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ABSTRACT

Femtoscopic signatures of small QGP droplets in proton-lead

collisions at the Large Hadron Collider

Michael Clark

The spacetime dimensions of the particle source in proton-lead collisions at /sy =
5.02 TeV are measured with the ATLAS detector at the Large Hadron Collider.
Femtoscopic measurements are made from correlation functions built with charged
pions identified by their ionization energy loss. The measured HBT radii that rep-
resent the source dimensions are presented differentially as a function of centrality,
transverse momentum, and rapidity. The effect of jet fragmentation on the two-
particle correlation function is studied, and a method using opposite-charge pair
data to constrain its contributions to the measured correlations is described. The
measured source sizes are substantially larger in more central collisions and are
observed to decrease with increasing pair transverse momentum. A correlation of
the radii with the local charged-particle density dN/dy is demonstrated. The scaling
of the extracted radii with the mean number of participating nucleons is also used to
compare a parameterization of an initial-geometry model that allows for fluctuations
in the proton cross-section. The cross-term R, is measured as a function of rapidity,
and a nonzero value is observed that agrees with hydrodynamic predictions. The HBT
radii are also shown for central events in intervals of azimuthal angle relative to the
2nd-order event plane, pair transverse momentum, and flow vector magnitude, where
the correlation functions are corrected for the event plane resolution. Significant
modulations of the transverse HBT radii R.., Rsqe, and R.s are observed. The
orientation of this modulation is the same as that in heavy-ion collisions, in which

they are attributed to hydrodynamic evolution from an elliptic initial geometry. The



sign and transverse momentum dependence of these modulations are consistent with

a hydrodynamic evolution of a short-lived medium.
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continuum limit (right), both shown as a function of temperature [36].
The solid lines show the predictions from the hadron resonance gas model
and the Stefan-Boltzmann limit for 3 quark flavors at 1972/12 is shown
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Diagram of the Glauber model nucleus-nucleus geometry with transverse
(a) and longitudinal (b) perspectives [40].

The density as a function of radius following the Woods-Saxon distribution
for the 2°*Pb nucleus.

The Ny distribution for proton-lead collisions using the Glauber model
and the generalized color fluctuation model (left), along with the (Npap)
for the corresponding centrality intervals with each model (right) [41].
The distribution of the sub-leading jet suppression xj as a function of
centrality in lead-lead collisions [4]. The observable z; is defined as the
ratio of sub-leading to leading jet pr and is reduced relative to proton-
proton collisions. The distributions are unfolded to correct for detector
resolution effects.

Summary of the nuclear modification factor Raa for a few relevant pro-
duction channels in lead-lead collisions. No suppression is observed for
the colorless Z bosons, but high-pr jets and hadrons are suppressed with
an increased effect in central collisions.

R,py, for charged particles as a function of pr for different collision geome-
tries in the Glauber-Gribov color fluctuation model [44].
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Elliptic, triangular, and quadrupolar flow coefficients from superSONIC
simulations (bands) compared to experimental data for proton-proton

(left), proton-lead (center), and lead-lead (right) collisions [63]. The spe-

cific viscosity parameters used in the simulations are /s = 0.08 and
(/s =0.01.
The HBT radii in the Bertsch-Pratt coordinate system [8]. The lon-

gitudinal radius Rj.ne is evaluated in the frame boosted to the pair’s

longitudinal momentum. The outwards transverse radius R, is along the

pair’s transverse momentum, and Rggqe is the other transverse component.

Particles with a higher pr give smaller values of Rjone under longitudinal
flow (left) and smaller values of the transverse radii under radial flow
(right) [8].

Summary of HBT radii as a function of the number of nucleon participants
Npare and of the average multiplicity. The linear scaling of each radius with
the cube root of Ny suggests that the final volume scales linearly with
the initial size.

HBT radii in gold-gold collisions as a function of azimuthal angle from the
second-order event plane. The source is contracted in-plane and extended
out-of-plane, consistent with the expectations from hydrodynamics [94].
The relative second-order Fourier coefficient of Rgqge in nucleus-nucleus

collisions compared to the initial source eccentricity calculated from the

MC Glauber model [14].

Rutherford scattering of alpha particles by gold foil, demonstrating the
existence of the atomic nucleus.
A linear accelerator.

A cyclotron.
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The LHC is the last ring (dark blue line) in a complex chain of particle
accelerators. The smaller machines are used in a chain to help boost the
particles to their final energies and provide beams to a whole set of smaller
experiments [97].

Schematic layout of the two beams of the LHC [99].

A dipole magnet used to turn the beams along an arc. The two beams
travel in the evacuated beam pipes running anti-parallel to each other,
which requires the magnetic field in each to be opposite [100].

The total integrated luminosity over the 2013 proton-lead data taking
period.

The ATLAS detector and major subsystems [111].

A schematic of the ATLAS magnet system.

Computer-generated images of the ATLAS inner detector. The left figure
is a labeled graphic of the entire inner detector, and the right figure shows
a cross-section of the barrel region [114].

Computer-generated cutaway of the Pixel subdetector of the ATLAS inner
detector [119].

Computer-generated image of the ATLAS calorimeter systems [122].
Thickness of the electromagnetic calorimeters in radiation lengths X, as
a function of absolute pseudorapidity |n| in the barrel (left) and end-cap
(right) regions.

Nuclear interaction lengths for the combined ATLAS calorimetry system

as a function of absolute pseudorapidity |7].

1X

57

o8

29

62

63

64

65

66

67

69

69



4.1

4.2
4.3

4.4

4.5

4.6

4.7

Space-point seeds constructed from two (short, in red) or three (long, in
blue) hits in the barrel region of the pixel and semi-conductor tracker
(SCT). Short seeds are used to determine the z-coordinates of predicted
vertex positions, which are used to constrain extensions to three or more
space points. Figure from Ref. [130].

The track parameters defining a helical trajectory.

The mean number of silicon hits per track in Run-1 proton-lead collisions
as a function of pseudorapidity (top) and azimuthal angle (bottom).

The track reconstruction efficiency in Run-1 proton-lead collisions as a
function of transverse momentum (left) and pseudorapidity (right).

The normalized pion likelihood P(7) for tracks truth-matched to pions,
kaons, protons, respectively. The Loose cut level takes everything above
the blue line, the Middle level takes all of these that are also in between
the violet lines, and the Tight level picks tracks in the red outline at the
top.

The normalized kaon likelihood P(K) for tracks truth-matched to pions,
kaons, and protons, respectively. The Loose and Middle cut levels have
identical cuts on this variable: both selections reject tracks in the box
outlined in blue. The Tight cut level does not select directly on this
variable, but the limit that is implied from the cut on P(r) is included in
red.

The normalized proton likelihood P(p) for tracks truth-matched to pions,
kaons, and protons, respectively. The Loose and Middle cut levels both
reject tracks above the parabola, but the Loose level only applies the cut
for P(p) > 0.5. As in Fig. 4.6, the Tight cut level does not select directly
on this variable, but the limit that is implied from the cut on P(w) is

included in red.
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5.2

lonization energy loss dF/dx as a function of gp for the Loose (left) and
Middle (center) cut levels without their explicit cuts on dE/dz, which are
shown in red. The dE/dx after the Tight selection is shown in the right
panel.

The fraction of truth-identified pions and non-pions that pass each PID cut
level, as a function of pr (left) and 7 (right). The fractions are constructed
from tracks that otherwise pass all cuts.

The pion purity from each PID cut level as a function of pr and 7.

The cut efficiency from each PID cut level for pions and all other particles.

The pion purity from each PID cut level as a function of pr and 7.

Purity of identified pion pairs with the loose (top left), tight (top right),
and nominal (bottom) PID selections. The purities are estimated using
fully simulated HIJING proton-lead events, as a function of the pair’s aver-
age transverse momentum kp and rapidity ¢+ . The rapidity is calculated

using the pion mass for both reconstructed charged particles.

The distribution of the total transverse energy in the forward calorime-
ter (FCal) in the Pb-going direction (X ELXP) for the events used in the
centrality-dependent analysis. Dashed lines are shown at the boundaries
of the centrality intervals, and the discontinuity at YEEP = 91.08 GeV
corresponds to the lower X EFP boundary of the 0-1% centrality interval.
Negative values can occur because the mean noise is subtracted from each
calorimeter cell.

The charged-particle multiplicity Vg, of tracks with pr > 0.4 GeV. Each
of the four cutoffs corresponds to additional triggers used in the analysis.
The distribution scaled down to match the scale of the events from the

MinBias trigger is also shown by the dashed blue line.
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The event plane angle Wy in relation to the elliptic moment of transverse
energy. An exaggerated example of the transverse profile in a hydrody-
namic system is shown in blue. The pressure gradients are larger along
the axis of narrower extent, leading to greater final momentum in that
direction.

The average components of the g, vector (g ,) (left) and (go,) (right) for
each run. Runs up to 218589 are from period A, and use n > 2.5, while
runs after this are from period B and use n < —2.5.

The average components of the < g; g2; > matrix for each run. Runs up
to 218589 are from period A, and use n > 2.5, while runs after this are
from period B and use n < —2.5.

The distribution of second-order event plane angle after first- and second-
order flow vector corrections.

The distribution of second-order event plane angle, in bins of flow vector
magnitude |gs|. Each panel shows a different interval of reconstructed
charged particle multiplicity Ng,.

The event plane resolution as a function of the magnitude of the flow
vector |go| calculated using calorimeter cells with n < —2.5. Four differ-
ent intervals of reconstructed track multiplicity Ny, used in the analysis
are shown. The systematic uncertainties are shown in the bands, and
statistical uncertainties are too small to be visible.

A transverse projection of the kinematic variables of a track pair with

respect to the event plane.
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5.12

5.13

5.14

The ratio of a sampled distribution to an event-mixed distribution, both
of which are not corrected for event plane resolution. This shows the effect
of sampling from a finite number of bins. The central points are shown as
circles with statistical uncertainties and the bands indicate the systematic
uncertainty, which is discussed in Section 5.5.

The ratio of an event-mixed distribution to an event-mixed distribution
with randomized azimuthal angle between the events. This demonstrates
the effect of not binning events in W,. The central points are shown as
circles with statistical uncertainties and the bands indicate the systematic
uncertainty, which is discussed in Section 5.5.

Differential probability distribution of the number of event classes having
a given number of events, where the event class is determined by run
period, zytx, multiplicity, and flow vector magnitude |gz|. The distribution
is normalized to unity.

The pr spectrum for positive tracks (left), and a zoomed view of the
low-pr region (right). Each segment is fit to a gamma distribution with
variable location which represents the smooth spectrum. The segments

are determined by edges at 100, 200, 300, and 400 MeV, where there are

105

105

107

jumps in SCT hit requirements or a turn-on of TRT seeding (at 400 MeV). 108

An illustration of the effects of the pr slope correction on the sampled
momentum distribution. The course-binned histogram is used to generate

samples for the fine-binned histogram.
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5.16

5.17

5.18

The statistical correlation matrix elements for the HBT radii Rou (top
left), Rgde (top right), and R (bottom left) from a toy Monte Carlo
study. In each |g| interval the correlations are fit to a function p =
1J%cos (2A¢y) for 2A¢r > 0 where = = % with Npins = 8. The
correlation strength parameter £ from the toy study is shown as a function
of the naive value of ¢ (bottom right), which determines the azimuthal
statistical correlations in the HBT radii.

The hard-process background in HIJING for either +— or +-+ charged
pairs with major resonances removed from +—, with the minimum hard-
scattering pr set to the default of 2 GeV (left) and turned up to 20 GeV
(right). Removing the hard-scattering processes in this range diminishes
or removes the non-femtoscopic signal. The Gaussian fits are shown only
to roughly indicate the amplitude and width of the effects, and are not
used in the analysis.

A comparison of the amplitudes of gaussian fits of the ¢, and angular
(An, A¢) correlation functions from opposite-sign pairs in the data. The
pairs are fully Coulomb-corrected (i.e. A = 1) with an effective source size
of R.g = 1 fm. The different colors are different centralities, each with a
range of k.

The amplitude of the jet contribution to C(An, A¢) is largely correlated
between like-sign and unlike-sign pairs. The plots are nearly identical,
except that one is colored by centrality and the other by kt. Some points

have very large errors (with a sum of errors greater than 0.8) and are not

shown.
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5.19

5.20

5.21

5.22

The tail weight parameter apigq of fits to C j[i(Qinv) as a function of krt
in PyTHIA 8, in four multiplicity bins. e is limited by above at 2
(the Gaussian case), and for low kr bins this is sufficient to describe the
background shape. The parameter is fit to a function of the form apygq =
2 — 0.0497log (1 + €>0-90=0499)) "with ky in GeV.

A comparison of same-sign to opposite-sign charged pairs with the am-
plitude and width of a-stable fits in PYTHIA 8. Several multiplicities
are shown in each colored kt bin, with the multiplicity bins defined in
Fig. 5.19, and the ++ and —— pairs are separated. The slopes and
intercepts of the lines in the left plot are shown in Fig. 5.21. The widths

Rykga are fit to a simple ratio p from Eq. (5.48). In the amplitude plot

122

(left), the widths Rykea are fixed to the value extracted from the right plot.123

The slopes (left) and intercepts (right) of the fits from Fig. 5.20 as defined
in Eq. (5.44). The parameters are each fitted to a function of the form
p1 + m. The results of the fits are displayed in Eqs. (5.46)
and (5.47). The procedure is perfomed in both forward (red) and central
(blue) rapidity bins, and the results are used as a systematic variation.

The fit results from PYTHIA 8 of the shape parameters from Eq. (5.49).
The dashed lines indicate the constant values used in the analysis. While
the results are not well-described by a constant function, the difference in

the shape of the function is not extreme over the discrepancies observed.
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5.23

5.24

5.25

5.26

Top: A comparison of same-sign to opposite-sign charged pairs with the
amplitude and width of three-dimensional fits in PYTHIA 8. Several mul-
tiplicities are shown in each colored kr bin, with the multiplicity bins
defined in Fig. 5.19, and the ++ and —— pairs are separated. The slopes
and intercepts of the fit lines are shown in the bottom left and right
subfigures, respectively. The procedure is repeated in both forward (red)
and central (blue) rapidity bins, and the difference is used as a systematic
variation.

Left: The comparison of jet fragmentation width along the out-axis be-
tween same- and opposite- sign charged pairs. The difference is modeled as
a krp-dependent constant additive factor. Right: the best-fit difference of
the width between same- and opposite-sign pairs. The lowest kr interval
is not included in the fit because the jet contribution is not large there,
and its behavior does not fit the trend.

Left: The comparison of jet fragmentation width in the side-long plane
between same- and opposite- sign charged pairs. The difference is modeled
as a kp-dependent constant additive factor. Right: the best-fit difference
of the width between same- and opposite-sign pairs. The lowest kr interval
is not included in the fit because the jet contribution is not large there,
and its behavior does not fit the trend.

The background amplitude ratio (top) and the shape parameter (bottom)
in HING for both proton-proton (left) and proton-lead (right). The
proton-lead has about a 5-20% attenuation from proton-proton. For the
amplitude comparison the width ratio from opposite to same sign is forced
to be a constant 1.08, which the ratio tends to at high kt in HIJING for
both systems. The shape, parameterized by apieq, is quite similar between

the systems.

XVl

126

127

127

128



5.27 A comparison of the attenuation between opposite- and same-sign correla-

5.28

5.29

2.30

tion functions in HIJING proton-proton and HIJING proton-lead (all other
settings identical). The multiplicity slices in each kr bin are 26 < NI <
36, 37 < N < 48, and 49 < N!I' < 64. The difference between the ratio
is slightly more prominent in proton-lead, which is accounted for in the
mapping and as a systematic error. The variable y is used here because
this correction and variation is applied directly into the p of equations
Egs. (5.44) and (5.46).

Examples of the background fit to opposite-sign correlation functions in
the data. The shape parameter apygq is fixed from PYTHIA 8, and the
amplitude )\{fk_gd and width Rﬁk_gd are left as free parameters. A selection
of centrality and kt bins are chosen to cover a large range of the magnitude
of the effect. Some resonances are removed before filling the histograms,
which accounts for the gaps and large error bars in some bins.

The background parameters that are free fit parameters in the opposite
sign (left), and the like-sign parameters derived from the opposite-sign
values using Eqs. (5.44) to (5.47) (right). The apygq parameter is taken
directly from PyTHIA8 (Fig. 5.19). Statistical error bars are too small
to be visible. The non-monotonicity is not surprising, since the meaning
of Rpkga changes with apigq, which varies with kr as shown in Figs. 5.19
and 5.26.

Fits of the stretched exponential to correlation functions from PyYTHIA 8

events with a truth-level multiplicity in the range of 49 < N, < 64.
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5.31

5.32

2.33

5.34

2.35

An illustration of the differences between the jet fragmentation contri-
bution to C'(giny) predicted in Herwig and PyTHIA 8, for relatively higher
multiplicities 49 < N < 64. The ratio of Herwig to PYTHIA 8 is shown in
the lower boxes of each plot. Opposite- (same-)charge correlation functions
are shown on the left (right).

A comparison of like and unlike sign correlation functions in Herwig ++
and PYTHIA 8.

The left plot compares the difference in +— and £+ correlation function
ratios between two generators. The multiplicity bins used are 26 < N <
36, 37 < Ny < 48, and 49 < N/ < 64. The lowest kr bin is not used
because of large statistical fluctuations in the fit parameters. While Herwig
predicts an amplitude for the ratio CT~/C** that is clearly too small by
inspection (i.e. it blatantly fails to match the correlation functions in the
data), the variation of the double ratio (Herwig to PYTHIA 8) can be used
to showcase the uncertainty in a constant attenuation factor.

Correlation functions in proton-lead data for opposite-charge (teal circles)
and same-charge (red squares) pairs. The opposite-charge correlation
function, with the most prominent resonances removed, is fit to a function
of the form in Eq. (5.43) (blue dashed line). The violet dotted line is the
estimated jet contribution in the same-charge correlation function, also of
the form of Eq. (5.43), and the dark red line is the full fit of Eq. (5.22) to
the same-charge data.

Two functional forms for describing three-dimensional jet fragmentation.
The blue line (Eq. (5.49)) is the one used in the results, and the purple
line (which describes the correlation as a function of gy, only) clearly does

not enjoy the same level of agreement.
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5.43

The core fraction x, measured in PYTHIA 8 by counting the pairs in which
neither particle is a product of a weak decay or of a n, 1/, w, or Kx.

A comparison of reconstructed to truth correlation functions using re-
constructed HIJING events. The bottom shows the ratio of truth to
reconstructed correlation functions.

Results for Rj,, split into both periods and both signs as a check. No
systematic uncertainties are included - this is intended as a cross-check.
The relative contributions of the various sources of systematic uncertainty
to the invariant radius R;,,. The typical trends with kr are shown on the
left and the trends with centrality (Npat) are shown on the right.

The relative contributions of the various sources of systematic uncertainty
to the invariant Bose-Einstein amplitude \y,,. The typical trends with kr
are shown on the left and the trends with centrality (Npa.t) are shown on
the right.

The relative contributions of the various sources of systematic uncertainty
to the three-dimensional radius R.;. The typical trends with kt are shown
on the left and the trends with centrality (Npar) are shown on the right.
The relative contributions of the various sources of systematic uncertainty
to the three-dimensional radius Rgg.. The typical trends with kt are
shown on the left and the trends with centrality (Npat) are shown on the
right.

The relative contributions of the various sources of systematic uncertainty
to the three-dimensional radius Ri,,,. The typical trends with kr are
shown on the left and the trends with centrality (Npat) are shown on the

right.
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0.44

5.45

5.46

5.47

6.1

The relative contributions of the various sources of systematic uncertainty
to the ratio Rou/Rsige- The typical trends with kr are shown on the left
and the trends with centrality (Npar) are shown on the right.

The relative contributions of the various sources of systematic uncertainty
to the three-dimensional radius R,. The typical trends with &kt are shown
on the left and the trends with centrality (Np.¢) are shown on the right.
The relative contributions of the various sources of systematic uncertainty
to the three-dimensional Bose-Einstein amplitude Ayg. The typical trends
with kr are shown on the left and the trends with centrality (Npas) are
shown on the right.

The symmetrized contribution of systematic uncertainties as a function
of flow vector magnitude |gs| for the second-order cosine terms of Ry
(top left), Reqe (top right), and Rieng (bottom left), as well as the second-
order sine terms of R,s (bottom right). The total systematic uncertainty
is shown along with the three largest sources. The quadrature sum of the

remaining systematic uncertainties is also shown.

Results of the fit to the one-dimensional correlation function in very central
(0-1%) events in three kr intervals. The dashed blue line indicates the
description of the contribution from jet fragmentation and the red line
shows the full correlation function fit. The dotted red line indicates the
extrapolation of the fit function beyond the interval over which the fit is

performed.
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6.2

6.3

6.4

Results of the fit to the one-dimensional correlation function in semi-
central (20-30%) events in three kr intervals. The dashed blue line indi-
cates the description of the contribution from jet fragmentation and the
red line shows the full correlation function fit. The dotted red line indicates
the extrapolation of the fit function beyond the interval over which the fit
is performed.

Results of the fit to the one-dimensional correlation function in relatively
peripheral (60-70%) events in three kr intervals. The dashed blue line
indicates the description of the contribution from jet fragmentation and
the red line shows the full correlation function fit. The dotted red line
indicates the extrapolation of the fit function beyond the interval over
which the fit is performed.

Results of the 3D fit to the correlation function in the 0.4 < kt < 0.5 GeV,
—1 < yr_ < 0 kinematic intervals and for the 10-20% centrality interval.
The left, middle, and right panels show the distributions versus qout, Gside,
and @ong, respectively, with limits on the other two components of q such
that |g;| <40 MeV. The dashed blue line indicates the description of the
contribution from hard processes and the red line shows the full correlation
function fit. The dotted red line indicates the extrapolation of the fit

function beyond the interval over which the fit is performed.
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6.5

6.6

The exponential invariant radii, Rj,,, obtained from one-dimensional fits
to the ¢, correlation functions shown as a function of pair transverse
momentum, kr, (left) and rapidity, yr_ (right). Four non-adjacent cen-
trality intervals are shown. The vertical size of each box represents the
quadrature sum of the systematic uncertainties described in Section 5.5,
and statistical uncertainties are shown with vertical lines. The horizontal
positions of the points are the average kt or y*_ in each interval, and the
horizontal lines indicate the standard deviation of At or vy . The widths
of the boxes differ among centrality intervals only for visual clarity.

Exponential fit results for R;,, as a function of the cube root of aver-
age charged-particle multiplicity (dNg,/dn)'/? (left), where the average is
taken over |n| < 1.5, and as a function of the local density, dNu,/dy*, over
several centrality and rapidity intervals (right). In the left plot the sys-
tematic uncertainties from pion identification and from the generator and
collision system components of the background amplitude are treated as
correlated and shown as error bands, and the systematic uncertainties from
charge asymmetry, R.g, the rapidity variation of the jet fragmentation
description, and two-particle reconstruction are treated as uncorrelated
and indicated by the height of the boxes. The horizontal error bars indicate

the systematic uncertainty from (dNy,/dn) or dNg,/dy*.
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6.7

6.8

6.9

The Bose-Einstein amplitude, A, obtained from one-dimensional fits to
the ¢,y correlation functions shown as a function of pair transverse mo-
mentum, kr, (left) and rapidity, y_ (right). Four non-adjacent centrality
intervals are shown. The vertical size of each box represents the quadrature
sum of the systematic uncertainties described in Section 5.5, and statistical
uncertainties are shown with vertical lines. The horizontal positions of the
points are the average kr or yr . in each interval, and the horizontal lines
indicate the standard deviation of kp or yr.. The widths of the boxes
differ among centrality intervals only for visual clarity.

Exponential fit results for the 3D source radius, R.., as a function of
pair transverse momentum, kr, (left) and rapidity, v, (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box
represents the quadrature sum of the systematic uncertainties described
in Section 5.5, and statistical uncertainties are shown with vertical lines.
The horizontal positions of the points are the average kt or yX_ in each
interval, and the horizontal lines indicate the standard deviation of kt or
yr.. The widths of the boxes differ among centrality intervals only for
visual clarity.

Exponential fit results for the 3D source radius, Rgqe, as a function of
pair transverse momentum, kr, (left) and rapidity, y%_ (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box
represents the quadrature sum of the systematic uncertainties described
in Section 5.5, and statistical uncertainties are shown with vertical lines.
The horizontal positions of the points are the average kt or yZ. in each
interval, and the horizontal lines indicate the standard deviation of kr or
yr.. The widths of the boxes differ among centrality intervals only for

visual clarity.
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6.10

6.11

Exponential fit results for 3D source radius, Riong, as a function of pair
transverse momentum, kr, (left) and rapidity, yr, (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box
represents the quadrature sum of the systematic uncertainties described
in Section 5.5, and statistical uncertainties are shown with vertical lines.
The horizontal positions of the points are the average kt or yZ. in each
interval, and the horizontal lines indicate the standard deviation of kt or
yr.. The widths of the boxes differ among centrality intervals only for
visual clarity.

Exponential fit results for R, as a function of (left) the cube root of
average charged-particle multiplicity, (dNg,/dn)'/3, where the average is
taken over |n| < 1.5 and (right) the local density, dNu,/dy*, in intervals of
yr.. In the left plot the systematic uncertainties from pion identification
and from the generator and collision system components of the background
amplitude are treated as correlated and shown as error bands, while the
systematic uncertainties from charge asymmetry, R.g, the rapidity varia-
tion of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The
horizontal error bars indicate the systematic uncertainty from (dN,/dn)

or dNe, /dy*.
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6.12

6.13

Exponential fit results for Rgqe as a function of (left) the cube root of
average charged-particle multiplicity, (dNg,/dn)'/3, where the average is
taken over |n| < 1.5 and (right) the local density, d Ny, /dy*, in intervals of
yx.. In the left plot the systematic uncertainties from pion identification
and from the generator and collision system components of the background
amplitude are treated as correlated and shown as error bands, while the
systematic uncertainties from charge asymmetry, Reg, the rapidity varia-
tion of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The
horizontal error bars indicate the systematic uncertainty from (dN,/dn)
or dNu,/dy*.

Exponential fit results for Ry, as a function of (left) the cube root of
average charged-particle multiplicity, (dNg,/dn)'/?, where the average is
taken over |n| < 1.5 and (right) the local density, dNu,/dy*, in intervals of
yr.. In the left plot the systematic uncertainties from pion identification
and from the generator and collision system components of the background
amplitude are treated as correlated and shown as error bands, while the
systematic uncertainties from charge asymmetry, R.g, the rapidity varia-
tion of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The
horizontal error bars indicate the systematic uncertainty from (dN,/dn)

or dNu, /dy*.
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6.14

6.15

6.16

The Bose-Einstein amplitude, A, as a function of pair transverse mo-
mentum, kr, (left) and rapidity, y*_ (right). Four non-adjacent centrality
intervals are shown. The vertical size of each box represents the quadrature
sum of the systematic uncertainties described in Section 5.5, and statistical
uncertainties are shown with vertical lines. The horizontal positions of the
points are the average kr or yr_ in each interval, and the horizontal lines
indicate the standard deviation of kt or yZ_. The widths of the boxes
differ among centrality intervals only for visual clarity.

The ratio of exponential radii R/ Rgde as a function of pair transverse
momentum, kr, (left) and rapidity, y*_ (right). Four non-adjacent cen-
trality intervals are shown. The vertical size of each box represents the
quadrature sum of the systematic uncertainties described in Section 5.5,
and statistical uncertainties are shown with vertical lines. The horizontal
positions of the points are the average kp or ¥ in each interval, and the
horizontal lines indicate the standard deviation of &t or y . The widths
of the boxes differ among centrality intervals only for visual clarity.

The transverse area scale, RouRsqe, plotted against the average multi-
plicity, (dNen/dn), (left) and the local density, dNu,/dy*, as a function
of rapidity (right). The systematic uncertainties from pion identification
and the generator and collision system components of the jet background
description are treated as correlated and shown as error bands. The
systematic uncertainties from charge asymmetry, R.g, rapidity variation
of the jet fragmentation, and two-particle track reconstruction effects are
treated as uncorrelated and indicated by the height of the boxes. The
horizontal error bars indicate the systematic uncertainty from (dN,/dn)
or dNu,/dy*. The slope and intercept of the best fit to the right-hand plot

are shown with combined statistical and systematic uncertainties.
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6.17 The volume scale, det (R), plotted against the average multiplicity, (dNe,/dn),

6.18

(left) and the local density, dNg,/dy*, as a function of rapidity (right). In
the left plot, the systematic uncertainties from pion identification and
the generator and collision system components of the jet background
description are treated as correlated and shown as error bands, while those
from charge asymmetry, R.g, rapidity variation of the jet fragmentation,
and two-particle track reconstruction effects are treated as uncorrelated
and indicated by the height of the boxes. The widths of the boxes indicate
the systematic uncertainty in (dNg,/dn) or dNg,/dy*.

The scaling of the volume element, det (R), with (Npa) calculated with
three initial geometry models: standard Glauber as well as Glauber-
Gribov (GGCF) for two choices of the color fluctuation parameter, w,.
Each of the panels shows a different kr interval. The systematic un-
certainties from the pion identification and the generator and collision
system components of the background description are treated as correlated
and shown as error bands. The systematic uncertainties from charge
asymmetry, Req, rapidity variation of the jet background, and two-particle
reconstruction are treated as uncorrelated and indicated by the height of

the boxes. The horizontal error bars indicate the systematic uncertainties

in <Npart> .
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6.19

6.20

6.21

6.22

6.23

The cross-term, R, as a function of the pair’s rapidity, yr_, in a wide
range of centrality intervals (left) and in the four most central event classes
(right). The vertical size of each box represents the quadrature sum
of the systematic uncertainties described in Section 5.5, and statistical
uncertainties are shown with vertical lines. The horizontal positions of
the points are the average yr_in each interval, and the horizontal lines
indicate the standard deviation of y*_ in the corresponding interval. The
widths of the boxes differ only for visual clarity.

The cross-term, R, as a function of average event multiplicity, (d N, /dn),
(left) and the local density, dNu,/dy* (right). The vertical size of each box
represents the quadrature sum of the systematic uncertainties described
in Section 5.5, and statistical uncertainties are shown with vertical lines.
The widths of the boxes indicate the systematic uncertainties in the cor-
responding quantities.

Comparison of ATLAS HBT radii in central proton-lead collisions to
theoretical hydrodynamic calculations from Ref. [151]. The three main
HBT radii Rou, Fside, and Riong as well as the out-long cross-term R, are
shown as a function of pair transverse momentum kr.

Comparison of ATLAS HBT radii in central proton-lead collisions to
theoretical hydrodynamic calculations from Ref. [151]. The three main
HBT radii Rout, Rside, and Riong as well as the out-long cross-term R, are
shown as a function of rapidity y=. .

The three-dimensional HBT radii as a function of ¢, in the transverse
momentum interval of 0.3 < kr < 0.4 GeV. Results are shown for each of
five intervals of flow vector magnitude |gz| with vertical offsets increasing
in steps of 0.1. Statistical uncertainties are indicated by the vertical bars

at each point and systematic uncertainties are denoted by the boxes.
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6.24

6.25

The Fourier terms of the HBT radii as a function of flow vector magnitude
|g2]. The cosine terms are shown for the diagonal radii and the sine terms
are shown for the cross-term R.s. Five intervals of transverse momentum
kt are shown with small horizontal offsets for visual clarity. Statistical
uncertainties are shown with vertical bars and systematic uncertainties
are indicated by the shaded bands.

The Fourier terms of the HBT matrix as a function of kr. Each point is
averaged over all flow vector magnitudes |g|. The cosine terms are shown
on the left and the sine terms on the right. Vertical lines at each point
indicate statistical uncertainties and shaded bands indicate systematic

uncertainties.
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5.1

5.2

List of Tables

The average number of nucleon participants (Np.¢) [41] for each cen-
trality interval in the Glauber model as well as the two choices for the
Glauber-Gribov model with color fluctuations (GGCF) [139] (and refer-
ences therein), along with the average multiplicity with pr > 100 MeV
and |n| < 1.5 also obtained from Ref. [41]. The parameter w, represents
the size of fluctuations in the nucleon-nucleon cross section. Asymmet-
ric systematic uncertainties are shown for (Np.¢). The uncertainties in
(dNg,/dn) are given in the order of statistical followed by systematic.

The effect of each systematic on Ry, , averaged over centrality and rapidity.
The quadrature average of the upper and lower systematic errors are
divided by the value, which is averaged equally over centrality bins from
0% to 80%. The total is the same quantity evaluated when all systematic
variations are used, so its square is not necessarily equal to the sum
of squares of all the individual contributions (though it should not be
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5.7

The relative systematic uncertainties in Rj,, in the 1-5% centrality inter-
val. The quadrature average of the upper and lower systematic errors are
divided by the nominal value to compute the relative uncertainty. The
uncertainty is dominated by the hard-process background description and
the contribution from the effective Coulomb size R.q is also significant at
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The relative systematic uncertainties in Rj,, for the 60-70% centrality
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dimensions of the source function in a nuclear collision)
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CHAPTER ].

Introduction

Matter at extremely high temperatures and densities is studied with relativistic
heavy ion (HI) collisions at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC). When nuclei with large atomic number (A4 > 1)
collide at velocities approaching the speed of light ¢, the constituent nucleons melt
into a hot and dense fluid. The “little bangs” in these nucleus-nucleus (A+A)
collisions produce the state of matter present in the first microsecond of the universe.
Studying the properties of these collisions constrains the phase diagram of matter at
high temperatures and densities and provides another avenue for understanding the
evolution of the early universe [1].

Nuclear matter is now understood to be described by QCD, a non-abelian gauge
quantum field theory (QFT) defined by a simple symmetry but with rich and deep
phenomenology. The study of QCD matter is really the study of matter, as most of
the mass in the universe comes from the energy of the quarks and gluons (partons)
bound within protons and neutrons (nucleons). It is not obvious from first principles
that QCD at high temperatures exhibits a deconfined state of matter, in which the
partons are not bound but free to travel within the medium; however, state-of-the-art
numerical computations that run QCD on a discrete lattice show a crossover phase

transition. A deconfined phase of strongly-coupled quarks and gluons, the quark-



gluon plasma (QGP), could be expected to behave like a fluid. The defining feature
of hydrodynamics is the complementary relationship between spatial anisotropies and
momentum anisotropies as hydrodynamics predicts a fluid acceleration in the direc-
tion of the negative gradient of the fluid pressure [2]. The experimentally measured
Fourier components of the particle production in A+A collisions are consistent with
hydrodynamic evolution of a fluid with a near-minimal specific viscosity 1/s. By
contrast, a weakly-coupled gas would not have significant momentum anisotropies as
the partons would easily pass through the medium.

Sprays of particles produced in high energy collisions, known as jets, are sup-
pressed in A+A collisions. This indicates that the jets are being quenched by
a medium that forms before the jets can escape. The transverse momentum of
dijets' produced in A+A collisions have a greater asymmetry than those in proton-
proton (pp) collisions, indicating that they dissipate different amounts of energy as
they traverse different path lengths in a medium [3, 4]. This dijet asymmetry is not
observed in proton-nucleus (p+A) collisions where the initial transverse size of the
collision is constrained to about 2 fm across. If a hydrodynamic fluid is produced in
such collisions it is likely to have a formation time on the order of 1 fm/c, by which
time any jets have traveled outside of the collision region.

It is not clear that hydrodynamics should apply in p+A and pp collisions where
the system size may not be significantly larger than the mean free path of the con-
stituents. However, the Fourier components of particle production in small systems
are suggestive of flow-like behavior, and even low-multiplicity pp collisions have a
significant 2nd-order Fourier coefficient v,. There are alternative explanations for
this phenomenon like the color-glass condensate (CGC) description [5] or a multiphase
transport (AMPT) model [6], and some recent measurements suggest that the origin

of the vy in pp collisions may not be hydrodynamical [7]. A contemporary focus of

Ipairs of jets that are back-to-back in the transverse plane



high energy nuclear physics is determining the domain of validity for a hydrodynamic
description of QCD matter.

The technique of femtoscopy can address this question by providing information
about the spatio-temporal evolution of the particle sources produced in nuclear col-
lisions [8]. Femtoscopic measurements in gold-gold (Au+Au) collisions at RHIC and
lead-lead (Pb+Pb) collisions at the LHC have been consistent with a short-lived
hydrodynamically expanding source. Comparable analyses in proton-lead (p+Pb)
show similar signs of expansion in central collisions with a large number of nucleon
participants Ny, but the situation is not as clear in peripheral collisions [9, 10].
In particular, the source is observed to be contracted along the axis of greatest
particle flow in Au+Au [11-13] and Pb+Pb [14] collisions. This direct correspondence
between initial spatial anisotropy and final momentum anisotropy is a prominent
signal for hydrodynamics.

This thesis presents femtoscopic measurements of the source size and shape in
p+Pb collisions with the ATLAS detector from Ref. [15], which provides a finer
level of detail than previous measurements. Azimuthally-dependent results in central
p+Pb collisions are also presented, parts of which have been published in Ref. [16].
Both of these analyses introduce technical improvements to correction procedures
compared to what has been used so far in the literature. The results show clear
evidence that the collective behavior in central p4Pb is hydrodynamic in nature, but
these signatures are reduced in peripheral collisions.

This dissertation is organized as follows. Chapter 2 discusses the historical back-
ground of nuclear physics and some of the developments made in the study of heavy
ion collisions. It also introduces the framework for understanding femtoscopic mea-
surements in general. Chapter 3 motivates the design for high-energy collider ex-
periments and describes several components of the LHC and the ATLAS detector.

The process of reconstructing charged particles and identifying pions is discussed in



Ch. 4. Chapter 5 provides the details of the measurement process for the analyses
and enumerates the systematic effects and uncertainties. The results of the ATLAS
femtoscopy measurements in p+Pb collisions are presented with discussion in Ch. 6,

including some comparisons to theoretical hydrodynamic models.

Conventions and definitions

In most cases dimensionless units are used such that ¢ = h = kg = 1, although
occasionally the constants will be left in an equation that expresses a specific physical
scale. The time-positive Minkowski metric is used in relativistic expressions, so that
g = diag (1,—1,—1,-1).

The ATLAS coordinate system is used, which is right-handed with its origin at
the nominal interaction point (IP) in the center of the detector and the z-axis along
the beam pipe. Cylindrical coordinates (7, ¢) are used in the transverse plane, where
¢ is the azimuthal angle around the beam pipe. Transverse momentum is denoted by

pr. The pseudorapidity is defined in terms of the polar angle from the beam line 6

E+p-

as 7 = —Intan(6/2) and represents the massless limit of the rapidity y = 1 In o

Both rapidity and pseudorapidity transform under a longitudinal boost with relative
velocity v, by an additive constant of tanh ™ v, so differences of these quantities are

boost-invariant.



CHAPTER 2

Theoretical and phenomenological

background

2.1 Quantum chromodynamics

2.1.1 History and experimental motivation

The atomic nucleus was discovered in the early 20th century [17], and a few years later
it was determined that it was composed of protons (p). An additional, electrically-
neutral nuclear constituent particle was proposed soon after and the neutron (n) was
finally discovered in the early 1930s [18]. This indicated that there was some new
type of interaction strong enough to overcome electrostatic repulsion between protons
that binds nucleons (p and n) together in the nucleus. A particle field, the pion (7,
7%), was proposed to mediate this strong interaction [19]. Since the strong interaction
only acts over a length scale of about 2 fm, the mediating pion was predicted to have
a mass of about 100 MeV!. The charged pion was indeed discovered experimentally

in 1947 [20]. Pions can be interpreted as the Nambu-Goldstone bosons corresponding

!The potential mediated by a boson of mass m is proportional to — exp(—mer/h)/r, where r is

the separation between a pair of participants. Thus the mass of a mediating boson for a potential

2
with a characteristic cutoff length of A is m = i/cA = w.



to the spontaneously broken chiral symmetry, which explains their relatively small
masses.

The expanding body of observed hadrons — particles bound by the strong nuclear
interaction — and the allowed decays thereof suggested additional conserved quantum
numbers and that they could be composed of constituent particles. It was noticed
that hadrons can be organized by their quantum numbers in a manner described
by an SU(3) flavor symmetry [21]. This suggests that hadrons are composed of
constituent particles called quarks, each with a quantum number called flavor that
can takes a value of “up” (u), “down” (d), or “strange” (s)?. The quark model was not
immediately accepted because free quarks were not (and still have not been) observed.
Scattering experiments were needed to probe the internal structure of hadrons.

Because electrons are point-like particles to the limits of current experiments, a
scattering process e”A — e~ X is dependent only on the internal structure of the
target A. The electron scatters through a virtual photon that interacts directly with
the hadron in a process called deep inelastic scattering (DIS)3. The kinematics of the
electron in this type of experiment constrain the structure of the target hadrons.

Under the constraints of Lorentz and gauge invariance, the cross-section of an un-
polarized DIS process with incoming lepton and proton momenta k and P respectively
and momentum transfer ¢ can be expressed as [23]

2 2
d*oc  dmagy

= 14+ (1—y)?) F %) —y*F 2 2.1

dr dQ? 22Q* [( + y)) Q(x’Q) Yy L("B’Q)} (2.1)

where Q% = —¢? is the absolute magnitude squared of the photon’s virtuality, y = £

is the fraction of the lepton’s energy lost in the nucleon’s rest frame, and x = %.
q

In the parton model, which describes the proton as approximately-free point-like

quarks in the infinite longitudinal momentum frame, x is interpreted as the fraction

2Three heavy flavors have since been discovered, “charm” (c), “bottom” (b), and “top” (), but
heavy quarks and the hadrons composed of them decay very rapidly due to their larger mass.

3“deep” in that it probes the constituent structure of the target and “inelastic” because kinetic
energy and matter are exchanged in the creation of the product particles

6



Figure 2.1: Deep inelastic scattering of a lepton on a hadron [22].

of the target proton’s momentum carried by a struck parton. The structure functions
Fi(z,Q?) describe the inherent internal structure of the proton. The longitudinal
structure function F;, = F, — 2zF} is zero by the Callan-Gross relation [24]. In
experiment the ratio 2z Fy / F» is consistent with unity independent of x. In the parton
model, where the proton is described in terms of free point-like quark constituents,

the structure function Fy is decomposed into parton distribution functions (PDFs)
Fy (5(77 QQ) = mz 62fq/p(x) (2.2)
q

to lowest order in the strong coupling constant ;. The independence of Q? of the
PDFs is a manifestation of their point-like description in the parton model and is
known as Bjorken scaling. Logarithmic corrections are understood theoretically and
arise as gluon radiation from the quarks becomes relevant at small z (Fig. 2.2).

An experimental and phenomenological description of the nucleon structure func-

tions does not provide a complete description of the interactions among nucleon

7
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and of x (right) [23].

constituents. The success of gauge theories in describing quantum electrodynamics
(QED) (U(1)) and electroweak theory (U(2) = SU(2) ® U(1)) suggests that some
other gauge theory may be able to describe the nuclear interaction. A quantum
field theory with an SU(N.) “color” symmetry with NN, colors, called QCD, is one
such candidate. For it to be a believable description of the strong interaction it
must not only be consistent with experimental observations but also explain why
free quarks have never been observed. The rate of hadronic production in electron-

positron collisions is proportional to INV,, so experimental measurements of the ratio®*

o (e"e” — hadrons) , 11
= ~ N, = —N, 2.
h o(ete™ = putp~) Z “ 7 (2:3)

ge{u,d,s,c,b}

have been made to determine the number of colors, showing very good agreement
with a value of N, = 3. Though the non-abelian character of QCD makes many
practical calculations difficult, it has shown remarkable success in describing the

strong interaction, as will be discussed in the remainder of this section.

4at energies above the bb threshold and below the mass of the Z boson
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2.1.2 The QCD Lagrangian

The gauge-invariant Lagrangian density of QCD [25] is that of an N, = 3 Yang-Mills
theory given by

Locp = —%GZVG”W + 4 (i) —m) . (2.4)

Here repeated indices are summed, where 4 and v indicate spacetime indices, a, b,
and ¢ indicate color indices in the fundamental (N = 3) representation, and A, B, and
C' indicated color indices in the adjoint (N = 8) representation. The slash notation
refers to contraction with the gamma matrices {y*,7"} = 2n**®. The covariant
derivative is given by

D,=0, - igAftC (2.5)

where AS is the gluon field, t“ are the generators of the SU(3) gauge group, and g is
the strong charge constant. The constant g in the Lagrangian is always squared when
computing rates from quantum amplitudes, so physical results are typically expressed
in terms of

ay = —— (2.6)

which is typically called the strong coupling constant. The gluon field strength tensor
is
A _ A A ABC 4B 4C
G, = 0.A, —0A +gf 7 AJA,

where the SU(3) structure constants ¢4 are defined such that

The quark fields are defined such that the mass matrix m is diagonal:

@mw = Z my qq

q=u,d,s,...

Swith Minkowski signature (+ — ——)

In the SU(2) gauge group the adjoint representation is three-dimensional and the structure
constants are given by the anti-symmetric Levi-Civita symbol e45¢

9
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Figure 2.3: The propagators and vertices in QCD along with the corresponding
Feynman rules for the amplitude factors [26]. The strong coupling charge is written
here as e, = v/4ma,, and the gauge parameter is denoted by .

The quark masses m, are generated by the mechanism of spontaneous electro-weak
symmetry breaking in which the Higgs field, coupling to fermions and electro-weak
gauge bosons, acquires a nonzero vacuum expectation value. This procedure induces
in the QCD vacuum a breaking of the chiral symmetry SU(Ny) x SU(Ny) — SU(Ny)
in the massless Lagrangian.

The physical interaction vertices of QCD are a 3-point quark-gluon vertex analo-
gous to the QED vertex, a 3-gluon vertex and a 4-gluon vertex (Fig. 2.3). A scalar
ghost field” also couples to the gluon as is generally necessary in non-abelian gauge
theories to prevent over-counting gauge-equivalent states [27]. The non-abelian nature
of QCD manifests in Feynman diagrams as the gluon self-interaction vertices. The

gluon-gluon interactions make QCD difficult to apply in theoretical calculations. In

"which has a spin of 0 yet anti-commutes like a fermion
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a classical theory, they prevent the principle of superposition from being applied in
chromodynamics. The highly-nontrivial gluon self-interaction is a crucial ingredient

in the richness of nuclear physics.

2.1.3 Running of the coupling constant

As is the case in all quantum field theories, the naive calculation of higher-order (in
as) loop diagram integrals contain divergences in the amplitudes. In many theories,
including QCD [28], these infinities can be handled using a process called renormaliza-
tion. One description of renormalization is the introduction of an energy /momentum
cutoff scale. Physical calculations cannot depend on any such scales, so amplitude
calculations must be organized such that any dependence on the renormalization
scale cancels in a physical result, which can be done order-by-order in perturbation
theory. This process induces a scale dependence of the coupling constant a on the
arbitrary renormalization scale p. If the value of ay is known at a particular p = po,

its dependence on the scale can be determined by calculating the beta function

Ooyg
= 2.

6(058) aln M2 ( 7)

which to one loop is given by [29]
Bla,) = —boa + O (a?) (2.8)

where

, _ 1IN, — 2N

T 12n

for N, colors and Ny relevant quark flavors at the scale of the process. The leading

order (LO) solution is
1
2
as(p’) =
) bo In (#Q/A?QCD)

where Aqcp is defined by a given value for o, at a scale ji

1
Aqcp = po exp —m .

(2.9)
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The above expression for Aqcp changes depending on the order of the perturbative
expansion and the renormalization scheme, but the physical meaning of Aqgcp is still
apparent. It is the energy scale below which the strong coupling diverges, showing an
explicit breakdown of perturbation theory. It is noteworthy that QCD predicts the
emergence of such a scale, even in the conformal® theory. Practically the QCD scale

is often quoted around a value of
Aqep ~ 200 MeV

but the precise value can differ by a factor of 2 or more depending on arbitrary choices
such as scheme, order, and gauge.

A convenient choice for the renormalization scale u in Eq. (2.9) is to set u? = Q?
for a physical process with momentum transfer (). This choice introduces some
theoretical and computational wrinkles but gives a simple and direct relationship to
experimental data. Experimental values of the strong coupling constant are typically

reported at the mass of the Z boson, with a current world average value of
as(m%) = 0.1181 £ 0.0011

where my = 91.187 GeV. The running of the coupling is demonstrated by the

summary of experimental measurements in Fig. 2.4.

2.1.4 Asymptotic freedom

The strong coupling constant decreases with rising energy as shown in Eq. (2.9) and
Fig. 2.4. This phenomenon is known as asymptotic freedom and is necessary to explain
Bjorken scaling since without this feature the interaction between quarks bound in
a hadron could not be approximately ignored in a DIS process. It requires by > 0,

which for N. = 3 QCD is true so long as there is no scale at which additional quark

8i.e. a scale-invariant Lagrangian with massless quarks
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Figure 2.4: Measurements of the strong coupling constant «a, as a function of the
energy scale @ [23].

fields become relevant such that Ny > 16. Physically this is understood as arising
from the fact that the contributions to o, from gluon loops dominate over those from
quark loops [30].

Asymptotic freedom is not present in abelian gauge theories like QED, where the
screening of a bare electric charge causes the effective charge to decrease at large
distances, or equivalently the effective electric charge increases at higher energy. In
QCD the color field reinforces itself to induce an even stronger field so the effective
field strength does not decrease with increasing separation.

The phenomenology of jets relies heavily on asymptotic freedom. In high energy
hadronic and nuclear collisions, partons from each participant nucleon scatter with
large momentum transfer. Because the effective oy is small, the product quarks and
gluons are ejected with large transverse momentum and are not strongly coupled to
other partons in the collision. The stronger coupling at low ) also means that the
QCD radiation is emitted at small relative momentum from the hard parton. Thus

the decay products of these high-energy partons are produced in a parton shower and
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generate clumps of final-state particles known as jets.

2.1.5 Color confinement

In order to be trusted as a fundamental theory of nuclear interactions, QCD must
provide an understanding of the lack of experimental observation of free quarks or
gluons. Indeed the infrared divergence of a,(Q?) suggests that there is some nontrivial
behavior as the separation between two colored particles is increased. Predictions
from QCD in this region cannot be investigated using perturbation theory since the
rapidly rising coupling constant precludes the convergence of any diagram expansion.
The numerical approach of lattice gauge theory [31] is successful at reproducing a
number of experimental measurements such as the light hadron mass spectrum [32].
Lattice gauge theory introduces a discrete grid spacing a along both spatial and
temporal dimensions, which acts as a regularization parameter. An extrapolation to

a vanishing grid spacing a — 0 is performed in order to recover the continuous theory

of QCD.
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Figure 2.6: The color flux tube between a quark-antiquark pair and the breaking of
the flux tube into a new ¢g pair from the vacuum.

The heavy quark-antiquark potential can be computed with perturbative QCD
(pQCD) at small separations and on the lattice for large separations, as shown in
Fig. 2.5. The charmonium lattice QCD potential with three light quarks and charm-

quark mass effects is well-described to the 4-loop level by the parameterization [33]

Vee(r) = —é +or (2.10)

with A = 160 £ 4 MeV fm and o = 790 £ 30 MeV /fm (Fig. 2.5). The first term has
the same form as an attractive Coulomb potential, albeit with a coupling constant
about 2 orders of magnitude larger than the electromagnetic (EM) coupling”. The
latter term resembles the potential from the force by a string of constant tension o.
This invokes a description of the force between the two quarks as color “fux tubes”
of constant energy per length. The “string” term ¢ increases without bound at large
separations so a quark-antiquark pair cannot be separated with a finite amount of
energy. At some point it becomes more energetically favorable to produce a quark-
antiquark pair out of the vacuum than to maintain a long flux tube (Fig. 2.6). This
property is responsible for the phenomenon of confinement, which is the absence in

nature of bare color charges.

9where apymhc ~ 1.44 MeV fm
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Figure 2.7: A conjectured phase diagram for QCD matter. The transition from
hadronic matter to QGP at low baryon density is a smooth crossover. A critical
point is hypothesized but not established.

2.2 QCD at high temperatures

Given the observed properties of asymptotic freedom and color confinement, a natural
question to ask is whether nuclear matter has a phase transition at large density
and/or temperature. In a system with a low number of quarks, the color connection
keeps each bound tightly to others. At high densities, however, individual flux tubes
are not discernible, and individual color charges are easily balanced by nearby color
sources. Such a state could exhibit deconfinement, with color charge free to move as
electric charge does in a conventional plasma. This QGP is expected to have different
properties than hadronic matter.

Dimensional analysis suggests that the critical temperature T, (at zero chemical

potential) should be on the order of magnitude of the only possibly relevant scale
T. ~ Aqep ~ 10 K.
Fig. 2.7 shows a conjectured phase diagram for QCD matter. The transition between
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hadronic matter and the QGP is a smooth crossover at low baryon density [34]. Above
some critical baryon density the transition is hypothesized to be first-order based on
a number of model approaches, but this has not been established. The existence of
such a critical point, along with its temperature and density in the phase diagram, is

an objective of experimental measurements particularly at RHIC.

2.2.1 Ultrarelativistic thermodynamics

For particles of negligible mass the probability of having energy E is calculated by

integrating over the density of states d?;ﬂ‘gzp 0 (F — |p|) times the occupancy function.

With the statistical factor n = £1,0 for bosons/fermions and non-identical particles
respectively, this gives a probability per unit volume of

gE? 1

T T (2.11)

where ¢ is a degeneracy factor e.g. for multiple spin values. This yields expressions

for the energy and number density of bosons

€BE ZQW;€4 (2.12)
NBE :g((i)f?’ (2-13)
and fermions
€FD :977;?;4 = ggBE (2.14)
NEFD :g% = anE . (2.15)

Relative to the energy and number density for non-identical particles, quantum
statistical effects increase the density for bosons and decrease it for fermions.

For a non-interacting mixture the total energy density is

7 2T
— — 2.16
€ <QBE + 89FD) 30 ( )
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where the g terms are the total degeneracy factors for relevant particle species. For
instance, at low temperatures where a system is hadron gas the degrees of freedom
are the pions with 3 isospin possibilities, so ggg = 3 and gpp = 0. In QCD the energy

density becomes!®
T
60

e = (32 + 21Ny) (2.17)

for Ny active quark flavors at the temperature scale. At a phase transition where the
active thermodynamic degrees of freedom become quarks and gluons from pions the

ratio e /T* would be expected to increase by an order of magnitude.

2.2.2 Thermal quantum field theory

The probability of a thermal system to be in state 1 is proportional to e 7 %) where
B = 1/T is the coldness and H is the Hamiltonian of the configuration. This is

generally expressed in terms of the partition function
Z(B) = tr (e (2.18)

so that the thermodynamic expectation value of an operator O is given by

(0) = %tr (0 Y . (2.19)

In QFT the partition function is represented by the path integral
Z = / D] et 4w £W) (2.20)

from which amplitudes can be calculated through functional derivatives of Z with
source terms J - 1 in the Lagrangian density. At the same time, by analogy with

Eq. (2.18) the thermal partition function must look something like

Z ~ /Dw] e B dxHW) (2.21)

10Gluons have 32 — 1 = 8 possible colors and 2 possible spins, while each flavor of quark has 3
possible colors and 4 spinor components.
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Figure 2.8: The trace anomaly for several values of lattice spacing N, = 1/aT" and
the continuum extrapolation (left) and thermodynamic quantities in the continuum
limit (right), both shown as a function of temperature [36]. The solid lines show the
predictions from the hadron resonance gas model and the Stefan-Boltzmann limit for
3 quark flavors at 1972 /12 is shown by the straight dashed line.

in terms of the Hamiltonian density H. The Lagrangian can be related to the
Hamiltonian by a Wick rotation ¢ — —i7 which transforms £ — —H. With
the transformation of the temporal integral in the exponent ¢ [ dt into a periodic
domain foﬁ dr this analogy can be made precise. The fields are periodic such that
(B, x) = +¢(0,x) where the sign is determined by whether the field is a boson
or fermion. This periodicity leads to discretization of the allowed energies where
E, = 2n7T for bosons and FE,, = (2n + 1)7T for fermions.

With this formalism the full power of perturbation theory can be applied to
calculate a number of observables [35]. The real-time tree-level propagators pick

up absorptive terms proportional to 276 (p? — m?) for bosons/fermions. For

1
e|p0|/T¥1

instance, computation of the free energy —T'log Z leads to a corresponding LO

correction to Eq. (2.17).

4 ™ 5 \aN
- (—7T - ozs) o + (—” . —ozs) kA2 (2.22)

19



2.2.3 Equation of state from lattice calculations

Thermodynamic quantities can be computed in lattice QCD at small chemical poten-
tial [36, 37]. The results are clearly distinct from the hadron resonance gas (HRG)
model [38], indicating that deconfinement is a fundamental property of the transition.
The trace anomaly 7% = ¢ — 3p, where ¢ is the energy density and p is the pressure,
is computed in lattice calculations as a function of temperature. It vanishes in a
conformal theory, so the appearance of a significant trace anomaly with a peak around
200 MeV suggests the emergence of a scale dependence. The pressure is related to
the derivative of the trace anomaly up to factors of the temperature. From there, the
remaining combinations of thermodynamic quantities such as £(7') and the entropy
density s = # are computed, determining the equation of state (EoS).

Recent lattice QCD results are shown in Fig. 2.8. The large step in the ratios
g/T* and s/T? around the critical temperature suggests a phase transition indicated
by the increase in the effective number of degrees of freedom in QCD matter. A
smooth crossover is observed with a critical temperature of T, = 156.5 + 1.5 MeV at
zero chemical potential [39], which is indeed close to Aqcp as predicted by dimen-
sional analysis. Above the critical temperature, clear deviations are shown from the
predictions of the HRG model. The Stefan-Boltzmann limit does not appear to be
reached, which appears to be consistent with Eq. (2.22) which says that perturbative

corrections to the energy are negative.

2.2.4 Heavy ion collisions

Heavy ions, like gold-197 and lead-208, have hundreds of nucleons packed into a
spherical volume of radius v/A &~ 6 times that of a proton. This also corresponds to
an average transverse areal density of the same factor of 6 times larger than that of
a proton. In a head-on Au+Au or Pb+Pb collision, roughly 200 times the matter

interacts in a transverse area about 35 times larger than a pp collisions of the same

20



a b

Side view Beam-line view

Projectile B Target A

Figure 2.9: Diagram of the Glauber model nucleus-nucleus geometry with transverse
(a) and longitudinal (b) perspectives [40].

v/snn- The high densities and temperatures reached in these collisions allow for the
potential to produce deconfined QGP matter.

The size and shape of the energy density deposited in a heavy ion collision varies
greatly depending on the impact parameter b, as illustrated in Fig. 2.9. The Glauber
model is used to describe the average energy density in nuclear collisions as a function
of impact parameter [40]. In the optical limit of smooth density, the nuclear density

p is parameterized by the Woods-Saxon distribution

Lo

Ryt (2.23)

p(r)

where R and a are the radius and skin depth of the nucleus, respectively. The

normalization constant

3A m2a? R -1
_ —R/a
o A R3 L+ R2 +0 (e )

£o

is set to fix the integral to the total number of nucleons!!. The radial density
distribution for lead-208 is shown in Fig. 2.10, with R = 6.62 4+ 0.06 fm and a =
0.55 £ 0.01 fm.

A

1The exact expression in terms of the trilogarithm function is pg = S TN e L
. S
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Figure 2.10: The density as a function of radius following the Woods-Saxon
distribution for the 2°Pb nucleus.

The transverse density of a nucleus with mass number A at a transverse position
s relative to its center is given by the projection of the spherical density along a

longitudinal axis.

Ta(s) = /dsz (Va+22) (2.24)

For two nuclei with mass numbers A and B colliding with impact parameter b, the

thickness function is
Tap(b) = / b Ta(s)T(s — b) | (2.25)

which has units of inverse area. The expected number of nucleon-nucleon collisions
Neon is obtained by multiplying the thickness function by the inelastic nucleon-nucleon

cross-section'?
<Ncoll<b)> = TAB<b)0'i]I\lfe]¥ . (226)

The number of nucleons in both target and projectile that interact is called the

12More rigorously, the probability distribution of N for a given impact parameter b is the
Tap(b)olid

binomial distribution B(n,p) with n = AB and p = ~2&%
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number of participating nucleons, Ny, or the number of wounded nucleons.

(Npart (b)) :/d2sTA(s) {1 _ {1 _ Ts(s —Bb)afiélvr} .

/dQSTB(S—b) {1 — {1 - Mr}

The optical approximation taken here is not able to account for fluctuations in

(2.27)

nucleon positions within the nuclei. To remedy this, a Monte Carlo (MC) approach
can be taken which randomizes the impact parameter according to P(b) o 27b
and the positions of the nucleons within each nucleus according to the Woods-
Saxon distribution. One method is to tag a nucleon as wounded if its distance in
the transverse plane is within \/m of any nucleon in the other nucleus. The
expectation values of Neon and Npay can be calculated as a function of b by repeated
simulations. The Glauber MC model predicts some shadowing of the total nucleus-
nucleus cross-section relative to the optical approach, but differences in the expected
Neon and Ny, are negligible [40].

In experiments the impact parameter cannot be measured directly so a proxy
must be used. This is typically the charged-particle multiplicity or the total energy
deposited at large |n|. Because there is a probabilistic component to the particle
production at a given b, results are often reported in intervals of event activity, either

in percentile or the corresponding expected Npay.

2.2.5 Proton-nucleus collisions

The initial motivation for studying proton-nucleus collisions is to understand cold nu-
clear matter (CNM) effects. Measurements from A+A collisions are often normalized
by the same quantities in pp collisions up to factors of Np... Heavy ion collisions are
not completely equivalent to a sum of several pp collisions, due in part to the presence

of additional spectator nucleons. Proton-nucleus collisions can be used to control for
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Figure 2.11: The Ny, distribution for proton-lead collisions using the Glauber model
and the generalized color fluctuation model (left), along with the (Np.¢) for the
corresponding centrality intervals with each model (right) [41].
these effects. The physics of p+A collisions has also turned out to be surprisingly
interesting in its own right.
In p+A collisions the expected number of collisions is given in terms of the single-
nucleon thickness function
(Neon (b)) = Ta(b)a¥ Y (2.28)

inel

and the number of nucleon participants is simply
Npart = Ncoll +1. (229)

Because the projectile consists of a single proton, event-by-event fluctuations in its size
can impact the Npuy significantly. In A+A collisions the effect of such fluctuations
is washed out because the relative fluctuations in the projectile cross-section are

suppressed by a factor of A7%/2. The Glauber-Gribov color fluctuation (GGCF)

model provides the framework to describe this effect by parameterizing fluctuations

NN
inel

in o with the dimensionless parameter w,. The Ny, distribution is shown in
Fig. 2.11 for the Glauber model and two values of the GGCF extension. Fluctuations
in o2 put higher weight into the high- N, tail of the distribution.

Measurements of charged particle multiplicity and Z boson production suggest

that the geometry is best described by w, > 0 [41, 42]. The precise value is not
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well-constrained but a value of w, = 0.11 is slightly preferred over the higher value
of 0.2. Results presented in this thesis will provide additional support for the GGCF

model with w, > 0.

2.2.6 Experimental status of the strongly-coupled QGP
Hard sector

The observation of jet quenching in Pb+Pb collisions is a signature of the formation
of an opaque medium [4]. The reduction of the ratio of sub-leading jet pr to leading
jet pr indicates that one of the jets travels a greater apparent distance through a
medium. This effect is drastic in central collisions but not significant in peripheral
collisions as shown in Fig. 2.12. This matter is likely composed of relatively soft
particles since if the energy loss was a result only of repeated hard scattering then
dijets would be deflected out of a co-linear plane. Dijet asymmetry has not been
observed in p+A collisions, but this does not necessarily rule out the formation of a
medium because it could have a formation time comparable to the transverse size of
the system.

Jet and particle production in heavy ion collisions is often reported in terms of

the nuclear modification factor Raa of channel X.

AA
1 dNg

Rpp = New @p_ (2.30)

(Tan) Gy

An Rap < 1 1is called suppression, and is often interpreted as absorption or slowing
of the channel in question. As shown in Fig. 2.13, high-pr hadrons and jets are
suppressed in Pb+Pb collisions which suggests that they interact with a medium.
This suppression is stronger in central collisions where a greater mass and volume of
medium is produced [43]. The Raa for Z bosons is shown as a control measurement
because electoweak bosons do not interact via the color force and thus are expected

to pass through any QGP.
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A similar ratio is defined for p+A collisions.

A
1 de(

RoA = Nevt—d?’ppp (2.31)
' <TpA> -

d3p

For charged particles an apparent enhancement at high pr can be explained by the
GGCF model [44], as shown in Fig. 2.14. There is a sign of rapidity-dependent
jet suppression in central p+Pb collisions [45], although this is not a smoking gun
for any medium formation because R,py, is sensitive to other production effects like

modifications to the nuclear PDF.
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Figure 2.12: The distribution of the sub-leading jet suppression zj as a function
The observable zj is defined as the ratio of
sub-leading to leading jet pr and is reduced relative to proton-proton collisions. The

of centrality in lead-lead collisions [4].
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Figure 2.13: Summary of the nuclear modification factor Ras for a few relevant
production channels in lead-lead collisions. No suppression is observed for the
colorless Z bosons, but high-pr jets and hadrons are suppressed with an increased
effect in central collisions.
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Figure 2.14: R,py, for charged particles as a function of pr for different collision
geometries in the Glauber-Gribov color fluctuation model [44].
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Soft sector

Particle production in high energy collisions is often decomposed into azimuthal

Fourier components [46, 47].

AN 1 d®N -
E = 1+ 2vu, cos n(¢p — ¥, 2.32
o i el @

The v,, are called the nth-order flow coefficients and the ¥,, are the nth-order event

plane. Experimentally they are defined by the relation (without corrections)
Ve = Z wye™* (2.33)
k

where wy, weights the kth particle or calorimeter element and is typically the pr or Er
of the component. This provides a framework for testing the predictions of dynamical
models that describe the evolution of the initial energy deposited in the collision to
the final-state bulk of particles. For instance, a non-interacting gas model predicts
(vy) = 0 for n > 2, with nonzero flow coefficients only from fluctuations, and is ruled
out for A+A, p+A, and pp collisions.

Hydrodynamics is a simple model that only assumes the system can be described
by a fluid field with four-velocity w*(z”) and imposes conservation of the stress-
energy tensor 7" and possibly other conserved charges. The input of hydrodynamics
is the specification of TH itself, which typically includes an EoS and multiple free
parameters. Section 2.3 discusses relativistic hydrodynamic theory in detail. The
signature feature of fluid dynamics is the fact that accelerations are driven by pressure

gradients. For instance, in an ideal conformal fluid in d spacetime dimensions

1
u= —EVInp (2.34)

where u is the vector part of u* and p is the pressure. Thus the shape of the initial
energy density has a significant effect on the final particle distribution in Eq. (2.32),

as the fluid is pushed from regions of large density to small.
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Figure 2.15: Event-by-event viscous hydrodynamic simulations of lead-lead collisions
from Ref. [48] showing excellent agreement with experimental results as a function of
centrality (left) [49] and pr (right) [50].

For the fluid description to be valid, matter must be able to readily interact with
nearby fluid. If disturbances in the velocity and energy fields are not propagated
to nearby locations then the smooth description of the fields breaks down. This
requires the mean free path Ayg to be small compared to the length scale that the
system evolves over, or equivalently, that the viscosity is small. The applicability of
hydrodynamics is discussed in further detail in Section 2.3.2.

To a reasonable approximation, the 2nd- and 3rd-order flow coefficients are pro-
portional to the corresponding eccentricities of the transverse source density [51],
although v, for n > 4 include higher-order products. The centrality of a A+A
collision provides a control on the initial ellipticity, which is small for head-on central
collisions with a circular transverse profile and larger for mid-central collisions with an
almond-shaped overlap profile. The vy as a function of centrality behaves according to
this hydrodynamic prediction in Pb+Pb collisions. Higher-order flow coefficients do
not exhibit a strong centrality dependence because the higher-order eccentricities
are not greatly dependent on the centrality. The detailed simulations shown in
Fig. 2.15 exhibit this behavior with excellent agreement with data as a function
both of centrality and pr.

Another key observation in Au+Au collisions is the scaling of the hadron flow
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Figure 2.16: Elliptic, triangular, and quadrupolar flow coefficients from superSONIC
simulations (bands) compared to experimental data for proton-proton (left), proton-
lead (center), and lead-lead (right) collisions [63]. The specific viscosity parameters
used in the simulations are /s = 0.08 and (/s = 0.01.

coefficient with the hadron’s number of constituent quarks n, [52]. The hadron elliptic
flow is found to scale with the transverse kinetic energy K Er such that vhadron —
n vy " (K Et/n,). This shows that the quarks themselves are indeed deconfined in
the flow of the system, which amounts to strong evidence for the existence of the
QGP.

In pp or p+A systems where the projectile has a radius that may be comparable to
or smaller than the formation time, hydrodynamics is not naively expected. However,
observations of a near-side azimuthal correlations in p+Pb [53-55] and pp [56, 57]
collisions show that these also exhibit collectivity, which is defined as pair correlations
that arise not from direct interaction but from the global bulk evolution. This
“ridge” allows for the possibility of hydrodynamics in these smaller collisions, but
hydrodynamics is not a necessary condition for collective behavior. For instance, a
CGC model that invokes saturation of nuclear PDFs can predict a ridge in small
systems with some success [58-62].

Nevertheless, state-of-the-art viscous hydrodynamic simulations are capable of
describing the flow coefficients in pp, p+A, and A+A collisions simultaneously, as
shown in Fig. 2.16 [63]. Even in pp collisions the v, seems to persist down to Ny, ~ 20

[64], however there is not yet complete agreement in the field over the experimental
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procedures used to extract the flow coefficients at very low N.,. For a review of

hydrodynamics in small systems consult Ref. [65].

2.3 Hydrodynamic description of heavy ion

collisions

2.3.1 Relativistic fluid dynamics

Under the constraints of Lorentz symmetry and neglecting fluctuations, the stress-

energy tensor of a perfect fluid described by flow four-velocity u*(z") is

T(’ZS = eulu” — pA*” (2.35)

where € and p(e) are respectively the energy density and pressure in the local rest
frame. The co-moving time-like and space-like projection operators are u*u” and
AW = g — yPu”, respectively. In the absence of sources there are four conserved

quantities corresponding to energy and three components of momentum.
Vv, T" =0 (2.36)

Projecting this equation into time and space components yields the relativistic Euler

equations

De + (e +p) Vyu =0 (2.37)
(e +p) Du* + 2VHe =0 (2.38)
where D = u*V,, is the co-moving time-like derivative, V// = A"V, is the co-

moving space-like derivative, and c4(e) = \/% can be identified with the speed of

sound. With a toy EoS p = c?¢ the Euler equation is written as

2 Vhp
= YD 2.
b 1+ p (2.39)
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which demonstrates that acceleration of the fluid is driven by pressure gradients.

The assumption of perfect fluidity is relaxed with the addition of the terms

T = T 4 7 + AT (2.40)

where " and II are the shear stress and bulk stress that split the corrections into a

traceless and trace part respectively. To first order in gradients of u* and ¢,

o = —not” (2.41)
_ 1
= —(Viu (2.42)
with
2
o = Vv + Vi u" — gA’“’Viua : (2.43)

and n and ¢ are the first order transport coefficients which are called the shear
viscosity and bulk viscosity, respectively. Applying energy-momentum conservation
(Eq. (2.36)) with these lst-order corrections yields the relativistic Navier-Stokes

equations

De + (e +p) Vtu“ = ga‘“’aW +¢ (Vju“)2 (2.44)

(e +p) Du" + IV'e = ALV, (no” + CAPV u¥) | (2.45)

but these equations violate causality by instantaneously propagating gradients to
viscous stresses. This causes instabilities in the solutions to these equations. Causality
can be recovered by expanding to second-order in the gradients [66] at the cost
of introducing 15 second-order transport coefficients, four of which vanish in flat
spacetime. State-of-the-art simulations of the QGP rely on second-order relativistic
hydrodynamics [67], though in practical applications many second-order coefficients
are still fixed to zero. In the conformal limit, for instance, ( — 0 and there are five

nonzero second-order transport coefficients [68, 69].
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2.3.2 Applicability of hydrodynamics

In order for hydrodynamics to be capable of a valid description, additional terms in
the expansion of T*” must be small compared to existing terms. The magnitude of
the o#” gradients in Eq. (2.43) can be estimated by the inverse system size L™!. The
1st-order term must be small compared to the Oth-order term, so a condition for the

validity of hydrodynamics is [70]

n
— < 1. 2.46
(e+p)L (246)
With the approximation that the mean free path is A\pg = :’7}), the condition is
expressed in terms of the Knudsen number
Am
Kn= 222 <1, (2.47)

L

The series produced in the hydrodynamic gradient expansion is not strictly con-
vergent [71]. This is because the number of terms grows like the factorial of the
order of the expansion, and there is no lucky magic that exponentially suppresses
the magnitude of the transport coefficients. The Knudsen number in heavy ion
simulations is not typically orders of magnitudes below unity [72]; however, low-order
viscous hydrodynamics has had “unreasonable success” at describing many global
properties of heavy ion collisions.

Recent work has shown that the hydrodynamic expansion can be Borel-resummed
[73, 74], a method that produces an analytic continuation of the series. The stress-
energy tensor is split into a hydrodynamic attractor and a non-hydrodynamic com-
ponent, with the cost that the transport coefficients become explicit functions of ¢
and the gradients of € and v*. In this framework the condition for the applicability of
hydrodynamics is weakened from thermal equilibrium to the requirement that these
non-hydro modes are negligible. In many examples it appears that the non-hydro

modes decrease exponentially quickly, which potentially explains the “unreasonable
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success” of viscous hydrodynamics. This also helps to explain the observations of
some hydro-like phenomena in p+Pb and even pp collisions, where the small system

size results in Knudsen numbers that are often greater than unity.

2.3.3 Transport coefficients of the QGP

Hydrodynamics provides the framework for describing the bulk motion of fluid matter
but is not capable of an independent determination of the EoS or the transport coef-
ficients. Assumptions or results from microscopic theory are required to say anything
about these quantities. The QCD EoS is under control from lattice calculations, as
discussed in Section 2.2.3.

At high temperatures the typical momentum is large, so the coupling is weak
and perturbative calculations might be expected to apply. To LO the pQCD shear

viscosity is [75]
T3

a?ln (1/ay) (2.48)

n X

with a constant of proportionality dependent on the number of active quark flavors.

Perturbative calculations of the bulk viscosity at high temperature show that [76]

273
asT

x (L) (2.49)

¢

to LO. The bulk viscosity is suppressed by four powers of «a, relative to the shear
viscosity, and is expected to vanish for conformal theories and in both in the low and
high temperature limits. It is therefore often neglected in discussions of the QGP
viscosity, though it can be relevant near the transition temperature and can enhance
the Fourier harmonics of the particle production [77].

The entropy density s = (¢ + p)/T also scales with the cube of temperature, so
the shear viscosity is often normalized by the entropy density to form the specific
viscosity n/s. In pQCD the value of the specific viscosity is close to unity near the

critical point. The condition for the validity of hydrodynamics from the previous
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discussion can be expressed as

"<«rr, (2.50)
s

which supports the intuition that matter with a small specific viscosity is expected
to behave like a perfect fluid. A lower bound can be placed on the viscosity based on

arguments from the uncertainty principle [78] such that n 2> 27%. With the Stefan-

Boltzmann entropy, a bound is placed on the specific viscosity

» |3

>0.1, (2.51)

so a perfect fluid is understood as one with viscosity that is not zero but is at the
lower bound. The 71/s of the QGP is expected to have a minimum near the critical
temperature [79].

One of the most influential theoretical developments of the past few decades is the
conjectured relationship between quantum gravity in an Anti-de Sitter (AdS) space
and a strongly-coupled conformal field theory (CFT) [80]. This so-called AdS/CFT
correspondence allows calculations in a non-perturbative CF'T to be replaced by an
associated calculation in weakly-coupled gravity, and is one of the only methods
available to complete analytic calculations in the completely non-perturbative region.
The calculation of the shear viscosity in the strongly-coupled conformal limit gives a
bound of [81]

> — ~0.08 (2.52)

which is remarkably close to the bound from the uncertainty principle in Eq. (2.51).

Similarly the bulk viscosity has a temperature-dependent limit [82]
1
QgQ(--ﬁ) (2.53)
n 3

which is positive in a non-conformal theory and larger than the perturbative calcu-
lation suggests. These bounds are not expected to be exact in QCD because it does

not have all the symmetries of the corresponding supersymmetric CFT.
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Experimental measurements of collective flow anisotropies have been used to

extract an experimental value of n/s ~ 0.2 ~ 2.57- [83]. Recent simulations using

1
prs
the Kubo relations on the lattice for pure glue also report 1/s ~ 0.2 near the critical
point [84], with hints that it rises slowly with the temperature. The QGP is quite

close to a perfect quantum fluid.

2.4 Femtoscopy in heavy ion collisions

Space-time correlations between the photons are used in astronomy to measure the
size of stellar light sources. These Hanbury Brown and Twiss (HBT) correlations [85,
86] are a consequence of Bose-Einstein statistics and manifest as increased probability
for two photons to arrive at two detectors at similar times. The width of the
correlation in time difference is inversely proportional to the size of the distant star.
This process is called second-order interferometry, as it requires a decoherent source
in contrast to the type of interferometry exhibited in a classic double-slit experiment.

The procedure can be adapted to the tiny sources encountered in hadronic col-
lisions using correlations in relative momentum space [87]. Though Bose-Einstein
interactions yield the strongest resolution, in principle any non-trivial interaction can
be used to image the source density. The term femtoscopy is used to refer to any
measurement that provides spatio-temporal information of a hadronic source.

The measured HBT radii represent the dimensions of a nuclear source at freeze-
out after all interactions between a final-state particle and the bulk are finished. They
are therefore sensitive to predictions regarding hydrodynamic expansion of an initial
state. The results of femtoscopic measurements in p+Pb systems are of significant
interest because they can shed light on the extent to which hydrodynamics applies in

such small systems.
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2.4.1 Imaging the source density function

Momentum space correlation functions can be written out in terms of source density
functions, as detailed in the review in Ref. [8]. Particles are emitted on a freeze-out
hypersurface denoted by 0%. The generation and interactions of n particles before
this hypersurface is described by a source density function s,(p1,x1;...;pp,xn) of
outgoing particle momenta p; and initial spacetime coordinates x;. The hypersurface
0% is not a region where each particle is created, but rather the surface of final
interaction of the emitted particles with the bulk. Though s, is only integrated over
0%, the interactions before freeze-out are swept into the definition of s,. For two

particles the following is written out:

apy ) (2.54)
g @ra @t 52(Pas Ta3 Py, ) [(Pas Po|Tas 7))
Jox B0 51(Pas Ta) [o5 APy 51(py, 7)

Ma
Mag+myp

The ”smoothness approximation” is typically invoked to approximate p, ~
It is then convenient to define a normalization of the two-particle source density. This

normalization Sy of s, is defined as follows:
3. 13 . ) 3
[Jos P4 dPxy s, (#mbk, Taj ik, xb> 8 (r — X4 + Xp)
3 _Ma 3 ey
fBZ d La S1 (maJramb k’ x“) faz d Lo S1 (maerb k’ xb)

If the resonances and other higher-order effects are ignored or removed, one can

Sox(r) = (2.55)

make the approximation that sa(pa,Za; P, T6) = S1(Pa, Ta)S1(Ps, Tp) which imposes
the normalization constraint [ d*r Sy (r) = 1.

Assuming that the center-of-mass motion is irrelevant after emission, the overall
phase e’®*X«+X0) can be factored out of the wavefunction (as in the example of

Eq. (2.57)), leaving only the relative part.

Cilq) — 1= / @ Sose(r) (J{alr)” — 1) (2.56)
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This shows that the wavefunction is a kernel that transforms the source density
function into the final-state correlation function. The wavefunction kernel is only
non-zero for interacting particles such that [(q|r)| = 1. For identical bosons, the
resolving power is particularly strong due to wavefunction symmetrization. In the
approximation that all particles of a given charge are pions, that they are created in a
fully chaotic source, and that they have no final-state interactions, the wavefunctions
are simple plane waves and the resulting enhancement is the Fourier transform of the

source density:

<k’ (:l|}(a7 Xb> — (eipa‘xa+ipb'xb + eipb‘xa‘i’ipa‘xb)

= /2 Xat%) g (q 2AX)

¢l (xatx0) (i (xa—x0)/2 | pia(xa=x1)/2) (2.57)

S-Sl

Plugging this back into the expression for the correlation function yields

Cx(q)—1= /d?’r Sarx(r)cos(q-r) 058)

=F [Swr,k] (q)
with the integration variable r = Ax.

In principle, any two interacting particle species can be used to image the source
density. The stronger the interaction, the more powerful the kernel is at resolving
the source. Bose-Einstein interactions are especially useful in nuclear collisions due
to their increasing strength at small separations and the relative abundance of pions.

Some fraction of pions come from decays, long-lived resonances, or coherent
emission, and the source function must be correspondingly modified [88, 89]. Pairs
in which one or both pions do not come from the core should be considered non-
interacting since they are generated far apart, and the momentum scale of any Bose-
Einstein effects are under the momentum resolution of the detector. If the fraction of

pairs with pions that both originate from the core is parameterized by A, the source
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function in Eq. (2.56) should be expanded as
So(1:k) = AS2 core(T:K) 4 (1 — ) S2 hato(7; k) (2.59)

where S, is the source function for pairs with both pions in the core and S}, is the
source for pairs involving the halo. Pairs from the halo have a trivial wavefunction
since they are effectively non-interacting. For these the (| (q|r)]* — 1) term multiply-
ing Sj, vanishes, and the correlation function becomes (hereafter we suppress some

labels and understand S to be the two-particle source function of the core)

Cx(q) =1+ A/d3r Sic(r) ([{alr)|* — 1)
— (=N +A [ dr o) (gl (2.60)
=(1-X)+ /\/d37“ Sk(r)K(q,r) (1 +ncos(q-r))

where we have written the wavefunction as (qr) = /K(q,r){q|r).., with K
representing corrections to the free particle wavefunction, and where 7 is the spin
factor such that n = £1 for bosons/fermions and 0 for non-identical particles. For
instance, K(q) = G(¢iny) where G(giny) is the Gamow factor accounts for Coulomb
interactions between the final-state pions. It is convenient to allow K to be a function
only of ¢, thus factoring it out of the integral. This approximation is reasonable so
long as the size of the source is small compared to the characteristic interaction
length of the pair. The particular choice for K, which includes a correction for
the non-zero source size, is discussed in Section 5.3.6. With this simplification the
correlation function can be expressed in a fairly general form as a function of the

Fourier transform of the pair source density.

Cr(q) = (1= A) + AK (@) {1 +nF [S] (a)} (2.61)
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2.4.2 Parameterization of the correlation function

Equation (2.61) relates an experimentally measured correlation function to the de-
scription of the source function encoded in its Fourier transform F[Sk](q). Extracting
the source function Si(r) directly from Cx(q) by attempting to invert the Fourier
integral transform F is impractical due to the noise in the measured correlation
function. The standard approach is to assume some constraints about the form
of the source function that allow the correlation function to be described by a
parameterization. The measured correlation function is then fit to a functional form

to extract the parameters of the source function.

Lévy parameter

When a generalization of the central limit theorem is considered, for which the
requirement for finite variance is relaxed, the Lévy-stable distributions can be derived

3 are stretched exponentials, which are able to be

[90]. Their characteristic functions!
expressed in terms of elementary functions and thus lend themselves readily to fitting.
In the approximation of ellipsoidal symmetry of the source, the Bose-Einstein part of

the identical-pion correlation function can then be expressed as
Cer(q) = 1+ F[S(q) = 1 4 ¢ IHal” (2.62)

where R is a symmetric matrix whose components are the HBT radii. The Lévy
parameter « determines the tail weight of the underlying source density - the lower
it is, the heavier the tails are. Two particular cases are worth noting. If @ = 2, the
correlation function is a Gaussian and so is the source density, which is proportional
to exp (—%XR_QX). If & = 1 the correlation function is a generalized exponential and

the source density is Cauchy, proportional to (1 + XR’QX)A. It is common practice

13{ e. Fourier transforms
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to fix a to one of these two values'®. For the ATLAS p+Pb results « is fixed to 1
because this choice has good agreement with data. In A+A results a = 2 is often

used because this choice is often found to work better in those collisions.

Coordinate system

In three dimensions a longitudinal co-moving frame (LCMF) is used, which is boosted
to the longitudinal rest-frame of each pair of particles. The coordinate axes are
the Bertsch-Pratt coordinate system [91-93], which uses the “out-side-long” axes
to separate the transverse part into components parallel (“out”) and perpendicular

(“side”) to the pair’s transverse momentum K.

kr-q Ip%|? — |ph[?

ot = rd_ Prl — IP1l 2.64
(z x kr)-q z- (p} x ph)

= 2 xXr)-q_ SRR ek VAT Y-

Gsid |kT| Jor ( )
aEb_ bEa

7. q = Pt TPl (2.66)

Qlong = z-q
g V-1
In a longitudinally-expanding hydrodynamic system this coordinate system is the

local rest frame of the fluid elements.

The full HBT matrix is written out in this coordinate system as
Rout Ros Rol

R = Ros Rside Rsl : (2 67)
Rol Rsl Rlong

14The source densities corresponding to these stable functions have infinite variance if o < 2, but
the positive moments of the stable function itself are finite. In d spatial dimensions, the normalized
n*™ |g|-moment of the correlation function’s enhancement is given by
r (Lﬂl)

o3

(@), = W . (2.63)

If it is assumed that the 1st moment was preserved under a fit (an assumption with validity depending
heavily on the shape of the measured correlation function), the fit parameters measured at one choice
of a could be related to those at another choice of «, for instance Ri > ~ /TR, This relation
is sometimes used in the literature but it lacks rigorous motivation or support.
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Figure 2.17: The HBT radii in the Bertsch-Pratt coordinate system [8]. The
longitudinal radius Rjong is evaluated in the frame boosted to the pair’s longitudinal
momentum. The outwards transverse radius R, is along the pair’s transverse
momentum, and Rgq. is the other transverse component.

The main HBT radii are the diagonal terms of this matrix, illustrated in Fig. 2.17.
The outwards radius R, represents the radial depth of the region of homogeneity as
seen by the pair. In hydrodynamic models the value of R, depends on the transverse
velocity and the lifetime of the source. The sideways radius Rggqe is the transverse
size of the source in the direction perpendicular to kt. The radius Ry, indicates the
longitudinal size of the region of homogeneity in the LCMF. Cross-terms R, R,
and Ry are small relative to the main radii and in certain inclusive cases symmetries
fix some or all of them to zero.

For identical particles the correlation function is symmetric under exchange of the
pair, C'(—q) = C(q), so a single component of q can always be chosen as positive.
The order of a particle pair is picked such that g, > 0. Aside from the azimuthally-
dependent results, the average azimuthal symmetry of the p+Pb system is invoked
so that C(—gsige) = C(gside), and it will be sufficient to consider only the absolute
value |gsige] and Ros = 0. In the azimuthally-dependent results, the R, term is
sub-dominant compared to the other components'® and is fixed to zero, and only

the absolute value of g, is considered. In both cases Rgq = 0. In summary, for

1545 shown in the results
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rapidity-dependent results only the R, cross-term is used
Rout 0 Rol

R = 0 Rside 0 )
Rol 0 Rlong

and for the azimuthally-dependent results only R is non-zero, with

Rout Ros 0
R = Ros Rside 0
0 0 Rlong

Motivated by the Gaussian parameterization'®, many results report the square of
the matrix R? rather than the R matrix defined here with units of length. This must
be accounted for when comparing results using different conventions. Fortunately a

comparison is simple when the cross-terms are relatively small, as

Rgut Ros<Rout + Rside) Rol(Rout + Rlong)
R2 - ROS(Rout + Rside) Rgide 0 +0 (R?J}i#j )
Rol(-Rout + Rlong) 0 R120ng

(2.68)
with Rsl =0.

2.4.3 HBT radii under collective flow

The femtoscopic radii are not equivalent to the total size of the source but rather
indicate the size of the region of homogeneity. This volume is the effective size of
the source with which particles have equilibrium. Collective expansion makes it more
difficult for separate regions of the source to equilibrate as they are pushed apart
from each other. In an infinite volume the size of the region of homogeneity is set by

the length scale at which collective velocity overcomes thermal velocity [8] so

Ry ~ Jthermal (2.69)

dz;

16j e. the Lévy parameter o = 2
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Figure 2.18: Particles with a higher pr give smaller values of Rjone under longitudinal
flow (left) and smaller values of the transverse radii under radial flow (right) [8].

where the collective velocity is described by the function u(z).

After a heavy ion collision the generated matter is spread longitudinally between
the nuclear remnants with boundaries traveling away from the IP at speed c¢. The
collective velocity profile is approximated as u = z/t in the absence of longitudinal
acceleration. The longitudinal radius is then determined by the expected emission
time

Rlong ~ Uthermal<t> . (270)

The thermal velocity scales with /T /mr at large mr where mp = \/m? + p% is the

transverse mass. However, because particles with larger mr are typically emitted
earlier, Rjons may be expected to decrease more rapidly than 1/,/mr.

Transverse expansion is generated by the particular dynamics of the system, so
the dependence of the transverse radii on mrt depends on the choice of blast wave
model. Generally a similar decrease with mr is predicted for Ry and Rgqe as well as
Riong, as shown in Fig. 2.18. Generally the decrease of femtoscopic radii with rising

pair kr is interpreted as a signature of collective expansion [2].
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Figure 2.19: Summary of HBT radii as a function of the number of nucleon
participants Ny, and of the average multiplicity. The linear scaling of each radius
with the cube root of NV, suggests that the final volume scales linearly with the
initial size.

2.4.4 Motivation for femtoscopy in proton-lead collisions

Past measurements of the HBT radii exhibit a scaling of each radius with the cube
root of Npar, as shown in Fig. 2.19, although the intercepts are positive and different
for each system. This indicates that the freeze-out size grows with the initial size,
because the volume immediately following the collision is proportional to Npay.
Femtoscopic measurements have already been made in p+Pb collisions [9, 10] but
there is space for advancement. The kp-dependence of these measured HBT radii
suggests collective expansion even in peripheral collisions. However, this pattern is

faked by the increasing relevance of jet fragmentation correlations at larger kt and
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Figure 2.20: HBT radii in gold-gold collisions as a function of azimuthal angle from
the second-order event plane. The source is contracted in-plane and extended out-of-
plane, consistent with the expectations from hydrodynamics [94].

in peripheral collisions, and the method used to account for this background is sus-
ceptible to this bias. Thus increasing sophistication in the methods used to constrain
this background are desirable. In addition, rapidity-dependent measurements of the
radii have the potential to have nontrivial behavior in an asymmetric p+A system,
and ATLAS is particularly well-suited to such a measurement with an inner detector
covering 5 units of pseudorapidity.

Because femtoscopy provides a measurement of the source’s spatial dimensions, it
is particularly useful for probing the hydrodynamic prediction that spatial anisotropies
lead to complementary momentum anisotropies. Elliptic modulation of the freeze-
out shape has been observed in Au+Au [11-13] and Pb+Pb [14] collisions. These

measurements show that the transverse radii are reduced along the event plane axis
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Figure 2.21: The relative second-order Fourier coefficient of Rgq4e in nucleus-nucleus
collisions compared to the initial source eccentricity calculated from the MC Glauber
model [14].

compared to out-of-plane, as shown in Fig. 2.20, consistent with the expectations from
hydrodynamics. The second-order Fourier coefficient of Rgqe is shown in Fig. 2.21 for
Au+Au and Pb+Pb systems as a function of the initial ellipticity computed in the
MC Glauber model. The final source ellipticity, indicated by Rgde c2/Rside,0, has the
same sign as the initial ellipticity but with a reduced magnitude. This is consistent
with an elliptic transverse source profile that expands more along the minor axis but
not enough to overtake the length of the major axis.

Azimuthal measurements are challenging outside of A+A collisions because the
resolution of the event plane ¥, depends heavily on the event activity. ATLAS has a
reasonably high event plane resolution in central p+Pb events with reasonably large
elliptic flow. An observation of the same type of azimuthal dependence of the HBT
radii that is observed in A+A collisions would provide compelling evidence for the

hydrodynamic behavior of central p+Pb collisions.
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CHAPTER 3

Experimental desigh and apparatus

3.1 Scattering experiments

3.1.1 History and motivation

The first modern scattering experiments were the Geiger-Marsden experiments in the
early 1910s, in which the Rutherford scattering of alpha («) particles by gold foil was
observed [17]. While most « particles passed through the foil with little deflection,
a small fraction of them were deflected to extreme angles (Fig. 3.1). This result
provided evidence that electric charge within the foil was not distributed uniformly,
but localized in very small clusters — the nuclei of the gold atoms.

With elementary quantum mechanics, this type of elastic scattering can be un-
derstood more precisely. In the Born approximation, which is essentially the weak-
potential limit, the quantum amplitude f of a particle with incoming momentum
p; scattering elastically off a target potential V(x) with outgoing momentum py is

proportional to the Fourier transform of the potential:

F (pyipy) o — / 0V (x)e 2P (3.1)

where Ap = py — p; is the momentum transferred to the projectile particle. The
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Figure 3.1: Rutherford scattering of alpha particles by gold foil, demonstrating the
existence of the atomic nucleus.

differential scattering cross-section do /dS2 (the scattering probability density per unit
area) is given by the square of the quantum amplitude, so it is proportional to the

squared magnitude of the Fourier transform of the potential.

d , 2 . 2
d—; o ‘/de V(x)e AP/ — |V (Ap)

(3.2)

Because the net momentum transfer is constrained by the relative momentum between
projectile and target, larger momentum — or equivalently, higher energy — is required
to probe the finer structure of the target. This correspondence between center-of-
mass energy and the spatial resolution of the probe remains valid even for inelastic
collisions and strong interactions. The required energy to probe a distance scale can
be estimated with dimensional analysis. To resolve the structure of a target down to

a distance scale [, the center-of-mass energy E is
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5o % ~ 0.2 Glerm . (3.3)

Resolving individual atoms requires collisions with energy of order keV, resolving
the nucleus requires at least MeV scale energies, and resolving sub-nucleic structure

requires collisions of at least order GeV.

3.1.2 Accelerator physics

The energy of a beam collision is described by the Lorentz-invariant quantity /s
where s = (p, + pp)? with p, and p, being the four-momenta of the beam particles.
In the center-of-momentum frame, /s is the total energy of the collision. The beam
energy in heavy ion and proton-ion collisions is normalized by the mass of the nucleus.
In symmetric ion collisions with mass number A this energy per nucleon is |/syy =
A7L/s.

In a fixed-target experiment using target particles of mass m; and a projectile

beam with particles of rest mass m, and energy E, the center-of-momentum energy

V/s is given by

Vs = \/(mt +my)? + 2my(E —my,) , (3.4)

which scales with the square root of the beam energy even for large energies. On the
other hand, if two beams are accelerated and directed into each other, the center-of-

momentum energy of each collision is

V5 = (Bt B2 = (Ipd] — [py )2 (3.5)

which scales linearly with the total energy, and is equal to 2F in the case where the
beams are identical. While fixed-target experiments were the first to be developed,
they are not as efficient at reaching high energies as dual-beam colliders. Modern high-
energy experiments therefore accelerate two particle beams and generate collisions by

intersecting the beams head-on.
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Figure 3.2: A linear accelerator.

Accelerator designs

The most straightforward method to accelerate charged particles to high energies
is to allow them to pass through a large voltage differential. A large voltage can be
produced, for instance, with a Van de Graaff generator [95]. The voltage differential is
limited by the insulation breakdown, which in practice caps the energy of accelerated
particles with charge Ze to a few Z- MeV. A modern linear particle accelerator (linac)
circumvents this issue by passing ions through a series of drift tubes with alternating
positive and negative potentials (Fig. 3.2). The drift tubes are constructed with
conducting material, so they shield the ions traveling through them from external
electric acceleration. Between the drift tubes, however, strong electric fields are
induced by the alternating potentials. This voltage difference is oscillated with
radio frequency (RF) and the apparatus is constructed such that ions injected at
a given velocity can pass through each gap with acceleration in the forward direction.
The Stanford Linear Accelerator Center (SLAC) hosts the largest linear accelerator,
which began operation in 1966. The 3 km long machine was capable of accelerating
electrons and positrons to energies of up to 50 GeV. While this is several orders
of magnitude higher than the energies accessible with a simple voltage differential,
increasing the energy further requires proportional increases in the length of the
accelerator, exacerbating technical difficulties in its placement, construction, and

maintenance.
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Figure 3.3: A cyclotron.

The cyclotron is another important fundamental progression in accelerator tech-
nology. Ions in a cyclotron are passed between two semi-cylindrical electrodes ( “dees”)
that are driven with an alternating voltage (Fig. 3.3). A large electromagnet keeps
the particles traveling in a circular path contained within the dees. At non-relativistic
energies, the velocity of the ions is proportional to the radius of their path, so the time
taken for one revolution is independent of the velocity. If the voltage between the
electrodes is oscillated with a frequency equal to the cyclotron resonance frequency
feyelo = q¢B/2mm, then ions are accelerated to higher energies with each pass between
the dees. At a fixed radius (and therefore fixed energy), the ion beam is allowed to
exit the cyclotron. Classically, the kinetic energy is proportional to the square of the
radius, inviting a comparison to a hypothetically coiled linac. Relativistic energies
can be attained with more sophisticated designs that vary either the frequency over

time or the magnetic field with the radial position, but as the velocity approaches ¢
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the energy is only linearly proportional to the radius:

2
- 1Bfe (3.6)
v
o=t ¢BRc (3.7)

This shows that the energies accessible from a circular accelerator are directly limited
by the maximum strength of the magnetic field and the radius of the path.

The radius of a cyclotron design can only be increased so much before it becomes
infeasible. The synchrotron is a toroidal accelerator in which ion beams travel around
the torus, turned by dipole magnets along the path. Quadrupole and higher-multipole
magnets are used to maintain the focus of the beam and make fine-tuning adjustments
to the magnetic fields. This layout does not permit particles to be accelerated from
an arbitrarily small energy, so a synchrotron is generally filled with particles first
accelerated from a linac, and the ions are kept circling the path at the injection energy.
Once the beam pipe is filled, the energy of the ion beam is gradually increased by
RF cavities that oscillate to apply an acceleration to the particles. The oscillation
of the RF cavities groups the ions into bunches along the beam. The limiting factor
for synchrotron performance depends on the mass of the particle; for electrons the
power lost via synchrotron radiation Pinehraa < €2E*/m*R? is the limiting factor in

the maximum energy.

Luminosity

The capability of an accelerator to provide collision events to a detector is char-
acterized by its luminosity. The rate of events dN/dt of a given set of processes
is proportional to the relevant cross-section of the collision participants o. The

proportionality factor is defined as the instantaneous luminosity £ .

dN
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This definition is useful because it separates the contributions to the rate of observa-
tions into the independent contributions from physics (o) and from the accelerator
(Z). The total number of events is proportional to the integrated luminosity Ly, =
[ & dt.

N = 0Ly (3.9)

The quantity of data recorded in a time period is typically reported in terms of Liy.
For two bunched beams colliding head-on with identical Gaussian transverse
profiles the luminosity is
niny

L = feon——— 3.10
/ 1147?0;0;5 ( )

where the bunch crossings occur with frequency f.o, there are n; and ny particles in
each bunch, and o} and o} characterize the transverse beam size in the horizontal
and vertical directions at the IP. The quadrupole focusing magnets are placed to
alternatively squeeze the beam in the x and y directions. This leads to oscillatory

motion in the path s following the Hill equation [23]:

x(s) = A\/B(s) cos(v) (3.11)

LA (1d8(s) |
x'(s) = 0 (5 oE cos(@/z)—sm(@b)) (3.12)

where the phase v is a function of s and di(s)/ds = 1/5(s). As long as the energy

of the beam is constant, this trajectory traces a closed path in the phase space for
each transverse direction, and the area of phase space is constant. The emittance ¢
is defined as this phase space area,

7'('0'2

€r = 5: : (3.13)

and similarly for the y direction. Then the luminosity can be expressed as a function

of the emittance and (*, the value of § at the beam crossing.

(3.14)



If the crossing angle is non-zero or [ is not minimized at the IP, the real luminosity
will be smaller than this optimal value. Eq. (3.14) shows that the keys to increasing
the efficiency of data-taking are to make highly-populated bunches cross at high fre-
quency, with low-emittance beams and optics that minimize the amplitude functions

at the IP.

3.2 The Large Hadron Collider

The LHC is a high-energy particle ring collider located near Geneva on the Swiss-
French border [96]. It was constructed by the European Organization for Nuclear
Research (CERN, for “Conseil européen pour la recherche nucléaire”) and is currently
the highest energy particle accelerator in the world, with a design center-of-mass
energy for proton collisions of /s = 13 TeV. Two adjacent beam pipes lie in a 26.7
km circumference and are filled in an anti-aligned orientation so that the beams
can be crossed to generate collisions. While it was primarily designed to provide
proton-proton (pp) collisions, it is also capable of colliding lead (25Pb) and xenon
(129Xe) ions with themselves and with protons. The results of this thesis will use data
collected from the 2013 p+Pb collisions, which were taken at a center-of-mass energy

per nucleon of \/syy = 5.02 TeV.

3.2.1 Injection chain

Before being injected into the LHC, ion beams pass through a series of increasingly
large accelerators, incrementally raising their energy [98]. These lower-energy accel-
erators predate the LHC and have each been used for many collision experiments
throughout the history of CERN. The CERN accelerator complex is sketched in
Fig. 3.4.

Protons are first collected by ionizing hydrogen gas, then accelerated to a kinetic
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Figure 3.4: The LHC is the last ring (dark blue line) in a complex chain of particle
accelerators. The smaller machines are used in a chain to help boost the particles to
their final energies and provide beams to a whole set of smaller experiments [97].

energy of 50 MeV by the Linac 2 linear accelerator. The Proton Synchrotron Booster
(PSB) increases their energy to the relativistic level of 1.4 GeV. From there, the
beam is energized in the Proton Synchrotron (PS) to 25 GeV, then the Super Proton
Synchrotron (SPS) to 450 GeV. These proton beams from the SPS are used to fill the
LHC, where they are again accelerated to collision energies of a few TeVeach.

Lead ions are accelerated from rest by the Linac 3 linear accelerator, a dedicated
ion linac, to a kinetic energy of 4.2 MeVper nucleon (MeV /n). The Low Energy Ion
Ring (LEIR) raises their energy to 72 MeV /n and also applies electron cooling to the
ion beam. This process involves merging the ions with an electron beam and allowing
the mixture to come to thermal equilibrium so that the electron cloud absorbs thermal

energy from the ions. The ions are then re-separated from the electrons as they pass
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Figure 3.5: Schematic layout of the two beams of the LHC [99].

through a dipole magnet. This cooling step, which effectively reduces the phase space
volume of each bunch, is necessary to counteract the higher charge of the ions pushing
them apart. From the LEIR the lead ion beam is injected into the PS, which raises
its energy to 5.9 GeV /n, then the SPS, which raises it to 177 GeV/n. Finally, the
beam is injected into the LHC, where it is accelerated to a few TeV /ndepending on

the intended collision system.

3.2.2 LHC main ring

The LHC ring does not trace a perfect circle, but is actually composed of eight

alternating straight and curved arc sections through which pass two parallel beam
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Figure 3.6: A dipole magnet used to turn the beams along an arc. The two beams
travel in the evacuated beam pipes running anti-parallel to each other, which requires
the magnetic field in each to be opposite [100].

pipes (Fig. 3.5) [99]. The straight sections are each 528 m in length and contain the
RF cavities for acceleration, IPs for colliding beams at the various detector sites, and
other features like injection spots and beam dumps. The arc portions have a radius
of curvature of R = 2.8 km and use a total of 1232 superconducting dipole magnets
to turn the beams along the path.

The RF cavities operate at 400 MHz, which corresponds to RF buckets of 2.5 ns.
For ultra-relativistic beams, this corresponds to a minimum length spacing between
bunches of 0.75 m. Practically, however, the injection from the SPS limits the bunch
spacing to multiples of 25 ns, or 7.5 m separation. The LHC can thus fit a maximum
of 3560 bunches in each of its rings, but they are not completely filled because gaps
need to be left to allow safe beam dumps. As of 2018, the smallest bunch spacing
used for lead ions is 75 ns.

The dipole magnets (Fig. 3.6) have a maximum design strength of 10 T, although
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the active field strength must remain proportional to the current energy of the beam
fill. For the \/syx = 5.02 TeV p+Pb run they operated at 6.0 T with fully energetic
beams. In an asymmetric p+A beam configuration the beams must have different
energies in order to trace out paths with the same magnetic field and radius of
curvature. They operate at fixed beam rigidity |p|/Ze o« AEv/Z so that the per-
nucleon energy for beams near the speed of light is proportional to Z/A. To keep
the beams focused, 392 quadrupole magnets are arranged in an alternating-polarity
orientation. This scheme alternately squeezes the beams horizontally and vertically,
with a net effect of keeping the beam radius small. Over 6000 additional multipole
magnets are used for fine-tuning the magnetic fields. The electromagnets use niobium-
titanium (NbTi) as the conducting material, which has a critical temperature of 10 K
and a maximum critical magnetic field of 15 T. They are cooled with superfluid liquid
helium (*He) to a temperature of 1.8 K. A failure in the cooling system that allows the
magnet temperature to rise above its critical temperature causes it to quench. The
increase in resistance from the loss of superconductivity causes a rapid temperature
increase. This is particularly disastrous if the helium is heated to its gaseous phase,

causing it to explode®.

3.2.3 LHC experiments

The two largest LHC experiments, ATLAS? [101] and CMS? [102], are general-purpose
detectors that fulfilled one of their primary objectives with the joint discovery of the
Higgs boson in 2012 [103, 104]. They continue to be used in the search for physics
beyond the Standard Model such as supersymmetry and large extra dimensions. The

large rapidity coverage of their calorimeter and tracking systems also make them

I This actually occurred at the LHC in September of 2008, delaying operations for over a year.
2an “acronym” for A Toroidal LHC ApparatuS

3Compact Muon Solenoid
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highly capable of measuring both low- and high-energy probes of heavy ion collisions.
The ATLAS detector, which provided the data used in this thesis, is discussed in
more detail in Section 3.3.

Other than ATLAS and CMS, the LHC houses a number of other experiments
that are more specialized for specific purposes. ALICE? [105] is a dedicated heavy-
ion detector that is particularly adept at the identification of particle species. With
many subdetectors spread over a forward region from its IP, the LHCb® experiment
[106] can make detailed measurements of the decay products of b-quarks. Recently
it has led to the observation of possible pentaquark states [107]. TOTEMS [108]
has detectors in the forward region over 200 m on either side of the CMS IP. Its
location near the beam pipe puts it in a position to detect the products of elastic
and diffractive collisions, which are characterized by a lack of color connection that
would otherwise produce particles in the mid-rapidity region. The LHCf” experiment
[109] has two detectors along LHC beamline at 140 m away from the ATLAS IP on
either side. The latest experiment to join the ring is MoEDAL® [110]. Tt is a mostly
passive detector located next to LHCb, with the goal of direct detector of magnetic

monopoles or other stable massive particles beyond the Standard Model.

3.2.4 Dataset provided

The results in this thesis use the 2013 LHC p+Pb dataset at a center-of-mass energy
per nucleon of \/syny = 5.02 TeV. The proton beam had an energy of 4 TeVand the Pb
ions had an energy per nucleon of Z/A -4 TeV = 1.57 TeV, so the center-of-mass of a

proton and any one Pb nucleon had a longitudinal rapidity boost of yoy = 0.465. The

4A Large Ion Collider Experiment

SLHC beauty

STotal Cross Section, Elastic Scattering and Diffraction Dissociation Measurement at the LHC
"LHC forward

8the Monopole and Exotics Detector At the LHC
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Figure 3.7: The total integrated luminosity over the 2013 proton-lead data taking
period.

p+Pb run was divided into two periods between which the directions of the proton
and lead beams were reversed to allow for better control over various systematic
effects. The maximum luminosity was Zeax = 110 X 102" cm ™2 s7! over the 32 stable
beam runs (16 in each period), though depending on the run Z,..x was as low as
22 x 10" cm~2s7!. The integrated luminosity of the data taking period from January
21 to February 10 is Liy; = 28.1 nb™! (Fig. 3.7). The bunch spacing of the beams

was 200 ns, so the maximum bunch crossing rate was 5 MHz.

3.3 The ATLAS detector

The ATLAS experiment is a general purpose particle detector [101] located at Point
1 on the LHC ring, across the street from the main entrance to the CERN site at
Meyrin, Switzerland. Currently the largest volume accelerator detector in operation,
it encompasses 44 m along the beam axis, has a diameter of 25 m, and weighs about 7

kilotonnes (Fig. 3.8). Broadly speaking, the major subsystems of the ATLAS detector
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Figure 3.8: The ATLAS detector and major subsystems [111].

are (from inner- to outer-most): the inner detector (ID), the magnet system, the
calorimeters, and the muon spectrometer. The muon spectrometer is essential for
reconstructing a number of massive and exotic particles [112]; however, it will not be
discussed in detail here as it is not used in the analyses presented in this thesis. The
extensive trigger and data acquisition system is also crucial for successful operation.
The Minimum Bias Trigger Scintillator (MBTS) detector sits on each side at a rapidity
of 2.1 < |n| < 3.84. It is used to identify and trigger on minimum bias collisions.
The zero-degree calorimeter (ZDC) detectors are placed approximately 140 m on
either side of the nominal IP with a pseudorapidity of |n| > 8.3. They are used to
distinguish pileup events by detecting spectator nucleons that do not participate in

the interaction.

3.3.1 Magnets

Two superconducting magnet systems are used to generate a large magnetic field
with field lines parallel to the beam axis (Fig. 3.9) [113]. This magnetic field causes

charged particles to follow a curved path through the detector, allowing their charge
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Figure 3.9: A schematic of the ATLAS magnet system.

and transverse momentum to be measured according to pr = ¢B,R where R is the
radius of curvature in the transverse plane. A large solenoid 5.3 m in length and 2.3
m in diameter surrounds the ID and produces a 2 T magnetic field. It is designed to
produce as uniform of a magnetic field as is possible to allow precise measurements of
the momentum of charged particles in the ID. The toroid magnet system consists of
8 air-core coils in the barrel and two sets of 8 air-core toroids in each of the end-caps.
The magnetic field produced by these is non-uniform but bends charged particles

outside of the ID for measurements by the muon spectrometer.
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Figure 3.10: Computer-generated images of the ATLAS inner detector. The left
figure is a labeled graphic of the entire inner detector, and the right figure shows a
cross-section of the barrel region [114].

3.3.2 Inner detector

The ATLAS ID is designed to track the charged particles from collisions on their
path from the beam pipe to the calorimeters, thereby inferring their charge and
momentum [115-117]. It has a wide pseudorapidity coverage of |n| < 2.5 and full
azimuthal coverage in ¢. The design resolution for the transverse momentum is
0pp/Pr = 0.05%pr/1 GeV & 1%, with a transverse impact parameter resolution of
04, = 10pm for tracks with a central rapidity. Three sub-detectors are used, each in
their own layer around the beam line. From innermost to outermost, these are the

silicon pixel detector, the SCT, and the transition radiation tracker (TRT).

Pixel detector

The silicon pixel detector surrounds the beam pipe, covering radial distances from
50 mm to 150 mm, and is composed of 1744 silicon pixel modules [118]. These are
distributed over three concentric barrel layers and three disk layers on each endcap
(Fig. 3.11), so that the trajectory of a typical charged particle passes through three

points in the pixel detector. Each module is 16.4 mm by 60.8 mm and has 47 232 pixels
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Figure 3.11: Computer-generated cutaway of the Pixel subdetector of the ATLAS
inner detector [119].

of size 50 pm by 400 um. A total of 80.4 million readout channels are supported by 16
radiation-hardened front-end chips bump-bonded to each sensor. A hit is recorded in
each pixel when the signal exceeds a tunable threshold, and the time over threshold
can be used to provide a measurement of ionization energy loss dE/dz used for particle

identification.

Semi-conductor tracker

The SCT consists of 4088 silicon-strip modules and covers a radial distance of 299
mm to 560 mm [120]. These are placed in four concentric barrel layers and two
endcaps of nine disks each. A typical particle originating from the beam interaction
region gets eight strip measurements in four space-points. Most modules have four
silicon-strip sensors, with two on each side glued back-to-back at a stereo angle of
40 mrad. The relative angle between strips give space-points at the crossings. The
sensors are daisy-chained together to form 768 strips each with a length of 12 cm.
A total of 6.3 million readout channels are provided by radiation-hardened front-end

readout chips.
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Figure 3.12: Computer-generated image of the ATLAS calorimeter systems [122].

Transition radiation tracker

The TRT covers the region from 563 mm to 1066 mm away from the beam line. It
consists of 298 304 proportional drift tubes (straws) each 4 mm in diameter [121]. The
straws are arranged in three cylindrical layers in the barrel region and are radially
oriented in 80 wheel-like modules in the endcaps. A typical track with pr > 0.5 GeV
and |n| < 2.0 crosses more than 30 straws. There are a total of 350 848 readout
channels. The TRT hits are generally useful to refine the transverse momentum

measurements of tracks seeded in the inner sub-detectors.

3.3.3 Calorimetry

The ATLAS calorimetry system (Fig. 3.12) covers nearly ten units of pseudorapidity
at |n| < 4.9. It provides measurements of high-energy particles by sampling the
energy deposited in the calorimeters’ dense active material [123]. An absorbing
material, placed in alternating layers with the active material, collects this energy

from the showers. ATLAS has two main categories of calorimeter, electromagnetic
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and hadronic. The former is designed to induce EM showers from electrons and
photons, and the latter is designed to stop hadrons like protons and neutrons with

both strong and EM interactions.

Electromagnetic calorimeter

The electromagnetic calorimeter is the innermost calorimeter layer and covers the
region |n| < 3.2. It is divided into a barrel region at || < 1.475 and an end-cap at
1.375 < |n| < 3.2, both of which use liquid argon (LAr) as an absorbing material [124]
and lead as an active material. Electrons and positrons lose energy primarily through
bremsstrahlung, radiating photons as they are slowed [125]. Photons are stopped by
the EM calorimeter via pair production of electron-positron pairs. A single electron
or photon passing through the EM calorimeter causes an electromagnetic cascade as
these processes are repeated by product particles with progressively smaller energies.
As the energy is dispersed through the increasing number of shower particles, they are
eventually slowed to a critical energy below which they interact through ionization
and excitation, depositing their energy in the material. The energy as a function of

—A/Xo A typical

path length Al can be described by exponential decay E = FEye
photon or electron has a trajectory that, if extended beyond absorption, would cross

a minimum of about 25 radiation lengths X, (Fig. 3.13).

Hadronic calorimeter

The hadronic calorimeter lies outside the EM calorimeter and is designed to stop
protons and neutrons as well as the remnants of EM cascades that are not completely
absorbed by the EM calorimeter. The barrel region, along with the extended barrel
region which encompasses the end-cap, cover |n| < 1.7 and comprise the tile system
[126]. The tile system does not use a LAr active material, but rather is made of

alternating steel plates and polystyrene scintillating tiles. The hadronic end-cap
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Figure 3.13: Thickness of the electromagnetic calorimeters in radiation lengths X
as a function of absolute pseudorapidity || in the barrel (left) and end-cap (right)
regions.
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Figure 3.14: Nuclear interaction lengths for the combined ATLAS calorimetry system
as a function of absolute pseudorapidity |7|.

(HEC) detector covers 1.5 < |n| < 3.2 and uses a LAr active material with copper
absorbers. Most hadrons take a path that, if extended beyond the cascade, would
cross at least 10 nuclear interaction lengths (Fig. 3.14).

The hadronic cascade produced in the hadronic calorimeter is in some ways
analogous to an EM shower, though the interactions are mostly through the strong

force. Hadrons interact with the material and produce secondary particles that in
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turn produce their own shower, and energy is successively dispersed throughout the
products. The relative complexity of hadronic and nuclear processes makes a precise
description more difficult since there are a greater number of relevant particles and
nuclear resonances. Sophisticated MC simulations, which use detailed models of
the nuclear interactions, are required to accurately describe the physics of hadronic

calorimeters.

Forward calorimeter

The FCal consists of three layers situated underneath the endcap calorimeters at
3.1 < |n| < 4.9. Tt uses LAr as its active material. The first layer is designed
for electromagnetic calorimetry and uses copper as its absorbing material, while the
remaining two layers at larger |z| are intended primarily for hadronic calorimetry and
use tungsten as their absorbing material. Due to its location in the forward region
near the beam pipe the FCal receives a greater amount of radiation than the other
calorimeters. In heavy ion collisions the FCal is useful for measuring the centrality

and reaction plane of events.

3.3.4 Trigger

The LHC can deliver a bunch crossing as often as the bunch spacing time, which
was 200 ns for the p+Pb run but can be as rapid as 25 ns for pp collisions. It is
infeasible to record full events at the corresponding rate of up to 40 MHz, and many
of the bunch crossings have cosmic backgrounds, out-of-time pileup?, or no collision
at all. Therefore the ATLAS trigger system needs to be capable of rapidly evaluating
whether the data from an event is worth recording [127]. The trigger system has

three levels, each of which processes the data and filters events for the next level.

9The LHC RF has a frequency of 2.5 ns, but the timing is designed to only fill a bunch every 25
ns. Stray particles can still find their way into unintended RF buckets, causing out-of-time pileup
when they collide at the IP.
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The Level-1 (L1) trigger is a low-level hardware system that makes rapid determi-
nations based on activity in the calorimeters, MBTS, ZDC, and muon spectrometers
[128]. It uses parallel data pathways separate from the regular readout path, with
electronics optimized for speed over precision. The central trigger processor (CTP)
combines the L1 trigger signals into combinations of L1 bits which are used to seed
the Level-2 (L2) trigger.

The software-based High Level Trigger (HLT) is composed of the remaining two
trigger levels, the L2 trigger and Event Filter (EF) [129]. The L2 trigger uses regions
of interest determined by the L1 trigger to seed algorithms that perform a more
precise evaluation of the events. The items from the L2 trigger processing are passed
to the EF, which uses the full offline readout path in order to mitigate biases from the
ultra-fast L1 response. An event is potentially recorded if it is selected by a trigger
chain, which is defined by a L1 seed with HLT items. Recording every event that
satisfies a trigger chain would still overwhelm the data acquisition system. Prescales
can be applied for items at any level in a trigger chain. A trigger item with a prescale
of N is only flagged to be recorded at every Nth instance of the trigger item firing.
The prescales of each trigger item are adjusted based on the physics goals of the run.

While many analyses of high energy data focus on the behavior of exceptional or
rare events, the results presented in this thesis are concerned primarily with minimum
bias (MinBias) events. The physics of interest is the bulk dynamics of the events on
average rather than jets or rare particle decays. General high-multiplicity and high-
transverse-energy triggers are used to supplement the size of the data sample for
central events. These triggers are only used in the regime where their efficiency is
practically 100%, so the details of their performance are not as crucial here as they

might be elsewhere.
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CHAPTER 4

Charged pion reconstruction and

identification

Charged particles produced in collisions at the ATLAS IP travel helical paths through
the ID due to the solenoid magnetic field. The three subdetectors register hits at
various space-point locations as these particles pass through them. There are often
11 silicon and 15-30 TRT hits for a typical particle of sufficiently high pr. The
trajectories of these particles must be reconstructed from the collection of all the
space-point hits in order to infer the initial momentum of all of the collision products.
This procedure is non-trivial and computationally intensive, particularly because the
trajectories of charged particles are altered when they pass through detector elements,

via ionization energy loss and multiple scattering.

4.1 Tracking algorithm

While the classification is not absolute, the ATLAS track reconstruction procedure
can be divided roughly into two parts: first track seeds are identified, then tracks
are extended and evaluated with a global fit [130]. Each of these procedures will be

described separately in the following sections. Overall, the reconstruction of collision
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Figure 4.1: Space-point seeds constructed from two (short, in red) or three (long, in
blue) hits in the barrel region of the pixel and SCT. Short seeds are used to determine
the z-coordinates of predicted vertex positions, which are used to constrain extensions
to three or more space points. Figure from Ref. [130].

vertices and the charged-particle products has very good performance, even in the

high-luminosity environment of the LHC with tens of simultaneous collisions [131].

4.1.1 Seeding track candidates

The baseline track finding algorithm uses inside-out reconstruction. Space-points are
collected by hits in the silicon detectors. In the pixel detector the 3D locations of
the hits are used, and in the SCT the crossing points of back-to-back strip pairs
with simultaneous hits are used. Pairs of space-points from the pixel detector are
used to construct short track seeds, which are used to find the longitudinal position
of vertices. A histogram is filled with the z-coordinate of straight-line extensions of
these track seeds to the beam line and peaks in this distribution are identified with
the z position of the vertices. These z-vertices constrain the extension of seeds from

two space-points to three (Fig. 4.1). The seed search can also be done without the
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z vertex constraint, inducing a significant increase in computational demands but
allowing for a greater efficiency to reconstruct decays from certain events. The seeds
with three space-points are fed to the track extension and fitting algorithm.

After the inside-out track reconstruction is completed, an additional round of
seeding is performed using an outside-in algorithm called back-tracking. This process
is designed to reconstruct secondary particles, which are generated in the decays of
primary particles and thus do not necessarily originate from near the beam line. The
TRT drift tube hits do not provide fine-scale information along the straw direction
so seeds are built in the r — ¢ plane in the TRT barrel and the r — z plane in the
TRT end-cap. Back-tracking is not well-suited for low-pr particles, which spiral out
of the ID without making it to the TRT, so particles targeted by the back-tracking
algorithm have reasonably straight-line trajectories. The Hough transform [132] is
used to detect straight-line sets of three TRT hits which are used as track candidate
seeds. The extension of these TRT segments into the silicon detectors are evaluated
in multiple 7 slices to accommodate the fact that the seed-finding is done in the
transverse plane.

Finally, the remaining silicon hits that have not been used in the inside-out or
back-tracking algorithms are used to seed an additional low-pt track reconstruction.
Charged particles with pr < 400 MeV do not necessarily pass through every layer
of the SCT. These tracks can have a transverse momentum as low as 100 MeV so
their transverse radius of curvature is small. Without a trajectory that is close to
a straight line in the transverse plane a larger set of possible track seeds must be
evaluated, so it is only computationally feasible to seed the low-pr tracking with
leftover space-points from the other two tracking algorithms. The efficiency below
pr = 400 MeV begins to fall rapidly with decreasing pr, but a significant fraction of

particles in this kinematic region are reconstructed, as shown in Section 4.3.
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track

Figure 4.2: The track parameters defining a helical trajectory.

4.1.2 Track extension and fitting

A helical track path is defined by the 5-tuple (dy, 29,0, ¢, q/p) where dy and z, are
the transverse and longitudinal distance from the beamspot at the point of closest
approach, € and ¢ are the polar and azimuthal angles of the track at this point, and
q/p is the inverse magnitude of the track’s total momentum signed by the charge of
the particle! (Fig. 4.2). However, every interaction with a detector element modifies
a charged particle’s trajectory through ionization energy loss and multiple scattering.
Since there are tens of hits in most tracks, a typical track has O(100) parameters in
its description, and the parameters before and after a hit are not independent. It is
computationally infeasible to process a single global fit for each track candidate with

so many correlated parameters. A Kalman filter approach is taken instead, which

I This ratio is related to the transverse radius of curvature R and the axial magnetic field B by
q/p =sin6/BR.
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processes a track from one end to the other, updating the parameters and covariance
matrix along the way.

The three space-points in a track seed are sufficient to constrain a helical path.
This naive trajectory is used to build a road along which additional silicon hits are
checked for. The Kalman smoother-fitter follows the trajectory and incorporates
successive hits into the fit [133]. It predicts where hits for a track candidate would
be expected in other layers, and a track candidate is penalized if there are no hits
near the expected trajectory. Under typical LHC circumstances about 10% of seeds

result in a successful track candidate.

4.1.3 Ambiguity solving

Many of the track candidates at this point have holes, shared hits, or represent fake
tracks. The x? output of the Kalman filter is not a good quantity for determining
whether a track is a fake or not?. Instead, a track scoring strategy is used that
penalizes track candidates for holes using different weights depending on the location
of the hole in the detector [134]. In general, measurements from more precise detector
systems are given larger weights. Shared hits from two or more tracks are assigned to
the track with the largest score, and the remainder of the tracks with the shared hit
are refit neglecting this hit, and their score is re-calculated. Track candidates with
a score that falls below a certain quality threshold are removed, and this process is

performed iteratively until the set of tracks remains unchanged.

4.1.4 TRT track extension

The trajectory of each track from the silicon detectors is followed into the TRT,

where compatible hits are searched for. If a possible extension is found, the track is

2The 2 should follow a corresponding x? distribution, which has a tail that extends to positive
infinity. Selecting tracks based on their x? would lead to a biased sample.
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refit and re-scored with the TRT hits. If the extended track has a higher score than
the silicon-only track, then the track is updated with the extension. Otherwise the

original silicon track is kept and the TRT hits are kept as outliers.

4.2 Track selection

The tracks used for the results in this thesis are inside-out and low-pr tracks. Tracks
from back-tracking are not used because they are typically secondary particles. The
offline track selection is the same as that used in the p+Pb multiplicity analysis [41],
which is based on the pp MinBias spectra analysis [135] with some additional cuts on

impact parameter (dy and zg) significance. These selection criteria are the following:

e The track must have pr > 0.1 GeV and |n| < 2.5.

A track with pr > 0.1/0.2/0.3 GeV must have at least 2/4/6 SCT hits. These
transverse momentum cutoffs correspond approximately to thresholds after

which the track is expected to pass through the next SCT layer.

e At least one pixel hit is required, and if a B-Layer hit is expected based on the

trajectory then there is at least one B-Layer hit.

e The transverse and longitudinal impact parameters with respect to the primary

vertex (PV) must satisfy |dfV| < 1.5 mm and |2V sind| < 1.5 mm.

e A significance cut is also placed on the impact parameters such that |d5V| <

3ogpv and |z sin 0] < 300.pv gng)-

4.3 Track reconstruction performance

High-energy pp and heavy ion collisions are generated with MC simulations to study

the performance of the track reconstruction algorithm. Proton-lead collision events

7



10

20

_;c-‘ T T ™
*E p, > 500 MeV g p, > 500 MeV
=] (=}
& = ATLAS  Intemal ® Data 2012 {5,,=5.02 ToV/ é 15—  ATLAS |Internal ® Data 2012 {s,,=5.02 T/ —
E 8 [JHume E [JHuma
k L P I
A N~ e
5 =
2 ]
o 1.;__ IR - - o 1_5__. TR - - e
% 11 § 1
Z o9 = o9
0.8 —_— — 08 ... . —
25 2 A5 A 05 00 115 2z es 25 72 A5 A 0E 0 08 T iiE 2 as
n n
£ 7 T T T T T = 20 T T T
E " P, > 500 MeV N £ P, > 500 MeV
o Q
4 s ATLAS  Intemal o pawzoi2 fs,=502Tev | 4 5 ATLAS Internal pamzoiz (s, =502Tew = —
E T
HIING HIJING
& a4 0 - k= 0
v ¢ 10
3WW
2 7 5
1— _
n! 1 1 | 1 | 1 1 1 1 1 |
(5] — g | Q ||J2
% 15 % 1.1+ —
1 1
2 GEL h 8 osl .
i 2 1 0 i ] 3 08—3 ] 1 ] 1 z 3
o @

Figure 4.3: The mean number of silicon hits per track in Run-1 proton-lead collisions
as a function of pseudorapidity (top) and azimuthal angle (bottom).

are produced with the HIJING Monte Carlo event generator [136] and the detector
material is simulated with GEANT4 [137]. These simulations are able to provide a very
precise description of many track properties, such as the silicon hits per track shown
in Fig. 4.3. The track reconstruction efficiency is studied in these MC samples, with
results shown in Fig. 4.4. The probability to reconstruct a track with pt > 500 MeV
is roughly constant in the range of 75-80%. Below that the efficiency drops rapidly
with pr, down to the minimum pr of 100 MeV. The efficiency is slightly higher,
around 80%, in the barrel region |n| < 1, and drops to 70-75% throughout most of

the end-cap.
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Figure 4.4: The track reconstruction efficiency in Run-1 proton-lead collisions as a
function of transverse momentum (left) and pseudorapidity (right).

4.4 Pion identification

Charged particles are identified using a measurement of the ionization energy loss
(dE/dx) from the time-over-threshold of charge deposited in the hit pixels of a track.
Three working particle identification (PID) cut levels are defined based on dF/dx
approximations from hits in the pixel detector. A nominal selection is chosen, and
a looser selection (with high efficiency) and a tight selection (with high purity) are
used as systematic variations. The variables used for PID are defined in Ref. [138]:

L(X) is the likelihood of the particle being species X where X is 7, K, or p, and we

L(X)
L(nE)+L(KE)+L(p*

define P(X) = ;- Note that P(X) are not probabilities per se, but
are effective quantities to use in the selections.

For all cut levels it is required that the likelihood be positive for each particle
species, as a negative value represents an error code in the attempt to assign a
likelihood to that track. It is also required that the track has at least one good

pixel dF /dx hit.
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4.4.1 PID selection definitions
The “Loose” selection is defined by the following set of cuts:
o P(rt) > 0.05
o if |p| <1 GeV then P(K¥*) < 0.85
o P(p*) < max (0.5,0.95 — 0.15 GeV~?|p|*)
o ETMeV g™t em?] < 1.4+ %

The Loose cut level removes tracks that are very likely to be kaons or protons while
retaining a high efficiency for pions.

The “Middle” cut level is defined by:

Ip| <225 GeV

o P(1%) > 0.05

e if |p| <1 GeV then P(K¥*) < 0.85
e P(p*) <0.95—-0.15 GeV~?|p|’

o L TMeV g™t em?] < 1.1+%

The Middle level is used as the nominal selection in the analysis. It achieves a higher
purity than the Loose definition while maintaining a reasonably high pion efficiency.

The “Tight” selection is defined by:
o At least 2 good pixel dE/dz hits.
o Ip| <125 GeV

o P(r%) > 0.6
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Figure 4.5: The normalized pion likelihood P(m) for tracks truth-matched to pions,
kaons, protons, respectively. The Loose cut level takes everything above the blue line,
the Middle level takes all of these that are also in between the violet lines, and the
Tight level picks tracks in the red outline at the top.

The Tight definition prioritizes getting a sample with a concentration of pions that
is around 98% for most of the charged particles in the analysis.

The P(X) variables described above are shown in this section as a function of
momentum, along with lines defining the above cuts. Data is taken from reconstructed
HuinG p+Pb data and the truth matching is done by requiring a truth matching
probability greater than 0.5.

Fig. 4.5 shows the distribution of P(7) as a function of charge times momentum.
Since this quantity is associated with pions, it is required to be above a certain cutoff.
Lines are drawn to indicate the selection for each cut level, which include the |p| cuts
for each selection.

In Fig. 4.6 P(K) is plotted the same manner. The cut on this variable is used to
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Figure 4.6: The normalized kaon likelihood P(K) for tracks truth-matched to pions,
kaons, and protons, respectively. The Loose and Middle cut levels have identical cuts
on this variable: both selections reject tracks in the box outlined in blue. The Tight
cut level does not select directly on this variable, but the limit that is implied from
the cut on P(7) is included in red.

reject some low-momentum kaons but is not intended to dominate the selection.

Fig. 4.7 shows the normalized proton probability for each particle species. The
momentum-dependent cut is intended to cut out a large number of protons along the
edge of the upper band without rejecting too many pions.

The Loose and Middle cut level definitions include an additional cut on dF/dx,
as illustrated in Fig. 4.8. The cut is applied in the Loose level to reject the high-
momentum tracks that are far from the pion band but not rejected by the other
cuts. In the Middle cut level it is taken further, and an additional slice is removed.
The Tight level requires no such additional cut on dE/dz, as the requirement that

P(m) > 0.6 is stringent enough.
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Figure 4.7: The normalized proton likelihood P(p) for tracks truth-matched to pions,
kaons, and protons, respectively. The Loose and Middle cut levels both reject tracks
above the parabola, but the Loose level only applies the cut for P(p) > 0.5. As in
Fig. 4.6, the Tight cut level does not select directly on this variable, but the limit
that is implied from the cut on P() is included in red.

4.4.2 PID Performance

The efficiency and purity of each cut level is studied in reconstructed p+Pb HIJING
simulation. The fraction of pions that pass each of these cut levels are shown in
Fig. 4.9. The Loose definition is shown to allow most (approximately 90%) pions
to remain in the sample. In contrast, the Middle and Tight selections have a pion
efficiency that drops off as a function of pr and |n|. The purity of pions in the sample
is plotted in Fig. 4.10. While the Loose cut only improves the purity slightly and
mostly at low pr and |n|, the Tight cut level provides a purity at the level of up to
99%. In interpreting these purities, it is important to keep in mind that the majority

of tracks that pass the single-particle and pair cuts have pr < 1 GeV and all of them

83



loose dE/dx middle dE/dx

-3
|
|

o ST o 6
E E
70 C 70 -
g C e C
3 5; 10% 3 5; 10t
2 r =
Y - g% T
4 4
L 10° L 10°
3 3
C 10? E 102
2y 2
10 E 10
1 1=
ol 7\27|1(\)1\2\3 f ,1;‘ 7\2 7|1‘ (\) 1\ 2\ f
qp [GeV] qp [GeV]
tight dE/dx
&
£ °F
E
= F
2 5= 100
85 T
a=
C 10°
3=
E 10*
2
= 10
1=
o T Y M N 1
-3 —2 = 0 1 2 3
qp [GeV]

Figure 4.8: Ionization energy loss dE/dx as a function of gp for the Loose (left) and
Middle (center) cut levels without their explicit cuts on dF/dx, which are shown in
red. The dE/dz after the Tight selection is shown in the right panel.

are < 1.5 GeV, due to the upper kt bin ending at 0.8 GeV.
The efficiency of each PID selection level for pions and other particles are shown
in Fig. 4.11, and the purity in Fig. 4.12. The purity of pairs (i.e. fraction of pairs in

which both particles are pions) is shown in Fig. 4.13.
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Figure 4.9: The fraction of truth-identified pions and non-pions that pass each PID
cut level, as a function of pr (left) and n (right). The fractions are constructed from
tracks that otherwise pass all cuts.
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Figure 4.10: The pion purity from each PID cut level as a function of pr and 7.
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Figure 4.11: The cut efficiency from each PID cut level for pions and all other
particles.
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Figure 4.13: Purity of identified pion pairs with the loose (top left), tight (top
right), and nominal (bottom) PID selections. The purities are estimated using fully
simulated HIJING proton-lead events, as a function of the pair’s average transverse
momentum kp and rapidity yr.. The rapidity is calculated using the pion mass for
both reconstructed charged particles.
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CHAPTER 5

Analysis

5.1 Data set

The analyses presented in this thesis use the data from the 2013 p+Pb run at the LHC
with a center-of-mass energy of \/sxy = 5.02 TeV for a total integrated luminosity
of 28 nb~!. The Pb ions had an energy per nucleon of 1.57 TeV and collided with the
4 TeV proton beam resulting in a net longitudinal boost of the center-of-mass system
of ycy = 0.465 in the proton direction relative to the ATLAS laboratory frame. The
p+Pb run was divided into two periods between which the directions of the proton
and lead beams were reversed. The data are presented using the convention that the
proton beam travels in the forward (+z) direction and the lead beam travels in the
backward (—z) direction. When the data from these two periods are combined, the
MinBias triggers sampled a total luminosity, after prescale, of 24.5 ub™! and yielded
a total of 44 million events over the full centrality.

For results reported as a function of centrality, an additional high transverse
energy (HighET) trigger selection is included in the most central bin that requires
the total transverse energy in both sides of the FCal to be at least 65 GeV. The
HighET trigger sampled a total luminosity of 41.4 ub™' after prescale and yielded

700 thousand events to the sample. Events from this trigger are only included in the
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0-1% centrality interval, where the HighET trigger is fully efficient.

Several high-multiplicity triggers (HMTs) are included to boost the sample used
in the azimuthal analysis, with offline N, cutoffs at 100, 130, 150, 180, 200, and 225
tracks. These HMTs provide a crucial 6.7 million events, as the MinBias triggers
provide only 200 000 events at N, > 150.

All events are required to pass a set of MinBias selection criteria. Events are
required to be included in the latest Good Runs List from ATLAS, which rejects
events recorded in conjunction with a technical difficulty in the detector. The MinBias
trigger requires either one hit in both sides of the MBTS or two hits in one side.
Additional HighET and high multiplicity triggers are included in some analysis bins
as discussed above. A timing cut is placed on the MBTS hits in each side such that
|Atac| < 10 ns. No more than one reconstructed PV or strong vertex (where a
strong vertex has more than 10 tracks or a total pr of tracks greater than 6 GeV) is
permitted in each event. Diffractive events are identified for rejection by a gap of two
units of pseudorapidity in event activity on the Pb-going side of the calorimeters [41].
Pileup events are also discarded using a run-dependent upper limit on the Pb-going
ZDC. In addition, events are discarded if an error flag is recorded in the LAr or tile
calorimeter systems, or if there is an indication that the event was not completely

recorded.

5.1.1 Centrality determination

The centralities of the p+Pb events are characterized following the procedures de-
scribed in Ref. [41], using the total transverse energy in the Pb-going side of the
FCal, YEFP. The use of the FCal for measuring centrality has the advantage that
it is not sensitive to multiplicity fluctuations in the kinematic region covered by the
inner detector, where the measurements are performed. Measurements are presented

in this paper for the centrality intervals listed in Table 5.1. The events selected using
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Figure 5.1: The distribution of the total transverse energy in the FCal in the Pb-going
direction (X EEP) for the events used in the centrality-dependent analysis. Dashed
lines are shown at the boundaries of the centrality intervals, and the discontinuity at
YEEP = 91.08 GeV corresponds to the lower Y ELP boundary of the 0-1% centrality
interval. Negative values can occur because the mean noise is subtracted from each
calorimeter cell.

the HighET trigger are used only in the 0-1% centrality interval. Fig. 5.1 shows the
distribution of X ETP values obtained from events included in this measurement. The
discontinuity in the spectrum occurs at the low edge of the 0-1% centrality interval,
above which the HighE'T events are included.

For each centrality interval, the average multiplicity of charged particles with
pr > 100 MeV and || < 1.5, (dNe/dn) and the corresponding average number of
participating nucleons, (Npat), are obtained from a previous publication [41]. Since
this analysis uses finer centrality intervals (no wider than 10% of the total centrality
range) than those used in Ref. [41], a linear interpolation over the Glauber (Npay) is
used to construct additional values for (dNy, /dn) based on the published results. This
interpolation is justified by the result in Ref. [41] that charged-particle multiplicity

is proportional to (Npat) in the peripheral region. The values and uncertainties from
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Npart
Centrality || Glauber | GGCF w<a i 0.>11 ‘ GGCF w, =0.2 (dNg, /dn)

0-1% || 18.2%%8 242115 27.4118 58.1 +£0.1 £1.9

1-5% || 16.10%5:59 195713 21.4%55 458 £0.1 +1.3

5-10% | 14.61%52 16.5710 175711 385 £0.1 +£1.1
10-20% || 13.0510% 13.7710 % 14117955 32.34 +0.05 4+ 0.97
20-30% || 11.37158 11.237082 11175558 26.74 4 0.04 + 0.80
30-40% || 9.8175:28 9.2270-20 8.970:% 22.48 +0.03 + 0.75
40-50% || 8.23703% 7.461073 7157039 18.79 + 0.02 £ 0.69
50-60% || 6.6470%; 5.9070:3¢ 5.607030 15.02 4 0.02 & 0.62
60-70% || 5.1470% 4.561032 4.3270:33 11.4540.01 % 0.56
70-80% || 3.90703 3.5070%2 3.3470%0 8.49 4 0.02 £ 0.51

Table 5.1: The average number of nucleon participants (Npart) [41] for each centrality
interval in the Glauber model as well as the two choices for the Glauber-Gribov model
with color fluctuations (GGCF) [139] (and references therein), along with the average
multiplicity with pr > 100 MeV and |n| < 1.5 also obtained from Ref. [41]. The
parameter w, represents the size of fluctuations in the nucleon-nucleon cross section.
Asymmetric systematic uncertainties are shown for (Np.,¢). The uncertainties in
(dNg,/dn) are given in the order of statistical followed by systematic.

this procedure are listed in Table 5.1.

5.1.2 Multiplicity selection

For the azimuthally-dependent results, events are selected by their reconstructed
charged-particle multiplicity Ng,, with a minimum value of 150. Tracks are only
counted towards Ng, if they have pr > 400 MeV, where the reconstruction efficiency
is relatively constant. This choice permits the straightforward inclusion of several
HMTs into the sample, which is particularly useful because only central events allow
a sufficiently high event plane resolution. The multiplicity distribution is shown in

Fig. 5.2 along with a scaled version to match the MinBias distribution.
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Figure 5.2: The charged-particle multiplicity Ng, of tracks with pr > 0.4 GeV.
Each of the four cutoffs corresponds to additional triggers used in the analysis. The
distribution scaled down to match the scale of the events from the MinBias trigger is
also shown by the dashed blue line.

5.2 Flow vector determination

The 2nd-order azimuthal Fourier components ) of the energy flow are defined by

coSs 2¢;
Q2 = Z ETi ) (51)
i sin 2@51
where the sum is taken over calorimeter cells and ¢; is the ATLAS detector coordinate

¢ of the 1th calorimeter cell. The two-component elliptic flow vector ¢ is defined in

terms of ()5, normalized by the Oth-order Fourier component

0 — Q2
9 = .
Zi Eri

The elliptic flow used in this analysis is taken from calorimeter cells on the Pb-going

(5.2)

side of the detector with n < —2.5 for period B or n > 2.5 for period A, which has
the beam orientation reversed. This forward cut is made so as to not overlap with

the inner detector.
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Figure 5.3: The event plane angle W5 in relation to the elliptic moment of transverse
energy. An exaggerated example of the transverse profile in a hydrodynamic system
is shown in blue. The pressure gradients are larger along the axis of narrower extent,
leading to greater final momentum in that direction.

The second-order event plane angle ¥, is defined as
2V, = atan2(qay, ¢2,2) (5.3)

and is degenerate under Wy — Wy 4+ 7. The magnitude of the flow vector is |gz| =

\ /qg,z + q%vy; this is essentially a proxy for the total event flow v but computed only in

the forward region to remove auto-correlations with the inner detector. An equivalent

expression of these equations is

1204
_ 20 _ >i Erie 5.4
q2 |q2|6 Zl ETi . ( : )

A sketch of the relationship of event plane angle to transverse momentum is shown

in Fig. 5.3.

5.2.1 First-order correction

Due to non-uniformities in the calorimeter response the measurement of the gy vector
can be biased. This leads to a non-uniform distribution of event plane angle ¥y with

an additive term proportional to cos[2(Vs — ¢g)] which is obviously not physical.
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Figure 5.4: The average components of the g, vector (g2 ,) (left) and (go,) (right) for
each run. Runs up to 218589 are from period A, and use n > 2.5, while runs after
this are from period B and use n < —2.5.

This bias is corrected by subtracting off the mean ¢, on a run-by-run basis. The
mean components of the g vector are shown in Fig. 5.4. The correction factors
are statistically consistent in different multiplicity intervals, so all multiplicities are

combined to increase their statistical significance.

5.2.2 Second-order correction

Some additional non-uniformities persist in the W, distribution even after correct-
ing for the nonvanishing (g,). These contribute to higher-order Fourier terms like
cos(4V;) and sin(4¥,) in the distribution of the event plane angle Wy. They arise
because detector irregularities can lead to higher-order distortions in the distribution
of the matrix of products ¢s;q2;. In order to correct for these and make (g2ig2;)
proportional to the identity matrix the mean-corrected go vector is multiplied by the

normalized inverse square root of the covariance matrix

1 (@) + D —(@2202y)
— S (5.5)

N
YN\ (gouton) (@20) +D

where D = \/<q§x>(q§y> — ((2042)* and N = D ((¢3,) + (43,) +2D). The compo-

nents of the covariance matrix are shown in Fig. 5.5. This multiplication removes the
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Figure 5.5: The average components of the < g2; g2; > matrix for each run. Runs up
to 218589 are from period A, and use n > 2.5, while runs after this are from period

B and use n < —2.5.

skew from the ¢ distribution and causes it to have the same width in the ¢, and

{2,y axes.

As is the case for the mean subtraction correction, the correction factors are

consistent over multiplicity so the events are combined for improved statistical signif-

icance in the correction. Once these two corrections are applied run-by-run, the W,

distribution is flat (Figs. 5.6 and 5.7).

5.2.3 Event plane angular resolution

The event plane angular resolution, defined as (cos(20W5,)) where W5 is the difference

between true and measured W,, is shown in Fig. 5.8 measured with the calorimeters

in the lead-going direction at n < —2.5. The resolution is shown separately for
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Figure 5.6: The distribution of second-order event plane angle after first- and second-
order flow vector corrections.

periods A and B, but since they are comparable only the combined resolution is
used. This quantity can be calculated from data using the three-sub-event method,
where two other subdetectors are chosen with rapidity ranges —2 < n < —0.5 and
0 < n < 1.5. In this expression each subevent is defined by pseudorapidity ranges
with a pseudorapidity gap of 0.5 left in between each subdetector so that biases are
not introduced from jets overlapping two subdetectors. The event plane resolution of

the nominal subdetector can be calculated with the following expression.

(cos(2503)) = \/ (cos(2W4 — 2Wy)) (cos(2W5 — 2W,)) 5.6

(cos(2Wy — 2WB))
Here W4 refers to the event plane measured using calorimeters with —2 < < —0.5
and U2 refers to that with 0 < < 1.5. Each of these additional subevents has first-
and second-order corrections applied that are derived for each region of the detector
in the same way that the corrections are derived for the nominal subdetector with
n < —2.5. Systematic uncertainties in the event plane resolution are taken from two

sources. The alternate subdetectors are shifted by An = +0.5 and the difference

97



2000}~ 150< N, <179 180< N, <199 -
15000 ° |3, <0.04 E ° |3, <0.04 3
g ©0.04 <[, <0.06 ] ©0.04 <[, <0.06 ]
1000 ©0.06 <3| <0.08] ©0.06< |3 |<0.08 7
500; ©0.08 < |?q’2|<0.11£ ©0.08 < |?q’2|<0.11é
E °0.11<|§| 1 °0.11<|§| E

0'\ | | .\.‘..I..‘.E\‘ 1 0\ | | .\.‘..I.H.E\ e
3 2 0 1 2 3 3 2 0 1 2 3

2¢

n
<

[
[

80 ) .
r 200 chl <204 | SR
600 > M . 1000 S =
C °|§,<0.04 ] 800 °|§,<0.04 E
400 ©0.04<|q,| <0.06 ] 500 ©0.04<|q,| <0.06
- ©0.06 <|§,| < 0.08 ] ©0.06 < |g,|<0.08 ]
200 ©0.08<|q,|<0.11 400 ©0.08< g |<0.11 7
r °0.11<|q| - 200 °0.11<[g) E
Giw L I R I ] S B A AR
-3 —2 -1 0 1 2 3 -3 ) -1 0 1 2 3
2%, 2%,

Figure 5.7: The distribution of second-order event plane angle, in bins of flow vector
magnitude |¢z|. Each panel shows a different interval of reconstructed charged particle
multiplicity Ney,.

in the event plane resolution is symmetrized. Also, the alternate subdetectors are
calculated using the ¢o from tracks weighted by their pr. This difference is also

symmetrized, and these two contributions are added in quadrature.
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Figure 5.8: The event plane resolution as a function of the magnitude of the flow
vector |go| calculated using calorimeter cells with n < —2.5. Four different intervals
of reconstructed track multiplicity N, used in the analysis are shown. The systematic
uncertainties are shown in the bands, and statistical uncertainties are too small to be
visible.

5.3 Correlation function

The two-particle correlation function is defined as the ratio of two-particle to single-

particle momentum spectra:

( dNab

u d3pa d3pb

C (p ,pb) = T NN (5.7)
(5) ()

for pairs of particles with momenta p® and p®. The correlation function is expressed

as a function of the relative momentum q = p® — p® in intervals of the transverse
component kr of the average momentum k = (p“ + pb) /2. The correlation function
is measured in intervals of transverse pair momentum kr and either the rapidity y; . or
the azimuthal angle of the pair with respect to the second-order event plane, ¢, — Ws.

Because the second-order event plane angle is two-fold degenerate, the observables are
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Figure 5.9: A transverse projection of the kinematic variables of a track pair with
respect to the event plane.
invariant under an azimuthal rotation ¢, — ¢+, and can be expressed without loss
of generality as functions of 2 (¢, — W¥s). The kinematic variables for the azimuthal
analysis are shown in a transverse projection in Fig. 5.9.

The numerator and denominator of Eq. 5.7 are expressed in terms of the variables

of interest with the following notation:

A [q; kT? y:l’ﬂ'? 2 ((bk - \I;2>] = dNPair/d3q|sarne

Blg; kr, yre, 2 (or — Wo)] = deair/d3q|diﬁ' (5.9)

(5.8)

where A(q) is a histogram formed with pairs from the same event in each event
class and B(q) is a histogram formed with pairs that do not have correlations from
being in the same event but are also each drawn from the same event class. The
combinatorial background B(q) = dN/dq| 4 is constructed either by event mixing or,
for the azimuthal analysis, by the pair sampling procedure. Each of these approaches

will be described below. The ratio of the distributions defines the correlation function:

I

k(q)
Bl (5.10)

which in practice is a function either of yZ _ or 2 (¢, — Us), not both.

Clg: kr, Ypr, 2 (0, — Wa)] =

100



5.3.1 Track pair cuts

All particle pairs are required to have |[A¢| < m/2. Without this cut an enhancement
is observed at large relative momentum from di-jets. While the physics of interest
happens at low relative momentum, an enhancement at large relative momentum can
affect the asymptotic normalization of the fit functions, which can in turn impact the
quality of the fit.

Opposite-sign pairs are rejected if their /s is near one of a few known resonances.
In calculating the invariant mass of each pair, the track masses are assumed to be one
of the sets of possible daughter particles (in this case 7= or K*). The pair is rejected
if their invariant mass is within 20 MeV of the mass of the possible parent particle,
except in the case of the p°, where pairs are rejected if they are within 2 half-widths

of myo, at 626.2 MeV < /s < 924.4 MeV. The decays rejected are the following:
o 0 =t
o KY— nmtm—

o $(1020) —» KTK~

5.3.2 Event mixing

The event-mixed background B(q) = dN/dq| .. is constructed by selecting one

mix
particle from each of two events in the same event class as A(q). This approach
has the useful property that most single-particle efficiency, acceptance, and resolution
effects cancel in the ratio. This event mixing approach is therefore used when possible
except in the azimuthally-dependent analysis where it is precluded by the event plane
resolution correction.

Each particle in the background satisfies the same selection requirements as those

used in the same-event distribution. Event classes are categorized by centrality so

that events are only compared to others with similar multiplicities and momentum
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distributions. Events are also sorted by the longitudinal position of the primary vertex
zpy so that the background distribution is constructed with pairs of tracks originating
from nearby space points, which is necessary for B(q) to accurately represent the as-
installed detector. The A(q) and B(q) distributions are combined over zpy intervals

in such a way that each of them represents the same zpy distribution.

5.3.3 Event plane resolution correction

The event plane resolution has the effect of reducing the second-order Fourier com-
ponents of event-by-event observables. For instance, given true and measured event
plane angles Ui and UY with U5 = UL 4 §W,, the relevant Fourier components of

an azimuthally-dependent observable O are

O™ [2(¢ = W3)] =00 + O 2 cos [2(¢ — ¥3')] + O 2 8in [2(¢ — V)]
=00+ O cos [2(¢p — VY — 6Ws)] + O gasin [2(¢ — VY — §U5)]
=00+ {0 cos [2(¢p — UY)] + Ogosin [2(¢ — UY)] } cos(2005)
(5.11)

where O is the Oth-order Fourier component and O ., and Og, are the 2nd-order
cosine and sine Fourier components, respectively. Therefore, over many events the
event plane resolution effectively reduces the 2nd-order Fourier components of an
observable by a factor of {cos (20W5)). A correction is performed on the same-event
distribution A, as described in Ref. [140], to compensate for this effect as well as the

effect of non-infinitesimal azimuthal bin widths:

A q, 2 (g — Wa)] = AP (q)+26 {Aca(q) cos [2 (o — W2)] + Asa(q) sin [2 (¢ — V2)]}
(5.12)
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where

o 71—/J\fbins
&= (cos (20W5)) sin (/Npns) ! (5.13)
Npins
A,CQ(Q) :Ni Z AT [% 2 (¢k - ‘112)1] cos [2 (gbk - \112)1] (514)
1ns i=1
Nbins
Aa(@) == Y A [g.2(— W) Jsin 26~ W) (5,19
1ns i=1

and Ny, = 8 is the number of azimuthal bins. Only the 2nd harmonic is corrected
in this procedure. Higher-order harmonics, while potentially of physical interest, are
more difficult to measure and are not considered in this analysis.

The combinatoric background B(q) = dN/dq|,,, is traditionally constructed by
event mixing, that is, by selecting one particle from each of two events in the same
event class as A(q) as described in Section 5.3.2. However, with an azimuthally-
differential analysis the event plane resolution correction precludes event mixing
because there is no simple decomposition of a mixed-event distribution into its Fourier
components (as there are two independent event plane in each event pair). Previous
azimuthal femtoscopic measurements have corrected the mixed-event distribution B
in the same way that the same-event distribution A is corrected, as suggested in
Ref. [140]. However, this fails to account for the fact that the independent smearing
of the two event planes changes the shape of the pair distribution, and when projected
into ¢g-space it cannot be simply corrected bin-by-bin.

On the other hand it is possible to correct the single-particle momentum distribu-
tion in the same way as Eq. (5.12). The dependent variables are pr and 7 instead of
q, and there are many more azimuthal bins (in Eq. 5.13 the Npiys = 64 of 2(¢p — Uy)
as opposed to 8 bins of 2(¢ — U3)), but the procedure is otherwise identical. Pairs of
momentum are then sampled from this corrected distribution as discussed in detail
in Section 5.3.4.

The correlation function C(q) is then formed by taking the ratio of the corrected
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same- and mixed-event relative momentum distributions

Clq) = —g% (5.16)

where B is generated by sampling pairs from N as described in the following

sections.

5.3.4 Pair sampling

The single-particle distribution can be corrected for the event plane resolution, fol-
lowing the procedure for the pair distribution. It is not possible to correct the mixed-
event pair distributions properly, at least not without extending the analysis in an
additional dimension (V3) which would require an infeasible amount of memory and
CPU resources. Pairs can be sampled from the single-particle distribution after it is
corrected. Building a background with sampling is usually not as precise as mixed-
event distributions, but in an azimuthal analysis the event plane resolution correction
is a dominant effect, so it is necessary to structure the measurement around it.

The sampling method does not account exactly for variations of the detector
acceptance and efficiency over pr, 1, and ¢, because each track contributes a count
to a bin which represents a small range of possible values of pr, 7, and 2 (¢, — Ws).
The sampled background pair distribution B(q) is multiplied by the ratio of an event-
mixed distribution to a sampled pair distribution (Fig. 5.10) in order to compensate
for the effect of the sampling procedure. Both distributions in this ratio are not
corrected for event plane resolution, since such a correction cannot be applied to
the mixed-event pair distribution. At small relative momentum, where the HBT
signal is relevant, there is no significant effect from the sampling. This multiplicative
correction is applied as a function of k.

It is prohibitive statistically and/or computationally to bin the analysis in Wy as

well as 2 (¢ — ¥sy), which would require increasing the size of the analysis by about
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Figure 5.10: The ratio of a sampled distribution to an event-mixed distribution, both
of which are not corrected for event plane resolution. This shows the effect of sampling
from a finite number of bins. The central points are shown as circles with statistical
uncertainties and the bands indicate the systematic uncertainty, which is discussed
in Section 5.5.
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Figure 5.11: The ratio of an event-mixed distribution to an event-mixed distribution
with randomized azimuthal angle between the events. This demonstrates the effect
of not binning events in W,. The central points are shown as circles with statistical
uncertainties and the bands indicate the systematic uncertainty, which is discussed
in Section 5.5.

a factor of 64. As a result, the sampled momentum p distribution does not fully
account for azimuthal anisotropies in the pair response of the detector. This effect
is described by the ratio of a distribution of mixed events to a similar distribution in
which one of the events is smeared by a random angle (Fig. 5.11). The background
is multiplied by this ratio, which is evaluated as a function of k.

The single-particle experimental distribution N®P[pt,n,2 (¢ — W¥s)] is corrected
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similarly to the pair distribution A(q) in Eq. (5.12), however it is also explicitly

symmetrized in ¢ so there is no sine term added.

Ncorr[pT’ , 2 (¢ - ‘112)} = Nse;(rg)lm [pT7 UE 2 (¢ - \Ij2>] + 2£N,c2(PT7 77) COS [2 (¢ - \IIZ>]
(5.17)

where

N pr, 1,2 (¢ — Va)] + N*P[pr,n, =2 (¢ — Vs)] '

Nse}}l{rgm [pT7 7, 2 <¢ - \112)] 9

(5.18)
Without the explicit symmetrization, fluctuations in the azimuthally-odd part of the
distribution can lead to nonphysical sine terms in the sampled background.

Events are grouped by run period, 2y, charged-particle multiplicity Ng, (with
pr > 400 MeV), and flow vector magnitude |gs|, for a total number of classes of
2 x40 x 4 x 5 = 1600. The events are combined within each run period, so that the
15 runs from period A and the 16 runs from period B are combined. This is necessary
to sufficiently populate the single-particle distributions to minimize auto-correlations.
Because the 3D momentum histograms need to be densely populated, a large number
of events are needed even when each event has a large multiplicity. The number of
events in each of these event classes is shown in Fig. 5.12. Each event class has a
minimum of 100 events, but most have greater than 1000.

Within each event class, tracks are sampled from the histogram of the single-
particle distribution N [pr,n,2(¢ — ¥3)]. A pre-processing step is performed to sur-
jectively assign each bin of the 3D histogram an interval in (0, 1) with size proportional
to the bin content, representing the cumulative distribution function (CDF) of the
histogram distribution at each bin edge. For each new track a random number is
generated in the uniform distribution U(0, 1), and a bin is selected by binary search
according to the assignment from the pre-processing step. The values of the three
kinematic variables are set by generating uniform random variables from a range of

each of the corresponding bin edges. One of these three random number generations
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Figure 5.12: Differential probability distribution of the number of event classes having
a given number of events, where the event class is determined by run period, zy,
multiplicity, and flow vector magnitude |gs|. The distribution is normalized to unity.

is optimized away, because given that a bin has been selected by the initial random
number, that number has a distribution U(a,b) where a and b are the endpoints of
its CDF interval. It can then be scaled linearly to lie between the bin edges of the
relevant kinematic variable.

When pairs tracks are drawn from the same distribution (i.e. same-charge particles
in an event class), an additional step is taken to simulate sampling without replace-
ment. If the second track is randomly drawn from the same bin as the first track,
the process continues as normal only with probability W In other words, the
bin is rejected with probability 1/Npin count- Otherwise the bin is disallowed for the
second particle, and its bin is redrawn until it corresponds to a different bin than the
first particle’s. Without this correction for sampling-without-replacement, there is a

small but significant enhancement at low |q| of the sampled pair distribution relative

to the classically event-mixed distribution.
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Figure 5.13: The pr spectrum for positive tracks (left), and a zoomed view of the
low-pr region (right). Each segment is fit to a gamma distribution with variable
location which represents the smooth spectrum. The segments are determined by
edges at 100, 200, 300, and 400 MeV, where there are jumps in SCT hit requirements
or a turn-on of TRT seeding (at 400 MeV).

The physical pr distribution has a steep slope in many places, and the detector
response is relatively smooth as a function of pr. By contrast, the sampled distribu-
tion from the histogram of the single-particle distribution will have sharp jumps at
bin edges, so where the slope is large the value of the sampling distribution can be far
from that of a smooth one near a bin edge, as illustrated in Fig. 5.13. A correction
procedure is applied to remove these sharp edges in the pt profile of the sampled
distribution. In each event class, the pr distribution is fit to a 4-parameter gamma
distribution in four intervals (with boundaries corresponding to changes in the SCT
hit requirements). A first-order correction is performed to transform the random pr
value to another one in the same bin, to account for the slope of the probability
distribution in that bin. The slope used for this procedure is that computed from the
fit function in the pr interval. The adjusted pr is given by

7
pr — pr+ g(b—a)(pT —a)(b—pr) (5.19)
where the bin edges of the pr bin are a and b and the approximate numeric derivative
of the probability distribution is f’. The result of this process is illustrated in Fig. 5.14

on a toy distribution. Samples are drawn from a coarse-binned distribution, and the
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Figure 5.14: An illustration of the effects of the pr slope correction on the sampled
momentum distribution. The course-binned histogram is used to generate samples
for the fine-binned histogram.

distribution of the modified random variable accounts for the underlying slope.

5.3.5 Parameterization of the correlation function

The Bose-Einstein enhancement in the invariant correlation functions is fit to an
exponential form:

CBE(qlnv) — 1 _|_ e—Rinvqinv , (520)

where R;,, is the Lorentz-invariant HBT radius. This function corresponds to an
underlying Breit-Wigner source density.

The Bose-Einstein component of the three-dimensional correlation functions is fit
to a function of the form

Cpe(q) = 1+ ¢ IRl (5.21)

where R is the symmetric matrix in Eq. (2.67).
The full form of the invariant-correlation-function fit to like-charge track pair data

including the hard-process background description is

where N is a normalization factor, Cpr(q) is given by Eq. (5.20) or Eq. (5.21),

the Coulomb correction K (giny) is discussed in Section 5.3.6, and the hard process
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background (q) is discussed in detail in Section 5.4. When opposite-charge pairs
are fit to constrain the jet fragmentation background, the same expression is used
but the sign of the Bohr radius in K (gi,y) is flipped and the Bose-Einstein correlation

vanishes such that Cgg(q) = 1.

5.3.6 Coulomb correction

The residual strong force between charged pions is subdominant to the Coulomb
effect and can be neglected in final-state effects [141]. In heavy ion collisions the
Bohr radius of a pair of pions (a, = 387.5 fm) is significantly larger than the source
size, which is on the order of a few fermi. The nonrelativistic limit is appropriate
since in the region of interest the pions have low relative momentum. In the limit
where the pions come from a point source, their outgoing wavefunction squared is
given by the Gamow factor
[(a.r = 0) m 1

= G Qinv) = In 523
g S oo o) = (5:23)

where a is the Bohr radius!. For opposite-charged pairs the correction can be
applied by taking a — —a, as this effectively flips the sign of the coupling constant
aEN-

For a source that has a non-zero spatial extent, a correction to this expression is
required. For a spherical Gaussian source of effective size R.g, the formula for a more
precise correction factor K (g, ) is expressed in terms of a generalized hypergeometric

function o F; [142].

S8R, 1 3 3
K(Qinv) = G(qmv) [1 + \/——Wng@ (57 1; 57 53 _Rgffqgnv>:| (5-24)

IThe literature contains various conventions for the factors of 2. Here the Bohr radius contains
the reduced mass and this definition of ¢ has no factor of 1/2.
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The analytic gradient of the correlation function parameterization is used in the

fitting algorithm, so the derivative with respect to R.g is also required:

a[(<(]inv) _ 8 3
TR G(Qinv)ﬁ 151 < ;55— R mv> ~ (5.25)

The effective size R.g described here cannot be connected a priori to the HBT radii

without additional model-dependent assumptions. It is taken to be proportional to

Ry, with the constant of proportionality adjusted as a systematic variation.
Software implementations of 5F5(ay, as; by, by; 2) are not generally available. A

series expansion around small z follows direction from the definition.

133 S 2"
2 I (—, Lo, —;2) =) o (5.26)
2777272 nz% 2n+1)(3),
The Pochhammer symbol (a), is used to denote the rising factorial (a), = a(a +

1).(a+n—-1)= Datn) = Ay asymptotic expansion around z — —oo can be derived.

I'(a)
n<|z|+3/2
o (L33 73/ Z (2n — 3)!! (5.27)
e\t ) P = (2n — 1)27|z|" ‘

This expression is a formally divergent asymptotic series for large negative z, so the
cutoff is chosen after the smallest term. In practice it agrees to within several digits
of precision relatively quickly.

Corresponding expressions for the confluent hypergeometric function appearing

in the derivative are given by

3 = "
R <1; = z) -y Z (5.28)

; 3
3 n<|z|+3/2 (2n B 3)”
n=1

To apply the Coulomb correction in 3D out-side-long coordinates, the average kr

in each bin is used to determine ¢;,,, from q. The following expression takes advantage

of working in the LCMF so that k; = 0.

G = la? ~ T2 + /T — dlkr 22, (5.30)
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where

1
I =2m?2 + 2ky|* + §|q|2 : (5.31)

5.3.7 Fitting the correlation function

For histograms representing the same-event distribution A(q) and mixed-event dis-
tribution B(q), the goal is to somehow pick the best choice for the parameters of
C(q) such that A ~ BC. When fitting to histograms that have bins with possibly
small statistics, a simple xy? minimization may not be sufficient and a log likelihood
ratio In £ must be maximized [143]. A likelihood for the correlation function can be

derived by assuming a flat Bayesian prior in the means for Poisson distributed A and

B, p and v [144]:

L(C|A, B) = // dudv P(AIP(BIY) 5 (€ - 1)

A, —u,,B_ —v
B ue Frvte M
_//d’“‘d” AIBI 5<C u)

cA A+B+1_—v(14+C)
= dv v e’
AlB! /

_ (A+B+1)C
~ AIBI(1 + C)A+B+2

(5.32)

The choice of C' that maximizes this likelihood is not simply the ratio A/B, but

rather

A

C(max:—~
B+2

(5.33)

The likelihood is normalized by the maximum possible likelihood so that the test
statistic —2 In £ is non-negative and is zero for an exact match. The factor of —2 gives
it the same scaling as x?, so —21In £ is minimized and has 1o errors at A(—2In £) = 1,
and the correspondence is exact in the high statistics limit. The sum of the likelihood

ratio over every bin ¢ is the global test statistic, which is minimized with the Minuit
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package [145].

2InLl = —221 { Cl‘TZ’Bgﬂ

A; Ai+B;+2
__22 [(J (14 Ciax) 1

Ciliul 1+ P72

_Z{QAI { (;++C[),)i2)}+2(Bz‘+2)1n{(jﬁggﬂ””

(5.34)

In the above equations, C; is shorthand for C'(¢;), the parameterization of the corre-
lation function at the center of the bin i, and A; and B, are the histogram contents
at bin i.

An alternative test statistic is used for the azimuthal results, as there are multi-
plicative corrections to B(q) that cause the bin contents to not be Poisson-distributed.
A statistic can be derived by taking bins of A and B to be gamma-distributed
rather than Poisson. Specifically, for bin weights w,, we assume that bins of A

are distributed as

BaAafl -
p (A]Swa, Xuw?) = Ta) e P4 (5.35)
with
(Sw)?
*= s !
Yw
p= Yw?

This choice reverts to the Poisson log-likelihood in the case of all weights being equal.

A likelihood is derived by taking

L(C|A, B) x / dA'dB'p (A'|A) p (B'|B)§ (c - %:) (5.36)
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which, after normalizing, gives a function to be minimized,

R e
—2log L= 4 (1 . g—gc) (ast+1)] (- (637
abins + 2(aa + ap)log

ay + ap
\ 7

When weighting events from several N, intervals so as to follow a minimum-bias
distribution, the sample used in this analysis necessitates weights that can differ by
several orders of magnitude. This means that the values in bins with low counts may
be very poor representations of the actual distributions. To work around this issue,
the histograms from each multiplicity range are tracked separately and the combined
log-likelihood is a weighted sum of a log-likelihood calculated for each sample.

Nsamples
W
g > = log (5.38)

i=1
where each sample corresponds to a multiplicity interval between the turn-on multi-

plicities of each HMT (150, 180, 200, and 225 as visible in Fig. 5.2) and

MinBias
W, Nevt,i
¢ Nall :

evt,i

— 1
W =

doW

samples

Splitting the samples and combining them only at the minimization stage has the
effect that the number of degrees of freedom in the fit is increased by a factor of

Nsamples =4.

5.3.8 Extracting Fourier components of HBT radii

Because the event plane resolution correction (e.g. Eq. (5.12)) changes the Fourier
components of A and N, statistical correlations are induced between the contents in
different azimuthal bins. As a result the fitted HBT radii in different azimuthal bins

are correlated. The propagation of the correlations from bins of A and B to the radii
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is quite complicated in general. We will motivate a reasonable parameterization of
the covariance matrix of the HBT radii by using the form of the correlations between
bins of the pair distribution A. The parameter values themselves will be adjusted
corresponding to the results of a toy MC study on the radii correlations. To the
extent that enhancements to the azimuthal modulation of the HBT radii are, like

A(q), linear in £ (as defined in Section 5.2.3), the azimuthal correlation is :

Nyins
2
cov (Rzgorr, R;orr) — (5”-0'1-2 + wf COS [2(¢z — ¢]>] (O’Z2 + O'j2~ + Nf Z Ui) (539)
ins ins T

where 2¢; is short for 2 (¢, — Ws),, R; is R(¢;) and Npyps = 8 is the number of
azimuthal bins, and in the above equation o7 = var(Ry) represents the statistical
uncertainties in the uncorrected HBT radii. With the simplifying assumption that
the statistical uncertainties in the radii are independent of the azimuthal bin, the

correlation coefficient matrix for the corrected radii can be written as:

R;;orr) RQOTT 61 . E 2 ; — i
pij = cov ( J ) — J + C(l)s [ é(ﬁ ¢])] (540)
\/ var (R$°™) var (R;TO“) =
where = = % This matrix can be inverted analytically to:
bins
-1y = P i b
=0+ 3) {8y - =izl - 6]} (5.1

For Npins > 2, the determinant of this correlation matrix is det(p) = (1 + ¢ )4 (1+ E)bei“s.2
A 2 statistic can be minimized using these correlations, where R; and o; are the
fitted value and uncertainty for the HBT radius in each azimuthal bin and R, is the

nth Fourier coefficient as a parameter extracted from the data:

Nbins (pfl)
2 _ R, Y _R.
X = 31 (fi Rz) TROR, (f] R]) (5-42)

where

fi=Ro+ 2R 5 co8(2¢;) + 2R 42 sin(2¢;)

and 2¢; is shorthand for 2 (¢, — Vs),.

14+4£+42¢2
(1+6)* >

2The determinant for Npins = 2 is but this case is not relevant for this analysis.
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Statistical correlations with toy Monte Carlo study

The form of the correlations discussed so far in Section 5.3.8 was motivated by the
assumption that the azimuthal correlations between the radii are the same as the
correlations between azimuthal bins of dN/d¢ or A(q) (Eq. (5.39)). In practice,
however, this overestimates the correlations between the radii. This assumption can
be relaxed by adjusting the £ parameter in Eqs. (5.39) to (5.41) from a naive value

given by the exact expression in Eq. (5.13), re-written here for clarity:

7T/]Vbins

gnaive - <COS (25@2)) sin (W/Nbins) - L

Instead, a more precise value, &y, is derived from a toy Monte Carlo study of the
azimuthal correlations. A convenient expression of this mapping is as a monomorphic
function of &, i.e. &oy(Enaive)-

To evaluate the real statistical correlations, Ny, = 16 independent pseudo-experiment
samples are generated from the data. This value of Ny is large enough to generate a
significant probe of the statistical correlations, but small enough to remain accessible
given the large amount of computing resources needed to analyze each additional
sample. The N, different versions of each relevant histogram are generated by
randomly drawing the value of each bin from a Gaussian distribution with mean and
variance equal to those of the bin content. Each of the independent Ny, samples is
corrected for the event plane resolution, then the background distributions B(q) are
sampled from the corrected single-particle distributions, and finally the fit procedure
is applied to each corrected sample. The azimuthal correlations between each radii
observable are then computed directly. The correlation is fit to a function of the
form of Eq. (5.40), deriving an actual &y from the naive value &aive. The correlation
matrix is shown for the three main radii in Fig. 5.15, along with the monomorphism for
the £ parameter. Conveniently the correlations between all independent observables

(i.e. 1D and 3D, both amplitude and radii) can be described by the same function
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Figure 5.15: The statistical correlation matrix elements for the HBT radii Ry, (top
left), Riqe (top right), and Rjong (bottom left) from a toy Monte Carlo study. In each

g2 interval the correlations are fit to a function p = =z cos (2A¢y) for 2A¢; > 0
= M with Npins = 8. The correlation strength parameter £ from the toy

mes
study is shown as a function of the naive value of £ (bottom right), which determines

the azimuthal statistical correlations in the HBT radii.

where =

toy (Enaive). A power-law parameterization is chosen for this data with a fit of
Eroy = 0.354(&naive) . Uncertainties in the £ parameter are not rigorously evaluated
because the value of this parameterization only effects the statistical uncertainties in
the radii, not the central points.

These correlations have a large impact on the uncertainties of these components

at low flow |gs|, where the event plane resolution correction is the largest.
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5.4 Hard-process correlations

An additional contribution to the correlation function with a width in ¢,, of order
0.5-1 GeV arises from hard processes in the event. It is more prominent at high kr,
which suggests that the correlation comes from jet fragmentation. This origin of the
effect was confirmed by running HIJING with the minimum pr for hard scattering
turned up to 20 GeV from the default of 2 GeV, which causes this feature to diminish
as shown in Fig. 5.16. HI1JING has no Coulomb or Bose-Einstein effects, so any
effects in Fig. 5.16 are from charge/momentum conservation, resonance decays, and
jet fragmentation. The effect is more pronounced at high At and low multiplicities,
where particle pairs are more likely to have come from the same mini-jet.

It should be noted that MC generators all tend to over-estimate the amplitude
of the contribution from hard processes. In the past a double ratio, i.e. the ratio of
the correlation function in data to MC, has been used but this produces a suspicious
depletion in the affected ¢, region.

Rather than use a double-ratio, some femtoscopic analyses have described the
background with one or more be a free fit parameter. The results in this thesis
use a data-driven method to tune it by comparing to opposite-sign pairs, Coulomb-
corrected and with the largest resonance contributions removed, which do not have
a Bose-Einstein correlation. Figure 5.17, which is taken from data, shows that the
choice to tune from the amplitude of Gaussian fits to ¢, or An, A¢ correlations
does not significantly impact the result. This further supports the interpretation
that the enhancement in ¢;,, comes from hard processes, as the peak in angular
coordinates is commonly associated with jets. Figure 5.18 shows the amplitudes
of the jet contribution to C'(An, A¢) comparing both ++ and —— to +—. The
correlation between +4+ and +— demonstrates that, at least in principle, the +—
correlation functions can constrain the hard-process contribution in 4= correlation

functions.
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Figure 5.16: The hard-process background in H1JING for either +— or ++ charged
pairs with major resonances removed from +—, with the minimum hard-scattering
pr set to the default of 2 GeV (left) and turned up to 20 GeV (right). Removing the
hard-scattering processes in this range diminishes or removes the non-femtoscopic
signal. The Gaussian fits are shown only to roughly indicate the amplitude and
width of the effects, and are not used in the analysis.

Though some resonances are removed from the 4+— correlation functions the
effect of jet fragmentation is not identical in same-charge and opposite-charge. The
relationship between the two correlation functions is studied in MC simulations so a
mapping can be developed between +— and ++.

To isolate the effect of jet fragmentation particles from weak decays (n, 1, and w)
were excluded. Pairs of particles from two-body resonance decays were also neglected
in order to remove mass peaks in the correlation function. The same pair mass cut
around the p resonance that is used in the data is applied in the MC, since the removal
of the corresponding region of phase space has a significant effect on the shape of the

correlation function.
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Figure 5.18: The amplitude of the jet contribution to C(An, A¢) is largely correlated
between like-sign and unlike-sign pairs. The plots are nearly identical, except that
one is colored by centrality and the other by kr. Some points have very large errors
(with a sum of errors greater than 0.8) and are not shown.

5.4.1 Monte Carlo generators

A number of Monte Carlo generators were utilized during studies of the non-HBT
part of the correlation function. Detector simulation is not run on these samples. In

each of the following samples, 50 million (250 million for PyTHIA 8) MinBias events
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are generated at a center of mass energy per nucleon of /sy = 5.02 TeV.

1. HuING p+Pb [136]
The energy and boost settings are the same as in the nominal p+Pb recon-
structed simulation, except that the minimum hard-scattering transverse mo-
mentum is adjusted as described above. Turning off the flow, which shifts the ¢
of particles in order to reproduce the flow harmonics v,,, was not found to have a
significant effect on the momentum-space correlation functions. The minimum
hard-scattering pr parameter® is adjusted to show that the non-femtoscopic

background originates from minijets, as described in Fig. 5.16.

2. H1JING pp
The simulation is run at /s = 5 TeV with all of the same settings as the p+Pb
sample, except that both incoming particles are protons. No rapidity boost is

applied because the collision system is symmetric.

3. PyrHIA 8.2 pp [146]
The default ATLAS tune "UE AU2-CTEQG6L1” is used with PYTHIA 8 at /s =
5.02 TeV. This utilizes the CTEQ 6L1 PDF from LHAPDF6 [147].

4. Herwig ++ 2.7 pp [148]
A known bug in Herwig ++ 2.7.1 prevented the use of the CTEQ6 PDF, so the
default MRST PDF was used instead. This should not be a significant issue
for these purposes, because the jet fragmentation is not very dependent on the

initial state.

It should be noted that the correlation functions predicted by Herwig are in
such significant and obvious disagreement with those seen in the data that they

cannot be used directly. The Herwig sample is used to compare the variation

SHIPR18

121



a bkgd
]

1.8
16
1.4
1.2

0.8
0.6
0.4
0.2
o | AN IR I

#] 26 <N, <3601 37 <Ny, <48

Pythia 8
ATLAS Internal

PRI NI T TN ST ST S MR
02 03 04 05 06 07 08

49 <N!

t
o, <647 65 <N,

=
|||||||||||||||||||||||||||||II|III|III_

K, [GeV]

Figure 5.19: The tail weight parameter g of fits to C jEjE(Qinv) as a function of kr
in PYTHIA 8, in four multiplicity bins. owkgq is limited by above at 2 (the Gaussian
case), and for low kr bins this is sufficient to describe the background shape. The
parameter is fit to a function of the form apggq = 2 — 0.04971og (1 + *0-0kr=0493))
with bkt in GeV.

of certain behavior of the correlation functions compared to PYTHIA in order
to establish an estimate for the systematic uncertainty arising from the details

of the generator (as will be described in Section 5.4.7).

5.4.2 Jet fragmentation in Lorentz invariant correlation

function

In order to describe the background satisfactorily it is necessary to loosen the as-
sumption of a Gaussian form in ¢,,. The ¢;,, correlation functions in PYTHIA 8 were
fit to

Q(Qinv) =14 )\bkgde—|Rbkgdqmv|abkgd (5‘43)

The results are shown in Figs. 5.19 and 5.20.

In one attempt to constrain the background, correlation functions were generated
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Figure 5.21: The slopes (left) and intercepts (right) of the fits from Fig. 5.20 as
defined in Eq (5.44). The parameters are each fitted to a function of the form
P+ m The results of the fits are displayed in Eqgs. (5.46) and (5.47). The

procedure is perfomed in both forward (red) and central (blue) rapidity bins, and the
results are used as a systematic variation.

in PYTHIA 8 (which does not have Bose-Einstein or Coulomb effects) and the width
and height of the correlation functions were compared from like-sign to unlike-sign.
Fig. 5.20 shows the comparison for each kt bin for a few choices of multiplicity
(26 < Na,™ < 36, 37 < Ny, < 48, 49 < Ng'" < 64, 65 < Ng,'"). The amplitudes
are compared on a log scale and straight lines are fit for each kt bin. The widths

Rfkj;d and Rbkgd are taken to be proportional to each other by a constant factor. This
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assumption is clearly not perfect but becomes increasingly accurate at high kr, where
the background contribution is largest.
This kt dependence of fit parameters is used as a mapping from opposite-sign fits

in the data to a fixed background gaussian. In summary we are requiring that

_ v(k
Nz = nlkr) (Migg) ™ (5.44)

Rl:j:kj;d = pR:’)—k_gd (5.45)

and fixing p(kr), v(kr), and p from the Monte Carlo with the results shown in
Fig. 5.21:

1.97
log pu(kr[GeV]) = —2.26 + [T o 1010k 0359) (5.46)
4.38
v(krlGeV]) = 0.579 + i (5.47)
p=1.33 (5.48)

The statistical errors on the above parameters are on the order of 10%.

5.4.3 Jet fragmentation in three dimensions

In the longitudinally co-moving frame of a particle pair produced in a jet, on averate
the axis of the jet will be aligned with the “out” direction and the plane transverse
to the jet’s momentum will be spanned by the “side” and “long” directions. In three
dimensions the correlation from jet fragmentation is factorized into components which

separately describe the “out” direction and both the “side” and “long” directions:
aout s aSI
Qq) =1+ )‘gilgd eXp <— ‘Rglﬁtgd%ut‘ pled — }RblkngSl‘ bkgd) (5.49)

with g = /¢34 + @hng- The shape parameters afjit; and aj),, are fixed to 1.5

and 1.7 respectively, as shown in Fig. 5.22. These parameters are not statistically
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Figure 5.22: The fit results from PYTHIA 8 of the shape parameters from Eq. (5.49).
The dashed lines indicate the constant values used in the analysis. While the results
are not well-described by a constant function, the difference in the shape of the
function is not extreme over the discrepancies observed.

consistent with constants independent of kr and multiplicity. However, at larger kr,
where the jet fragmentation is significant, the values do not vary enough to change the
shape of the function drastically. What is lost in precision is gained in the utility of
having good control over the remaining parameters. A systematic check is performed
to investigate the effect of the shape on the results, and the results are seen to be
insensitive at the 1% level to variations of 0.1 in the apkga parameters.

Just as is done for the ¢;,, correlation functions, the amplitudes for three dimen-

sional jet correlations are compared between opposite- and same-sign pairs (Fig. 5.23).

osl, £+ osl+— V(k )
)‘bkgd = p(k) (>‘bk1g:i ) ' (5.50)
Rsblﬁjg:f = Rill:rga + AR%lkgd(kT) (5.51)
Roen ™ = Rjed™ + AR, (kr) (5.52)

The numerical values used for mapping the amplitude )\fj(lgd (Fig. 5.23), fragmen-
tation width colinear with the jet axis Rfil; (Fig. 5.24), and fragmentation width

transverse to the jet axis Rf}kgd (Fig. 5.25) are as follows:
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Figure 5.23: Top: A comparison of same-sign to opposite-sign charged pairs with the
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shown in each colored kt bin, with the multiplicity bins defined in Fig. 5.19, and the
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log p(kr[GeV]) = —3.9 + 9.5ky — 6.4k2

v(kr[GeV]) = 0.03 + 2.6kt — 1.6k7
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0.51

ARjga(brlGeV]) = =723
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Figure 5.24: Left: The comparison of jet fragmentation width along the out-axis
between same- and opposite- sign charged pairs. The difference is modeled as a
kr-dependent constant additive factor. Right: the best-fit difference of the width
between same- and opposite-sign pairs. The lowest kr interval is not included in the
fit because the jet contribution is not large there, and its behavior does not fit the
trend.
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Figure 5.25: Left: The comparison of jet fragmentation width in the side-long plane
between same- and opposite- sign charged pairs. The difference is modeled as a
kr-dependent constant additive factor. Right: the best-fit difference of the width
between same- and opposite-sign pairs. The lowest kr interval is not included in the
fit because the jet contribution is not large there, and its behavior does not fit the
trend.

5.4.4 Difference between collision systems

The mapping from opposite- to same- sign correlation functions is derived from
PyTHIA 8, which simulates pp collisions but not nuclear collisions. Since the back-

ground structure is caused primarily by the fragmentation of mini-jets, a large dif-
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Figure 5.26: The background amplitude ratio (top) and the shape parameter (bottom)
in HIJING for both proton-proton (left) and proton-lead (right). The proton-lead has
about a 5-20% attenuation from proton-proton. For the amplitude comparison the
width ratio from opposite to same sign is forced to be a constant 1.08, which the ratio
tends to at high kr in HIJING for both systems. The shape, parameterized by cieq,
is quite similar between the systems.

ference is not expected between pp and p+PDb systems. Nevertheless the distinction
can and should be evaluated.

Since HIJING uses an old version of PYTHIA 6 its description of the fragmentation
function is not up-to-date, but PYTHIA alone does not simulate the same soft particle
production that HIJING does. Thus, PYTHIA 8 pp is used to derive the mapping
between +— and 4=+, then corrected slightly for the difference between pp and p+Pb
observed in HIJING. A comparison of HIJING pp and p+Pb correlation functions
shows that the ratio of the background width is the same in each, at least at high kr
(about 1.08). This justifies using the width ratio from the updated PYTHIA 8, since

it suggests that changing from a proton-proton system to a proton-lead system does
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Figure 5.27: A comparison of the attenuation between opposite- and same-sign
correlation functions in HIJING proton-proton and HIJING proton-lead (all other
settings identical). The multiplicity slices in each kr bin are 26 < N[ < 36,
37 < NI < 48, and 49 < N < 64. The difference between the ratio is slightly
more prominent in proton-lead, which is accounted for in the mapping and as a
systematic error. The variable y is used here because this correction and variation is
applied directly into the p of equations Eqgs. (5.44) and (5.46).

not drastically alter the ratio of widths. We also see that in HIJING (with the width
ratio is fixed to 1.08) log Apkeq is decreased in p+Pb by 0.05 (high kt) to 0.2 (low k)
(See Fig. 5.26). This difference is made more precise in Fig. 5.27, which quantifies
the difference in the amplitudes of the ratios of correlation functions. The extracted
scaling is applied to the background description in the data, and the spread in the

attenuation is accounted for as a systematic variation.

5.4.5 Mapping results

Figure 5.28 shows a few examples of the fit to opposite-sign correlation functions in
order to determine the background. These fit parameters are then used with the
mapping derived from the Monte Carlo to fix the background in same-sign fits. The

parameters used to describe the background in ¢;,, are shown in Fig. 5.29.

129



~ T T T T T ~ T T T T
o [ ATLA{ Internal p+Pb 2013, 28 nb™ ] o [ ATLAS Internal p+Pb 2013, 28 nb™ ]
© 1,8’Fo-1% cpnt., TeTC Apiga = 0.0143 . © 1 g}-20-30% cent., T Apiga = 00960 .
F01<kf<02Gev Ryyga = 2.64 GeV™ ] [ 0.5<k;<0.6GeV Rpyga = 1.43 GeV'™ ]
16--1<y*] <0 Oy = 2.00 J 1e1<y* <0 Opyge = 1.86 A
1.4f- . 1.4fL .
12; ] 121\4 ]
. f . 2 .
Fa ] T — ]
1- . 1-
P | S R RSN BRI BRI B Lo Lo b b L v ey 1]
0 0
q, [Gevl q,, [Gev]
~ e BN e ey
il ATLAS Internal p+Pb 2013, 28 nb™* ]
© 1 gl[-50-60% cent., T Apiga = 0-252 ]
[ 0.7<k;<0.8GeV Ryyga = 1.48 GeV™ ]
165 1<y* <0 Opygq = 1.36 -
1.4 .
k ]
1.2p .
1~ .
o b b v e b L
0

a inv [GEV]

Figure 5.28: Examples of the background fit to opposite-sign correlation functions
in the data. The shape parameter apygq is fixed from PYTHIA 8, and the amplitude
Airga and width Ry are left as free parameters. A selection of centrality and kr
bins are chosen to cover a large range of the magnitude of the effect. Some resonances
are removed before filling the histograms, which accounts for the gaps and large error
bars in some bins.

5.4.6 Fits to Pythia

This section will show examples of how well the stretched exponential form fits the
correlation functions in PYTHIA 8. The parameters extracted from these fits are used
to form the mapping from opposite sign to same sign in the background description

of the data. A moderate multiplicity bin is shown in Fig. 5.30.

130



3 T
E = E @ 70-80% +- @ 60-70% +- :
S —AE Cwime o ssm . ATLAS Internal 3
2 rC 10-20% +- 5-10% +- ——
. 1-5% +- O 0-1% +- —e— ——

-1.5— ~ ——
F— - —o— a— 3

L e —— —°— N 5 T |

2 o e %f e —— _— -

F = —= = = — ——

E — e © e ]

-3 —— 28 nb™*

C — 2<y*<1 4

-3.5 3

F ™ o p+Pb 2013, |s,, =5.02 TeV J

_47 e e b b b b Ly 0 T

kr [GeV]

T g T LT T T
> Or ATLAS Internal © 70-80% +- @ 60-70% +- m
8 C " © 50-60% +- © 40-50% +- |
= 26 2<y*<1 3040% +-  © 20-30% +-
kS n 10-20% +- 5-10% +- !
5 © 1-5% +- ® 0-1% +- —
hd Fo E
2.2:* e p+Pb 2013, |s, = 5.02 TeV E

2 E

C == 3

1.8 == 3

r ——  —e— == 4

1.6; —o— —— TS

C —_=— = = —— ——

1.4 == == == == ===

L == == == 7

1.2 - == B

Th v b b b b b L 1l

kr [Gev]

inv
bkgd

log A

Rikgd [Gevhll

35

25

15

L e LA e e e L e
— e
r ATLAS Internal - 7
[ & 7080% u 60-70% e ——
[ 4 s0-60% v 40-50% - —
[+ 30-40% + 20-30% —
L+ 10-20% 5-10% —> J
[ w15% A 01% - 7
C —a —v 7
L —— J
r —a — — i
N ——  —a— ]
|- - - —— —_— —
e E
F — 2<y*<1 B
E —— 28 nb* 7
r p+Pb 2013, |s\, =5.02 TeV
G Lo v b b b L Ly 0 T
4 0.8
kr [GeV]
T T T T T
E il
F ATLAS Internal * 70.80% ¥ 60:70% b
|- 4 50-60% ¥ 40-50% -
. 30-40% 4 20-30% -
j+ 10-20% 5-10% i
S —— 1-5% A 0-1% -
[ ]
|- —u -
— e p+Pb 2013, |s,, =5.02 TeV —
C 2<y*<1 7
L == ]
C % ]
L I ]
L —a— —h— —a— |
L —e— e ——
, —— A -
L i =3 —— —%=
L == —a— 4
r —_= ' ]
P T IR R U S U BRI
0.8
kr [GeV]

Figure 5.29: The background parameters that are free fit parameters in the opposite
sign (left), and the like-sign parameters derived from the opposite-sign values using
Eqs. (5.44) to (5.47) (right). The kg parameter is taken directly from PyTHIA 8
(Fig. 5.19). Statistical error bars are too small to be visible. The non-monotonicity
is not surprising, since the meaning of Rykeq changes with ouyeq, which varies with
kt as shown in Figs. 5.19 and 5.26.
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Figure 5.30: Fits of the stretched exponential to correlation functions from Py THIA 8
events with a truth-level multiplicity in the range of 49 < N, < 64.
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5.4.7 Comparison of Herwig and Pythia8

Both PyTHIA 8 and Herwig ++ are studied in order to understand the uncertainties
inherent in the background description. A direct comparison of the two is shown in
Fig. 5.31. Herwig tends to overestimate the mini-jet background more prominently
than PYTHIA 8 does, especially at low k. Figure 5.32 compares the same and

opposite sign correlation functions in the simulations considered.

5.4.8 Incorporating the hard-process description into fit

This section will briefly summarize the process by which the jet background is mea-
sured and applied in the data analysis. An example using the Lorentz-invariant
correlation functions is shown in Fig. 5.34.

With apyeq(kr), p(kr), v(kr), and p determined from Monte Carlo generator
samples, the mapping can be applied to the p+Pb data. Asillustrated in Fig. 5.34, the
+— correlation function is fit to Eq. (5.43) for ¢iny > 0.1 GeV, with apieq fixed from
PyTHIA 8 and A"~ and Ry, " as free parameters. The y, v, and p parameters
are used to infer Ay, ** and Ry}, =, which are fixed before the femtoscopic part of

the correlation function is fit to =4 data.
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Figure 5.34: Correlation functions in proton-lead data for opposite-charge (teal
circles) and same-charge (red squares) pairs. The opposite-charge correlation
function, with the most prominent resonances removed, is fit to a function of the
form in Eq. (5.43) (blue dashed line). The violet dotted line is the estimated jet
contribution in the same-charge correlation function, also of the form of Eq. (5.43),
and the dark red line is the full fit of Eq. (5.22) to the same-charge data.
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5.5 Systematic uncertainties and cross-checks

The average effect of each systematic on Ry, is shown in Table 5.2 for each kt bin.
The systematics in two centrality bins are shown in Tables 5.3 and 5.4. Similar tables
are shown for the 3D radii in Tables 5.5 to 5.7. The systematics listed there are

included in the final results.

5.5.1 Generator for hard-process description

The greatest difficulty by far in measuring HBT radii in small systems is in forming
an accurate description of the background contribution from hard processes. For
the uncertainty in the hard-process contribution two effects are considered. First,
the variation in the translation from pp to p+Pb is taken as an uncertainty in the
amplitude, as shown in Fig. 5.27. Secondly, as described in Section 5.4.7, the width of
the variation in the difference of g% between PYTHIA and Herwig (Fig. 5.33) is used
as an additional systematic variation in the background amplitude. This is to account
for uncertainty arising from the specific choice of PYTHIA as a generator. Both
uncertainties are expressed as a scaling factor times Apkgq, S0 they can be evaluated

by scaling 1 (Egs. (5.44) and (5.46)):

Orogp = o0 PP g gPYmaHenvis _ 04136 0.116 = 0.123  (5.57)

log p

The background amplitude Apkgq is thus scaled up and down by 12.3% to compute

the systematic from the background.

5.5.2 Rapidity dependence of hard-process description

The background amplitude relations in Eqs. (5.44) and (5.45) are evaluated with
PyTHIA in both central (|yr,.| < 1) and forward (1 < |y%.| < 2) rapidity intervals.

The width relationship (Eq. (5.45)) does not change significantly, but the relationship
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between the amplitudes (Eq. (5.44)) does. The parameterization is varied from the
nominal (inclusive) expression to that for each of the different rapidity bins. In three
dimensions a 2nd-order polynomial is used instead of a sigmoid. This variation is

llustrated in Sections 5.4.2 and 5.4.3.

5.5.3 Jet fragmentation background in 3D

One alternative to Eq. (5.49) is to describe the jet fragmentation in three dimensions
as a simple function of gy, only. The average kr in each centrality/kr/yk, interval
can be used in Eq. (5.30) to contract q into ¢yy. The same parameters derived
in the Lorentz invariant correlations could be used to describe the three-dimensional
background as well. This turns out to be an over-simplification, as shown in Fig. 5.35.
The form in Eq. (5.49) is used as it clearly describes the jet fragmentation more

accurately.

5.5.4 Shape parameters of hard-process description

The background parameters oy, afisq, and af),q were varied by 0.1% from the
nominal values. The typical effect on the HBT radii was seen to be on order 0.5%,

and this variation is not included in the reported systematic errors.

5.5.5 Pion identification

The PID definition used for the nominal result is the “Middle” cut level defined in
Section 4.4. Systematic uncertainties from imperfections in the particle identification
are evaluated by repeating the analysis with both the “Loose” and “Tight” cut levels.
The effect on the radii is around 1-2% for the lower kt bins, but becomes more
significant at higher momentum bins (presumably because they are relatively more

populated with kaons and protons).
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Figure 5.35: Two functional forms for describing three-dimensional jet fragmentation.
The blue line (Eq. (5.49)) is the one used in the results, and the purple line (which
describes the correlation as a function of gy,, only) clearly does not enjoy the same
level of agreement.

5.5.6 Charge asymmetry

The distinction between positive and negative pairs could come from the orientation
of the overlap of the inner detector components. The nominal value is taken to be the
fit results from histograms filled with all same-sign pairs, and a systematic variation

is taken to positive and negative pairs.

5.5.7 Binning of 2z position of Primary Vertex

A significant difference in the radii at high k1 was observed when it was required that
events only be mixed from within the same 5 mm wide bin in z, the longitudinal

position of the primary vertex.
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The variations in the radii between a bin size of 2 mm and 5 mm were found
to be around 0.5%, so a bin size of 5 mm is chosen and a systematic uncertainty is
neglected. It is required that the event-mixing buffer in a given 2., bin be full before
histograms are filled, which ensures that the signal and mixed-event background have

the same z,, distribution.

5.5.8 Core fraction z,.

A correlation function of the form

C(q) = [1 — ze + 2K (giny) (1 + A7) ] Q(g) (5.58)

was also considered. In this form A takes into account pion impurities, and
x. indicates the fraction of pairs that come from a core (i.e. not from long-lived
resonances or weak decays - see Fig. 5.36). The region of the correlation function
that drives the fit results is both at a larger ¢;,, than where the Coulomb correction

K(gny) # 1 and at smaller gy, than where e~ %

invdinv can be neglected. Here the
correlation function looks like C(q) &~ 1 4 z. e f9Q(q), so the results are mostly
dependent only on the product z .

The measured radii turn out to be for the most part extremely insensitive to
variations in the core fraction z.. To emphasize this, z. is varied between 0.4 and
0.9. This is surely an overestimation of the possible range, but the difference in the
radii is still less than one percent for nearly all bins.

Though a core fraction near 50% is physically reasonable (as in Fig. 5.36), it results
in A\ parameters near 2. A should always be less than 1 in order to be interpreted as a
coefficient of a Bose-Einstein enhancement. There is a redundancy in the description
of the correlation function using both x. and .

To avoid over-parameterizing the fit and to avoid questionable values of A, the

choice was made to take A = 1 and rename z. — A, to match the form of the

140



——
Pythia 8
N, = 20
X, = .76 ki / (k_+.19 GeV)

o
.

02 04 06 08
k; [GeV]

Figure 5.36: The core fraction z. measured in PYTHIA 8 by counting the pairs in
which neither particle is a product of a weak decay or of a n, 1/, w, or Kx.

Bowler-Sinyukov formula

Clg) = [1 = X+ AK (gimv) (1 + 7)) Q(q) -

5.5.9 Effective size for the Coulomb effect

The non-zero effective size of the Coulomb correction R.g should only provide a
bin-by-bin difference of a few percent, even up to several fm. However, because
the parameter effectively changes the q range over which the Coulomb correction is
applied, varying this parameter can affect the HBT radii significantly. The parameter
R.g is taken to be proportional to the invariant HBT radius, such that Reg = £ Riny-

The nominal value of £ is chosen to be equal to unity, and a variation down to

1/2 and up to 2 is taken to be the 1oy, level.
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5.5.10 Projection of q onto ¢,

The value of kr used to calculate g,y from q in the 3D fits (see Eq. (5.30)) is varied
+1 standard deviation of the kr in each bin. In three dimensions, the value of g,y
is only used in the Coulomb correction. The effect on the radii is small, and the

Coulomb correction is already varied through Reg, so this variation is not included.

5.5.11 Alternative test statistic

As an alternative check to the previous method, a Poisson log-likelihood that accounts
for uncertainty in both the signal and background can also be used. The mixed-
event background is weighted by the Coulomb factor K(gi,,) from the discussion in
Section 5.3.6.

By denotes the background formed by weighting each pair by the Coulomb correction

K (Giny). The variance in a given bin is

= (1= X)?B +2X(1 — \)BgCgg + N’ By2Chy (5.60)

g

T

where following the notation introduced above, Bg2 is the mixed-event background
in which each pair is weighted by the square of K (¢, ). The negative log-likelihood

ratio that is minimized is then [144]

—2InL=-2) A—B+(A+a§)1n(1—j;—€> (5.61)
o
B

i

The alternative test statistic mentioned is checked to to ensure that the fit results
do not vary significantly as a result and the typical variation is less than 0.1%, well

within the statistical uncertainties.
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Figure 5.37: A comparison of reconstructed to truth correlation functions using
reconstructed HIJING events. The bottom shows the ratio of truth to reconstructed
correlation functions.

5.5.12 Two-particle track reconstruction effects

It is typically assumed that effects like tracking efficiency and acceptance factor out
of the ratio A(q)/B(q). However, one can reasonably question whether two-particle
effects like ghosting can affect the correlation function. To explore this possibility,
the ratio of reconstructed to truth correlation functions are shown in Fig. 5.37. A
significant effect above the few lowest ¢;,, bins is not observed.

A minimum ¢ cutoff is applied in the fits to avoid being affected by detector effects
like resolution and ghosting. The sensitivity of the results to this limit is checked by
taking g™ = 30410 MeV in the 1D fits and symmetrizing the effect of the variation

from |q|™® = 25+ 25 MéeV in the 3D fits.

5.5.13 Difference between two runs

A useful cross-check on the measurement is that the results should not differ sig-
nificantly between period A (Pb going in +z direction) and period B (proton going
in +z direction). Fig. 5.38 illustrates the difference observed between the two runs,
which is not significant. The differences are comparable to statistical uncertainties -

typically less than 0.5% at low kr and around 2% at the upper end of the k1 bins.
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Figure 5.38: Results for R;,, split into both periods and both signs as a check. No
systematic uncertainties are included - this is intended as a cross-check.

5.5.14 Event plane resolution

Uncertainty in the 2nd-order event plane resolution is propagated through the event
plane resolution correction to the azimuthally-dependent results. There are two con-
tributions to the Wy resolution, both of which are evaluated by changes to the two al-
ternate sub-detectors used in the three-sub-detector method of evaluating (cos(20W)).
For one variation, tracks weighted by their pr are used instead of calorimeter cells,
and for the other the rapidity windows of the alternate subsdetectors are shifted away

from the nominal sub-detector by An = 0.5.

5.5.15 Sampling uncertainty

The effect of the sampling procedure on the pair distribution is evaluated by taking
the ratio of the distributions of sampled pairs to traditional event-mixed pairs, as
discussed in Section 5.3.4. The uncertainty is determined by evaluating this ratio
in the 8 intervals of ¢, — Wy and 5 intervals of flow |gs|, and using one standard
deviation at the endpoints of the middle 68.27% interval (Fig. 5.10). This procedure

is measured separately for each kt bin.
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5.5.16 Azimuthal de-correlation in rotated event mixing

The sampling procedure necessitates an effective integration over event plane angle
U5, or the computing demands of the analysis would be unmanageable. While there
is no dependence of the physics on the event plane angle due to average rotational
symmetry of the collisions, variations in the track reconstruction efficiency can affect
the correlation between pairs of tracks. A pair distribution formed with event mixing
is compared to a similar distribution in which one event is rotated azimuthally by
a uniform random angle. The ratio of these distributions indicates the effect of the
detector response on the pair correlation. The pair distribution is corrected by this
ratio. The uncertainty in the ratio is evaluated by taking the endpoints of the middle
68.27% of the variation in different runs and multiplicity bins (Fig. 5.11). This

accounts for variations in the pair response that may change between runs.

5.5.17 Summary tables and plots

Examples of the systematic uncertainties in the invariant parameters Ry, and \;,, are
shown as a function of kt and centrality in Figs. 5.39 and 5.40. Typical systematic
uncertainties are also shown for the 3D radii Rou (Fig. 5.41), Rsde (Fig. 5.42), Riong
(Fig. 5.43), and R, (Fig. 5.45), as well as the ratio Rou/Rsiqe (Fig. 5.44) and the
amplitude (Fig. 5.46).

Fig. 5.47 shows the uncertainties contributing to the relative modulation of each
of the main HBT radii. The dominant systematic effect is the PID. This is partially
due to the fact that the PID systematic variation is performed by using looser and
tighter PID cuts, which gives the variation a statistical component as well. There
is also a physical element, as different particle species are expected to freeze out at

different times in an expanding source’s evolution.
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kr [GeV] [ 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys || 2.1% | 3.1% | 55% | 7.9% 10% 14% 19%
Jet yi, || 3.6% | 41% | 51% [ 6.6% | 21% | 12% | 1.1%
Rg || 13% | 11% | 1% | 0.95% [ 0.92% | 0.9% | 0.9%

PID | 1.3% | 22% | 2.8% | 33% | 38% | 43% | 4.8%
+4+/—— [ 042% | 047% | 0.71% | 0.58% | 0.79% | 1.3% | 1.6%
Ming [| 0.77% | 1% | 13% | 1.2% | 1.2% | 0.91% | 0.88%

AL 47% | 6% [ 86% | 11% [ 12% [ 15% [ 20% |

Table 5.2: The effect of each systematic on R;,,, averaged over centrality and rapidity.
The quadrature average of the upper and lower systematic errors are divided by the
value, which is averaged equally over centrality bins from 0% to 80%. The total is the
same quantity evaluated when all systematic variations are used, so its square is not
necessarily equal to the sum of squares of all the individual contributions (though it
should not be drastically different).

kr [GeV] || 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 [ 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys | 1.4% [ 21% | 35% [ 48% | 69% | 10% [ 14%

Jet yi, || 28% | 31% | 1.3% | 35% | 1.8% | 0.56% | 0.33%
R | 12% | 11% [ 11% | 1% | 11% | 1% | 1%

PID [| 0.2% | 0.58% | 0.52% | 1.4% | 2.8% | 4.6% | 4.9%
++/—— ] 12% | 014% | 044% | 1.7% | 1.4% | 5.9% | 1.6%

Min ¢ || 0.48% | 0.66% | 0.75% | 0.6% | 1% | 0.34% | 0.77%

AL 36% | 4% [ 4% [ 65% [ 7.9% [ 13% [ 15% |

Table 5.3: The relative systematic uncertainties in Ry, in the 1-5% centrality interval.
The quadrature average of the upper and lower systematic errors are divided by the
nominal value to compute the relative uncertainty. The uncertainty is dominated
by the hard-process background description and the contribution from the effective
Coulomb size R.g is also significant at low kr.
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kr [GeV] [ 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys || 21% | 33% [ 62% | 85% [ 11% | 15% | 20%
Jet yi, | 46% | 5.9% | 84% | 75% | 2% | 17% | 1.7%
Ry || 13% | 1.2% [ 0.97% | 0.87% | 0.83% | 0.81% | 0.78%
PID || 24% | 4% | 43% | 42% | 51% | 7.7% | 1%
++/——1096% | 0.66% | 0.33% | 35% | 0.14% | 1.5% | 1.4%
Ming || 0.9% | 0.67% | 1.5% | 1.4% | 0.94% | 0.38% | 1.2%

AL 59% [ 8% [ 11% | 13% [ 13% [ 17% | 23% |

Table 5.4: The relative systematic uncertainties in Rj,, for the 60-70% centrality
interval, as in Table 5.3. The uncertainty is dominated by the hard-process
background description.

kr [GeV] [ 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys | 03% | 089% | 2.4% | 56% | 11% | 18% | 28%
Jet yi, | 14% | 19% | 26% | 28% | 27% | 21% | 14%
R | 15% | 11% | 12% | 1.6% | 2.3% | 3.1% | 3.8%

PID || 1.7% | 32% | 55% | 87% | 13% | 19% | 32%
++/——| 11% | 084% | 08% | 1% | 22% | 28% | 3.6%
Ming | 3.6% | 3.9% | 38% [ 31% | 21% | 13% | 1.1%
Bkgd kr || 1% | 1.3% | 2.7% | 44% | 52% | 4.9% | 58%

Al 15% [ 20% [ 27% | 31% [ 32% [ 35% [ 49% |

Table 5.5: The effect of each systematic on R, averaged over centrality as in Table
5.2.

kr [GeV] [ 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys || 0.19% | 0.65% | 1.8% | 44% | 85% | 14% | 20%
Jet = || 12% | 16% | 21% | 23% | 21% | 16% | 9.9%
R | 17% | 1.9% | 1.9% | 1.7% | 1.6% | 1.6% | 1.5%

PID || 1.3% | 29% | 53% | 8% | 92% | 12% | 18%
++/——1053% | 0.74% | 0.78% | 0.65% | 1.7% | 22% | 4.9%
Ming | 23% | 3% | 32% | 26% | 1.7% | 0.98% | 0.94%
Bkgd kr [| 0.92% | 1.4% | 2.6% | 42% | 47% | 41% | 45%

AL 13% [ 17% [ 23% | 25% | 26% | 26% | 32% |

Table 5.6: The effect of each systematic on Rgqe, averaged over centrality as in Table
5.2.
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kr [GeV] [ 0.1-0.2 [ 0.2-0.3 | 0.3-0.4 | 0.4-0.5 | 0.5-0.6 | 0.6-0.7 | 0.7-0.8 |
Gen @ Sys | 03% | 0.75% | 1.9% | 43% | 7.6% | 12% | 15%
Jet yio | 15% | 18% | 22% | 22% | 19% | 14% | 8.5%
Reg | 15% | 13% | 1.3% [ 12% | 11% [ 11% | 1.1%

PID | 1.5% | 28% | 46% | 6% | 63% | 6.6% | 11%
++/—— ] 044% | 0.62% | 0.61% | 057% | 0.98% | 1.5% | 3.2%
Ming || 2.6% | 28% | 28% | 21% | 1.2% | 0.62% | 0.6%
Bkgd kr | 1.3% | 14% [ 2.7% | 3.9% | 41% | 34% | 2.9%

AL 16% [ 18% [ 23% | 24% [ 22% | 20% | 23% |

Table 5.7: The effect of each systematic on Rjon,, averaged over centrality as in Table
5.2.
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Figure 5.39: The relative contributions of the various sources of systematic uncer-
tainty to the invariant radius Rj,,. The typical trends with k1 are shown on the left
and the trends with centrality (Npa) are shown on the right.

The systematic uncertainties for the Fourier components are smoothed over dif-
ferent values of |ga|. For each source of systematic variation, the uncertainty at
each point is averaged with the uncertainty of its nearest neighbors, with double
weighting given to its own value. This is done separately for the upwards and
downwards variations of each source of systematic uncertainty, before all contributions
are summed in quadrature. The use of this simple smoothing kernel reduces the effect
of statistical fluctuations in the systematic uncertainties, without drastically changing

the qualitative evolution of the size of the variations over |gs|.
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Figure 5.40: The relative contributions of the various sources of systematic uncer-
tainty to the invariant Bose-Einstein amplitude \i,,. The typical trends with kr are
shown on the left and the trends with centrality (Np.t) are shown on the right.
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Figure 5.41: The relative contributions of the various sources of systematic uncer-
tainty to the three-dimensional radius R,. The typical trends with kt are shown on
the left and the trends with centrality (
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Figure 5.42: The relative contributions of the various sources of systematic uncer-
tainty to the three-dimensional radius Rgge. The typical trends with kr are shown
on the left and the trends with centrality (Npar) are shown on the right.
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Figure 5.45: The relative contributions of the various sources of systematic uncer-
tainty to the three-dimensional radius R,. The typical trends with kt are shown on
the left and the trends with centrality (Npa) are shown on the right.
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Figure 5.46: The relative contributions of the various sources of systematic uncer-
tainty to the three-dimensional Bose-Einstein amplitude A\,y. The typical trends with
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Figure 5.47: The symmetrized contribution of systematic uncertainties as a function
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CHAPTER 6

Results

This chapter shows examples of one- and three-dimensional fits to correlation func-
tions, then presents results for extracted invariant and 3D source radii. The results
are shown as a function of kr, which can illustrate the time-dependence of the source
size. They are also shown as a function of y}_, showing any variations in source
size along the collision axis, and against several quantities related to multiplicity and
centrality. These results show the freeze-out density and the evolution of the source
with the size of the initial geometry. Comparisons to hydrodynamic models are made
for central events, showing good agreement with theory. Finally, HBT radii are shown
as a function of azimuthal angle with respect to the second-order event plane. The

second-order Fourier components are extracted and shown as a function of |¢s| and

k.

6.1 Correlation function fits

An example of a one-dimensional fit to C'(gi,y) using the functional form of Eq. (5.22)
is included in Fig. 5.34. Additional examples of one-dimensional fits for different kr
intervals are shown in Figs. 6.1 to 6.3 for very central (0-1%), semi-central (20-30%),

and peripheral (60-70%) centrality intervals, respectively. The fits to the same-charge
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Figure 6.1: Results of the fit to the one-dimensional correlation function in very
central (0-1%) events in three kr intervals. The dashed blue line indicates the
description of the contribution from jet fragmentation and the red line shows the
full correlation function fit. The dotted red line indicates the extrapolation of the fit
function beyond the interval over which the fit is performed.
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Figure 6.2: Results of the fit to the one-dimensional correlation function in semi-
central (20-30%) events in three kr intervals. The dashed blue line indicates the
description of the contribution from jet fragmentation and the red line shows the full
correlation function fit. The dotted red line indicates the extrapolation of the fit
function beyond the interval over which the fit is performed.

correlation functions generally describe the data well, with only small departures from
an exponential description.
Slices of a three-dimensional fit of C'(q) to the three-dimensional variant of Eq. (5.22)

are shown in Fig. 6.4. The apparently imperfect fit along the ¢, axis is characteristic
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Figure 6.3: Results of the fit to the one-dimensional correlation function in relatively
peripheral (60-70%) events in three kt intervals. The dashed blue line indicates the
description of the contribution from jet fragmentation and the red line shows the full
correlation function fit. The dotted red line indicates the extrapolation of the fit
function beyond the interval over which the fit is performed.

of Gside X Qlong ~ 0, and away from this slice the fit agrees better with the data (the

test statistic per degree of freedom is 1.03 for the fit shown).
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Figure 6.4: Results of the 3D fit to the correlation function in the 0.4 < kt < 0.5 GeV,
—1 < yi. < 0 kinematic intervals and for the 10-20% centrality interval. The
left, middle, and right panels show the distributions versus gout, gside, and Giong,
respectively, with limits on the other two components of q such that |¢;| < 40 MeV.
The dashed blue line indicates the description of the contribution from hard processes
and the red line shows the full correlation function fit. The dotted red line indicates
the extrapolation of the fit function beyond the interval over which the fit is
performed.

6.2 Lorentz invariant HBT radii

The results from fits of C'(giny) to Eq. (5.22) for the invariant radius, Rj,y, are shown
in Fig. 6.5 in four selected centrality intervals. Only an intermediate rapidity interval
—1 < yi. < 0 is shown for these and similar results as a function of kr, as the
qualitative behavior is consistent in forward and backward rapidities. The clear
decrease in size with increasing kt that is observed in central events is not observed
in peripheral events. This is consistent with the interpretation that central events
undergo transverse expansion, since in hydrodynamic models higher-pr particles are
more likely to freeze out earlier in the event. Another way of understanding this trend
as evidence for transverse expansion is that there is a smaller homogeneity region for
particles with higher pr [2]. At low kr, ultra-central (0-1%) events have an invariant

radius significantly greater than peripheral (70-80%) events by a factor of about 2.6.
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Figure 6.5: The exponential invariant radii, R;,,, obtained from one-dimensional fits
to the ¢,y correlation functions shown as a function of pair transverse momentum, k-,
(left) and rapidity, yZ, (right). Four non-adjacent centrality intervals are shown. The
vertical size of each box represents the quadrature sum of the systematic uncertainties
described in Section 5.5, and statistical uncertainties are shown with vertical lines.
The horizontal positions of the points are the average kr or y:_ in each interval, and
the horizontal lines indicate the standard deviation of kr or yZ . The widths of the
boxes differ among centrality intervals only for visual clarity.

This difference becomes less prominent at high kp. In central events Ry, is larger
on the lead-going side than on the proton-going side, while in peripheral events the
rapidity dependence of the radius becomes constant.

Invariant radii are shown for several centralities in Fig. 6.6 (left) as a function
of the cube root of average dN.,/dn. For both kr intervals shown, the scaling of
Riny with (dNg,/dn)'/? is close to linear but with a slightly increasing slope at higher
multiplicities. The invariant radius, R;,., has a steeper trend versus multiplicity at
lower kr. Fig. 6.6 (right) shows Rj,, in several centrality and rapidity intervals as
a function of the local particle density, dNu,/dy*, which is evaluated by taking the
average over the same interval used for the pair’s rapidity. The extracted radius and
the local particle density are seen to be tightly correlated, such that the radius can
be predicted, within uncertainties, by the local density alone.

The Bose-Einstein amplitude of the invariant fits, A, is shown in Fig. 6.7 as
a function of kr and yX_ . At low kp, Ay has values near unity, and it decreases

with rising k. In the lower kt intervals a systematic difference is observed between
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Figure 6.6: Exponential fit results for R;,, as a function of the cube root of average
charged-particle multiplicity (dNg,/dn)*/? (left), where the average is taken over
In| < 1.5, and as a function of the local density, dNg,/dy*, over several centrality
and rapidity intervals (right). In the left plot the systematic uncertainties from
pion identification and from the generator and collision system components of the
background amplitude are treated as correlated and shown as error bands, and the
systematic uncertainties from charge asymmetry, Reg, the rapidity variation of the jet
fragmentation description, and two-particle reconstruction are treated as uncorrelated
and indicated by the height of the boxes. The horizontal error bars indicate the
systematic uncertainty from (dNy,/dn) or dNy,/dy*.

centrality intervals, with \;,, having larger values in central events. In contrast, at
larger kt the amplitudes are indistinguishable between different centralities. The

amplitude exhibits no significant variation over rapidity.
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Figure 6.7: The Bose-Einstein amplitude, \;,,, obtained from one-dimensional fits to
the ¢, correlation functions shown as a function of pair transverse momentum, k-,
(left) and rapidity, yZ, (right). Four non-adjacent centrality intervals are shown. The
vertical size of each box represents the quadrature sum of the systematic uncertainties
described in Section 5.5, and statistical uncertainties are shown with vertical lines.
The horizontal positions of the points are the average kr or y:_ in each interval, and
the horizontal lines indicate the standard deviation of kr or yZ . The widths of the
boxes differ among centrality intervals only for visual clarity.

6.3 Three-dimensional HBT radii

The three-dimensional radii Rout, Rside, and Riong are shown as a function of kt and
yr. in four selected centrality intervals in Figs. 6.8 to 6.10. In central collisions, the
3D radii exhibit an even steeper decrease with increasing kr relative to that observed
for the invariant radii in Fig. 6.5. A similar, but weaker trend is present in peripheral
events. Central collisions exhibit larger radii on the backward (Pb-going) side of
the event, while peripheral events show no distinguishable variation of the radii with
rapidity.

The 3D radii are also shown as a function of the cube root of both average event
multiplicity and local density in Figs. 6.11 to 6.13. These plots demonstrate the
relationship between the size and the density of the source at freeze-out. All of the
radii are seen to be very strongly correlated with the local density. The scaling of the
radii is not far from being linear with the cube root of multiplicity. This behavior is

qualitatively similar to the scaling of Ry, with (dNy,/dn) in Fig. 6.6.
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Figure 6.8: Exponential fit results for the 3D source radius, R.., as a function
of pair transverse momentum, kr, (left) and rapidity, y*_ (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box represents
the quadrature sum of the systematic uncertainties described in Section 5.5, and
statistical uncertainties are shown with vertical lines. The horizontal positions of the
points are the average kr or .  in each interval, and the horizontal lines indicate
the standard deviation of kt or yZ_. The widths of the boxes differ among centrality
intervals only for visual clarity.

= B e Bt e = i ————
= E ATLAS $ 0-1% §1020% = E ATLAS $ 0-1% #1020%
2 6 p+Pb2013, 28 nb™ E 2 6 p+Pb2013, 28 nb™ B
o E } 4050% Y 7080% 7 @ E } 4050% Y 7080% 7
5F = 5F =
g E i E
= ™ = = = E aE = 5= =51
C 7 L == = 7
¢ TEEm S 3 i == R e s
- = = @ @ = ] &= &5 B = =5 ]
2; = w5 ‘B’ E 2;—95— - s e e S
1= _ . E 1= E
F\Sw=502Tev Ay, <0 ] E Sy =5.02 TeV 0.2<ky<03GeV ]

G b b b b b b b 1107 e b e b e e b e e b by

0O 01 02 03 04 05 06 07 08 0—2 -1.5 -1 -0.5 0 0.5 1
K, [GeV] Yim

Figure 6.9: Exponential fit results for the 3D source radius, Rgqge, as a function
of pair transverse momentum, kr, (left) and rapidity, y*  (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box represents
the quadrature sum of the systematic uncertainties described in Section 5.5, and
statistical uncertainties are shown with vertical lines. The horizontal positions of the
points are the average kr or yr_ in each interval, and the horizontal lines indicate
the standard deviation of kr or yX . The widths of the boxes differ among centrality
intervals only for visual clarity.
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Figure 6.10: Exponential fit results for 3D source radius, Riong, as a function
of pair transverse momentum, kr, (left) and rapidity, y*_ (right). Four non-
adjacent centrality intervals are shown. The vertical size of each box represents
the quadrature sum of the systematic uncertainties described in Section 5.5, and
statistical uncertainties are shown with vertical lines. The horizontal positions of the
points are the average kr or yr_ in each interval, and the horizontal lines indicate
the standard deviation of kt or yZ_. The widths of the boxes differ among centrality
intervals only for visual clarity.
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Figure 6.11: Exponential fit results for R, as a function of (left) the cube root of
average charged-particle multiplicity, (dNu,/dn)/?, where the average is taken over
In| < 1.5 and (right) the local density, dNe,/dy*, in intervals of y*_. In the left plot the
systematic uncertainties from pion identification and from the generator and collision
system components of the background amplitude are treated as correlated and shown
as error bands, while the systematic uncertainties from charge asymmetry, Reg, the
rapidity variation of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The horizontal
error bars indicate the systematic uncertainty from (dNy,/dn) or dNg,/dy*.
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Figure 6.12: Exponential fit results for Rgqge as a function of (left) the cube root of
average charged-particle multiplicity, (dNe/dn)'/?, where the average is taken over
In| < 1.5 and (right) the local density, d Ny, /dy*, in intervals of y* . In the left plot the
systematic uncertainties from pion identification and from the generator and collision
system components of the background amplitude are treated as correlated and shown
as error bands, while the systematic uncertainties from charge asymmetry, R.g, the
rapidity variation of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The horizontal
error bars indicate the systematic uncertainty from (dNy,/dn) or dNg, /dy*.
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Figure 6.13: Exponential fit results for Rjon, as a function of (left) the cube root of
average charged-particle multiplicity, (dNe/dn)'/?, where the average is taken over
In| < 1.5 and (right) the local density, dNe,/dy*, in intervals of y*_. In the left plot the
systematic uncertainties from pion identification and from the generator and collision
system components of the background amplitude are treated as correlated and shown
as error bands, while the systematic uncertainties from charge asymmetry, R, the
rapidity variation of the jet fragmentation description, and two-particle reconstruction
are treated as uncorrelated and indicated by the height of the boxes. The horizontal
error bars indicate the systematic uncertainty from (dNg,/dn) or dNu, /dy*.
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The Bose-Einstein amplitude in the 3D fits, A, is shown in Fig. 6.14 as a
function of kp and yr . Like the invariant amplitude, at low kr it is larger for
central events than for peripheral ones. The three-dimensional amplitude does not
decrease significantly with rising kr as the invariant amplitude does, except in the
most peripheral events. The 3D amplitude also exhibits no significant variation over
rapidity.

The ratio Rout/ Rside (Fig. 6.15) is often studied because in models with radial flow,
Ryt includes components of the source’s lifetime but Rgqe does not (see, for instance,
the discussion in Ref. [8]). A value of Rou/Rsige less than one is observed and it de-
creases with increasing kr. The ratio is observed to be the same in different centrality
intervals within uncertainties. As explained in Ref. [149], several improvements to
naive hydrodynamic models—primarily pre-thermal acceleration, a stiffer equation of
state, and shear viscosity—all result in more sudden emission. This implies that a

value of Rout/Rsiqe < 1 does not necessarily rule out collective behavior.
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Figure 6.14: The Bose-Einstein amplitude, A\, as a function of pair transverse
momentum, kt, (left) and rapidity, y*_ (right). Four non-adjacent centrality intervals
are shown. The vertical size of each box represents the quadrature sum of the
systematic uncertainties described in Section 5.5, and statistical uncertainties are
shown with vertical lines. The horizontal positions of the points are the average kr
or yr_ in each interval, and the horizontal lines indicate the standard deviation of
kr or yr_ . The widths of the boxes differ among centrality intervals only for visual
clarity.
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Figure 6.15: The ratio of exponential radii Ryy/ Rside as a function of pair transverse
momentum, kt, (left) and rapidity, y*_ (right). Four non-adjacent centrality intervals
are shown. The vertical size of each box represents the quadrature sum of the
systematic uncertainties described in Section 5.5, and statistical uncertainties are
shown with vertical lines. The horizontal positions of the points are the average kr
or yr. in each interval, and the horizontal lines indicate the standard deviation of
kr or yr . The widths of the boxes differ among centrality intervals only for visual
clarity.
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The transverse area scale Ry Rgiqe is shown in Fig. 6.16 as a function of both event
and local density. At lower kr, the transverse area scales linearly with multiplicity
over all centralities and rapidities. This result is consistent with a picture in which
the longitudinal dynamics can be separated from the transverse particle production,
and low-kr particles freeze out at a constant transverse area density.

The determinant of the 3D radius matrix, det (R), is shown in Fig. 6.17 as a
function of both the average and local density. While the transverse area scales
linearly with multiplicity at low kr, the volume scale grows linearly at higher kv,
implying a constant freeze-out volume density for particles with higher momentum.
Fig. 6.18 compares the volume scaling with (Npa¢) for the standard Glauber model
as well as for two choices of the GGCF model [139]. The parameter w, controls
the size of the fluctuations in the nucleon-nucleon cross-section within the GGCF
model. With the Glauber model, the scaling of the volume element with (Npa)
has a significant upwards curvature. Including Glauber-Gribov fluctuations in the
(Npart) calculation results in a more modest curvature in the scaling of det (R). This
result suggests that the fluctuations in the nucleon-nucleon cross-section are a crucial
component of the initial geometry description in p+Pb systems. The values and
systematic uncertainties of (N,¢) in each model are listed in Table 5.1.

The cross-term, R, which couples to the lifetime of the source [150], is shown
in Figs. 6.19 and 6.20. A significant departure from zero is observed in this param-
eter in central events, but only for rapidities y*_ = —1. For the 0-1% centrality
interval, in 0.2 < kpy < 04 and —1 < y. < 1, R, is measured to be nonzero
with a significance of 7.1/7.3/5.1 o (statistical/systematic/combined). The next
most central interval, 1-5%, has a nonzero R, with a significance of 5.2/5.8/3.9
o (statistical /systematic/combined). This suggests that the particle production at
middle and forward rapidities is sensitive to the local z-asymmetry of the system.

The argument from Section 2.4.2 for why the order of the particles in a pair
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Figure 6.16: The transverse area scale, RouRsiqe, plotted against the average
multiplicity, (dNen/dn), (left) and the local density, dNg, /dy*, as a function of rapidity
(right). The systematic uncertainties from pion identification and the generator
and collision system components of the jet background description are treated as
correlated and shown as error bands. The systematic uncertainties from charge
asymmetry, R.g, rapidity variation of the jet fragmentation, and two-particle track
reconstruction effects are treated as uncorrelated and indicated by the height of the
boxes. The horizontal error bars indicate the systematic uncertainty from (dNg,/dn)
or dNy,/dy*. The slope and intercept of the best fit to the right-hand plot are shown
with combined statistical and systematic uncertainties.

can be chosen so that g, is greater than zero relies on the assumption that both
particles in the pair are the same species, or at least that they are characterised
by the same momentum distributions. In principle, final-state interactions between
different particle species could break this symmetry of the correlation function and
lead to a nonzero R, term. However, the systematic uncertainties shown in Fig. 5.45
demonstrate that R, is not sensitive to particle identification, particularly at low kr.
At larger kt the systematic effect from PID looks larger, but the variations are likely

driven by statistical fluctuations.
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Figure 6.17: The volume scale, det (R), plotted against the average multiplicity,
(dNy,/dn), (left) and the local density, dNy,/dy*, as a function of rapidity (right). In
the left plot, the systematic uncertainties from pion identification and the generator
and collision system components of the jet background description are treated as
correlated and shown as error bands, while those from charge asymmetry, Reg,
rapidity variation of the jet fragmentation, and two-particle track reconstruction
effects are treated as uncorrelated and indicated by the height of the boxes. The
widths of the boxes indicate the systematic uncertainty in (dNa,/dn) or dNu, /dy*.
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Figure 6.18: The scaling of the volume element, det (R), with (Npat) calculated with
three initial geometry models: standard Glauber as well as Glauber-Gribov (GGCF')
for two choices of the color fluctuation parameter, w,. Each of the panels shows a
different k£t interval. The systematic uncertainties from the pion identification and
the generator and collision system components of the background description are
treated as correlated and shown as error bands. The systematic uncertainties from
charge asymmetry, R.s, rapidity variation of the jet background, and two-particle
reconstruction are treated as uncorrelated and indicated by the height of the boxes.
The horizontal error bars indicate the systematic uncertainties in (Npa)-
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Figure 6.19: The cross-term, R, as a function of the pair’s rapidity, yr ., in a
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Figure 6.20: The cross-term, R, as a function of average event multiplicity,
(dNe,/dn), (left) and the local density, dNg,/dy* (right). The vertical size of each box
represents the quadrature sum of the systematic uncertainties described in Section 5.5,
and statistical uncertainties are shown with vertical lines. The widths of the boxes
indicate the systematic uncertainties in the corresponding quantities.
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6.4 Comparison with hydrodynamic model

Interferometry radii have been calculated in recent hydrodynamic simulations of
central p+Pb collisions [151]. In general the agreement is quite good with the exper-
imental HBT radii from central collisions with ATLAS. The theoretical predictions
overstate Rgqe in comparison to the data, and understate Riong at low A, but overall
capture the kr-dependence of the radii well, as shown in Fig. 6.21. The tilt of the
rapidity dependence, shown in Fig. 6.22, is not as large in the simulations as it is in
the data, though the slope of the radii with respect to y_ is in qualitative agreement.
The rapidity dependence of the out-long cross-term, in the fourth panel of Fig. 6.22,
exhibits remarkable agreement between theory and experiment in both magnitude and
shape. These calculations show that hydrodynamics provides an accurate description

of ultra-central (0-1%) p+Pb collisions.
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Figure 6.21: Comparison of ATLAS HBT radii in central proton-lead collisions to
theoretical hydrodynamic calculations from Ref. [151]. The three main HBT radii
Rout, Rsige, and Riong as well as the out-long cross-term R, are shown as a function
of pair transverse momentum k.
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Figure 6.22: Comparison of ATLAS HBT radii in central proton-lead collisions to
theoretical hydrodynamic calculations from Ref. [151]. The three main HBT radii
Rout, Rsige, and Riong as well as the out-long cross-term R, are shown as a function
of rapidity yr. .

170



6.5 Azimuthal dependence and Fourier
components of HBT radii

The source radii are shown as a function of 2 (¢, — V) in Fig. 6.23 for the HBT matrix
elements Rout, Rside, Riong, and Ros in the intermediate Kkt interval from 0.3 to 0.4
GeV. The transverse components Ryui, Rsde, and R, are normalized by the zeroth-
order Fourier component of Rgq. in each kr and |gs| interval, and Rjong is normalized
by the zeroth-order Fourier component of Rjon,. Each quantity is shown in each of
the five |go| intervals used in the analysis with increasing offsets in steps of 0.1. The
result of sinusoidal fits to the data, as described in Sect. 5.3.8, are shown in solid lines.
The transverse radii, Ry, and Rgqe, show significant modulation in the orientation
compatible with the initial elliptic orientation predicted by hydrodynamics.

The normalized second-order Fourier components of the radii are shown in Fig. 6.24
for five intervals of k. Each kr interval has a small horizontal offset for visibility. The
statistical uncertainties are shown with vertical bars and the systematic uncertainties
with shaded bands.

The modulation of the outwards radius R, is stronger than that of the other
two radii. The sideways radius Rgqe gives the cleanest picture of the geometrical
modulation. Since Rgqe indicates a length perpendicular to the pair’s transverse
momentum, the fact that it is larger in-plane than out-of-plane indicates that the
source is spatially extended out-of-plane at freeze-out. As the modulation of R,y is
in the other direction, this is consistent with an elliptical transverse density with its
minor axis aligned with the EP, as predicted by hydrodynamics. The longitudinal
radius Rjne displays comparable modulation in sign and magnitude to Rgg.. This
could suggest that the source experiences greater longitudinal expansion in-plane than
out-of-plane. The cross-term coupling the R, and Rgqe terms, R.s has no zeroth

Fourier component so it is normalized by Rgge0. The sign of the modulation is also
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Figure 6.23: The three-dimensional HBT radii as a function of ¢, in the transverse
momentum interval of 0.3 < bkt < 0.4 GeV. Results are shown for each of five
intervals of flow vector magnitude |g| with vertical offsets increasing in steps of 0.1.
Statistical uncertainties are indicated by the vertical bars at each point and systematic
uncertainties are denoted by the boxes.

consistent with that observed in A-A collisions [11-14].

In each of the results shown in this section, the modulation at low |gs| cannot
be distinguished from zero within uncertainties. Hydrodynamics does not predict
elliptical spatial anisotropies in events with low flow, and the vanishing event plane
resolution makes the measurement difficult in that limit, which is reflected in the
large statistical and systematic uncertainties in the second-order components of the
radii.

Fig. 6.25 shows the normalized second-order Fourier terms of each component
of the three-dimensional HBT matrix. The second-order terms are normalized by

the zeroth-order terms of their respective quantities. The statistical uncertainties
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Figure 6.24: The Fourier terms of the HBT radii as a function of flow vector
magnitude |gz|. The cosine terms are shown for the diagonal radii and the sine
terms are shown for the cross-term R,.,. Five intervals of transverse momentum kr
are shown with small horizontal offsets for visual clarity. Statistical uncertainties are
shown with vertical bars and systematic uncertainties are indicated by the shaded

bands.

are shown with vertical bars while the systematic uncertainties are indicated by the
shaded bands. Each point is a weighted statistical average of the values over all |gs|
flow values. The cosine terms of the diagonal radii approach zero at low kr. At larger
kr, the cosine term of Rgqe is positive while that of R, is negative. This orientation
of the elliptic modulation is consistent with that predicted in hydrodynamics, and
with the kr dependence observed in Pb+Pb collisions [14]. Because higher momentum
particles are emitted earlier from a collectively expanding source, the fact that Rgqe
has a larger Fourier component at higher £kt suggests that the source evolves over time
from more elliptic to less elliptic. By contrast, the second-order Fourier component

of Ryt does not become increasingly negative at higher kr, but R, does not have
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Figure 6.25: The Fourier terms of the HBT matrix as a function of kr. Fach point
is averaged over all flow vector magnitudes |gz|. The cosine terms are shown on the
left and the sine terms on the right. Vertical lines at each point indicate statistical
uncertainties and shaded bands indicate systematic uncertainties.

as purely a geometric interpretation as R4, because in hydrodynamic models it also
depends on the source lifetime. The cosine component of Ry, is qualitatively similar
to Rgge (positive and increasing with rising kr) but with a systematically smaller
magnitude. The cosine term of R is consistent with zero, as expected by symmetry.
However, its sine term is positive and rises with increasing kr. This is consistent with
the rotation of an elliptic source that is initially compressed along the event plane
axis. The sine terms of the three diagonal components are consistent with zero, as

expected by symmetry.
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CHAPTER 7

Conclusion

The results in this dissertation comprise many detailed measurements of two-pion
correlation functions in p+Pb collisions at /sxy = 5.02 TeV with the ATLAS
detector at the LHC. The size and shape of the particle source are presented as
a function of event centrality, transverse momentum, rapidity, and azimuthal angle
with respect to the second-order event plane. These include the Lorentz invariant
HBT radius Ri,, as well as the main 3D radii Roy, Fside, and Riong. The cross-terms
Rs (coupling “out” and “side” components) and R, (coupling “out” and “long”) are
included in the azimuthally- and rapidity-dependent analyses, respectively.

The procedures developed in these results include some major technological im-
provements in the analysis procedure compared to previous measurements. A data-
driven technique is developed for constraining the contribution of jet fragmentation to
the correlation function, which is a dominant systematic in small systems, particularly
pp and peripheral p+A collisions. This approach reduces the number of assumptions
necessary for describing this background. A sampling method is also developed to
correct the azimuthally-dependent correlation functions for the event plane resolution,
addressing an oversight made in the literature up to this point.

The HBT radii, representing the size of the source’s region of homogeneity along

the outwards (along kr), sideways (other transverse), and longitudinal axes, are
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significantly larger in central collisions. In central collisions, the radii exhibit a strong
decrease with rising kr, which is indicative of collective expansion. This trend is
significantly diminished in peripheral collisions, where within uncertainties there is
no significant slope of the radii with respect to kr. Hydrodynamics may therefore be
an appropriate description of central p4+Pb collisions and yet fail in peripheral ones.

Within a kt interval, the source radii increase monotonically from peripheral to
central collisions. At lower kr the slope of this increase is larger and the radii are
proportional to (dNg,/dn)'/3. The radii are evaluated as a function of the rapidity-
dependent multiplicity dNg,/dy* and each of them fall on a single curve, implying
that they depend only on the local density.

A nonzero cross-term R, coupling the “out” and “long” components is observed
at low kr in the forward direction of central events. This demonstrates a breaking
of the boost-invariance of the source function on the proton-going side. In hydrody-
namic models this indicates both longitudinal and transverse expansion, and indeed
hydrodynamic predictions reproduce the rapidity dependence of R, in central (0-1%)
collisions. This gives another indication of hydrodynamics that is only significant in
central events.

The transverse HBT area det (Rt) = Rout Rside — Rgs is proportional to the local
multiplicity dNq, /dy* at low kr, suggesting a constant areal density. At higher kt (2
0.5 GeV) the volume element det (R) is instead linear in the multiplicity. The freeze-
out volume increases steadily with (Npa¢). With the standard Glauber geometry, the
ratio of det (R) to Npa rises rapidly around (Np.) 2 12, but in a GGCF model
the increase is much more modest. A strict linear scaling of det (R) with (Npa) is
not necessarily expected, but extreme deviations like that shown with the Glauber
model are difficult to explain. Previous results have supported the GGCF models
over standard Glauber, and these results provide some additional evidence for this

view. Even with allowances for fluctuations in the proton size, the expansion factor
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(i.e. ratio of final volume to initial size) still appears to be greater in central events,
possibly indicating a turn-on of hydrodynamics.

The ratio of R,y to Rgge is less than unity for all centrality and kinematic
selections. The value of Ry, /Rgsqe is interpreted as growing with the lifetime of
the source, since in hydrodynamic models the lifetime contributes to R., but not
to Rgqe. It decreases with rising kr, which is consistent with the description that
higher-momentum particles freeze out from the source at earlier times. The small
value is consistent with an explosive expansion of the source. There is little centrality
dependence, although it is slightly higher in very central events, and there is no
significant rapidity dependence of Royt/ Rside-

The modulation of the HBT radii with respect to the second-order event plane
in very central p+Pb events with N, > 150 is also measured. In events with a
large flow the second-order Fourier components of the HBT radii can be extracted
with good precision. In events with low anisotropy the poor event plane resolution
precludes distinguishing the modulation from zero. A similar dependence of the radii
on the azimuthal angle relative to the second-order event plane is observed as in A+A
collisions. The transverse radii are suppressed in-plane and enhanced out-of-plane,
which is the same orientation required for the initial conditions in hydrodynamic
models with a short lifetime of the medium. The kp-dependence of the Fourier
components of the radii is also consistent with the predictions from hydrodynamics
and shows that the ellipticity of the expanding source decreases throughout the
duration of its evolution. The longitudinal ratio Rjon, modulation indicates that the
medium has a greater longitudinal expansion along the event plane. These results
support the interpretation that short-lived hydrodynamic evolution is a source of
the flow-like azimuthal multiplicity distributions in central p+Pb events and present
a significant challenge to competing descriptions that do not directly link initial

geometry to final-state momentum distributions.
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In summary, the results presented in this dissertation provide detailed measure-
ments of the p+Pb source density as a function of all the most significant event-
level and kinematic variables. The highly-differential measurements include the first
rapidity- and azimuthally-dependent femtoscopic results in p+A collisions. Theoreti-
cal computations have already shown some success in describing central p+Pb events
and the opportunity to post-dict the Fourier components of the azimuthal HBT radii
is available. The evidence for hydrodynamic behavior is compelling in central p+Pb;
however, it remains incumbent upon the field to determine precisely how and where
the onset of hydrodynamics occurs.

Recent theoretical work has provided some explanation for the unreasonable suc-
cess of hydrodynamics, even in systems that are not expected to last long enough to
reach full thermal equilibrium. Experiments should continue to work to establish a
precise quantitative description of the domain of applicability of hydrodynamics. This
is challenging, since the turn-on is not likely to occur suddenly in any of the relevant
physical variables like V., multiplicity, and transverse momentum. It now seems
clear that central p+Pb collisions evolve through hydrodynamics, but measurements
of collective and hydrodynamic behavior need to be refined in peripheral p+Pb and
pp collisions. For the various correlation analyses used to probe the bulk behavior,
the systematic effects in these smaller systems are much more significant due to lower
Na,, poorer event plane resolution, and the increased relative contribution of jets.

If the technique for constraining the jet contribution presented in this thesis is
able to be improved in future iterations, femtoscopy would be able to better constrain
the kr-dependence of the source and determine where collective expansion is an
appropriate description. This may become increasingly feasible as fragmentation
functions are better understood and the information is implemented into MC event
generators.

Azimuthal femtoscopy may be able to be extended down to mid-central p+Pb, or
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even peripheral p+Pb and pp collisions, with a data sample a few orders of magnitude
larger. A larger dataset is necessary because the event plane resolution is poor
outside of central p+Pb collisions, and the correction procedure increases statistical
uncertainties. Computational demands for such a jump are likely prohibitive at the
moment, but by the time Run 3 is underway at the LHC, resources may be more

readily available for such an approach.
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