < |57| < 0.8 and
dy{4}a0 = (P19 = (@277 - (@)7F) = (@)77) (@) (7)

when |57| < 0.8. In the latter case, we have two choices for POI and accordingly two com-
binations for the product of 2-particle correlators ({(2)71"") - ((2)?") and ((2)F") . ((2)?"l) ).
Similarly, in the case of 4 subevents, instead of taking twice the product of 2-particle correlators,
we have incorporated two different choices ({(2)1¢7) - ((2)?14") and ((2)14") - ((2)bl")) as

dy {4 gy = (@) —(2)71) - (2)P1) — (2717 - (2"). ®)



The v, {4} value can then be expressed as

0, {4} = — d, {4}/ (~c, {4})"", 9)
where ¢, {4} is the integral cumulant for RFPs.

The systematic uncertainties are evaluated as functions of pt by using alternative procedures
for extracting the cumulants. We take into account the statistical fluctuations in estimating
the systematic uncertainties. Systematic uncertainties due to tracking inefficiency and falsely
reconstructed track rate are studied by varying the track quality requirements. The selection
thresholds on the significances of the transverse and longitudinal track impact parameters di-
vided by their uncertainties are varied from 2 to 5. In addition, the upper limit on the relative
pr uncertainty is varied from 5 to 10% and 15% for pPb and PbPb, respectively. The result-
ing systematic uncertainty is from 0.03% to 5%, depending on multiplicity, pr, and collision
system. The sensitivity of the results to the primary vertex position along the beam axis (z,,)
is determined by comparing events with different z,, locations from —15 to +15cm. This
systematic uncertainty is estimated to be in range of 0.06%-0.2%, depending on multiplicity,
pr and collision systems. The impact of pileup in pPb collisions is considered by varying the
pileup selection of events in the performed analysis by considering the distance among recon-
structed vertices and its associated number of tracks. The systematic uncertainty associated
with pileup ranges from 0.03% to 0.1%, depending on multiplicity and py. Systematic effects
from event selections in PbPb are explored by comparing results obtained with and without
the requirement of the coincidence of HF calorimeter tower signals above the threshold. This
results in a systematic uncertainty of 0.07% for one pt bin (8.0 < pr < 10.0 GeV), only. System-
atic uncertainties originating from different sources are added in quadrature to obtain the total
systematic uncertainty shown as boxes in the figures. The systematic uncertainties are common
to all methods discussed in this paper. Indeed, the subevent method is just an extension of the
standard cumulant calculation and all experimental effects should be the same. So considering
lower statistics for subevent cumulants, systematic uncertainty for subevent results have been
assumed to be the same as for standard (without subevent) results.
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Figure 2: v,{4} vs pr in 185 < Noifline < 250 for pPb (Left) and PbPb (Right). Statistical
uncertainty is represented by solid lines and systematic uncertainty by boxes.
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Figure 3: Left: Comparison of v,{4} with 4 subevent vs py in 185 < NPifline < 250 between
pPb and PbPb. Right: Comparison of v,{4} with 4 subevent vs (N°{flin¢) for p; of POI > 6
GeV between pPb and PbPb. Statistical uncertainty is represented by solid lines and systematic
uncertainty by boxes.

The v,{4} results for the different subevent scenarios are shown for the 185 < Nfrffine < 250
range as a function of py in Fig. 2. The left panel shows the results for pPb collisions and the
right panel for PbPb collisions. The standard v,{4} result (without subevents) goes negative
after pr ~ 10 GeV for pPb collisions, which is not the case for the PbPb results. This could be
a consequence of selecting rare high multiplicity events in the pPb events with an increased
nonflow contribution from jets as compared to PbPb events. Using the subevent method, this
negative trend is heavily suppressed and we get positive values of v,{4} (negative value of
d,{4}) up to pr ~ 17 GeV, the upper limit of the current investigation. The 3 and 4 subevent
results are in agreement, suggesting complete removal of non-flow correlations. Also, 3 and
4 subevent v,{4} values are almost constant above pr ~ 6 GeV in both collision systems.
The left plot in Fig. 3 compares the 4-subevent, v,{4} values as a function of p for pPb and
PbPb collisions. We observe similar magnitude of v,{4} in both the collision systems at high
pr- In the right plot of Fig. 3, we show the 4-subevent, v,{4} values for POI particles with
pr > 6GeV as a function (N2fli¢) for pPb and PbPb collisions. The magnitude and (Nofline)
dependence of the v,{4} values for the two systems are very similar. Figure 4 of Appendix A
shows the v,{4} results in terms of efficiency corrected mean multiplicity ((N<§™ected)). For the
0 < Noffline < 60 range, the v,{4} value is consistent with zero for pPb collisions, within the
statistical and systematic uncertainties.

In summary, the v,{4} values calculated using subevents are presented for pPb and PbPb col-
lisions at /s = 8.16TeV and /s = 5.02TeV, respectively. This analysis investigates an
extended phase space region that has not been previously studied in small systems. After us-
ing a subevent method to remove nonflow correlations due to jet fragmentation, a significant
and positive value for v,{4} is determined for higher multiplicity pPb events extending to
high particle pr. A striking similarity is observed in the magnitudes of high pr v,{4} values in
high multiplicity pPb and peripheral PbPb collisions, suggesting a similar mechanism for the
observed anisotropy at high pr in the two systems. These results provide new information on
the interaction of high-p partons with the surrounding medium in heavy ion collisions.
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A. Supplemental material 1

A Supplemental material
A.1 Mapping between Nofline and Negrrected jn pPh and PbPb collisions

Table A.1: Average multiplicity <N?rf1£hne> and tracking efficiency corrected multiplicity
(Negrreeted) i various NOIine bin is given below.

pPb PbPb
Ngflf;line range <N?rf1£hne> <Ng)l§rected > <N?rf1£]ine> <N§If)lfrected >
(0,60) 27 33+1 23 39+2
[60,120) 83 101+4 87 15246
[120, 150) 132 16046 135 233+10
[150,185) 164 198+7 168 287+12
[185,250) 202 245+10 216 368+16

A.2 Right plot of Figure 3 with (N¢gected) on x-axis
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Figure 4: Comparison of v,{4} values with p¥°! > 6 GeV based on the 4-subevent method as a
function of (fok“eCtEd> between pPb and PbPb. The solid lines and boxes indicate the statistical
and systematic uncertainties, respectively.
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