10

11

12

13

14

15

16

17

18

Physics of Elementary Particles and Atomic Nuclei

Pion femtoscopy in p/d-+Au collisions at
VSvy = 200 GeV in the STAR experiment

E. Khyzhniak “H (for the STAR Collaboration)

¢ National Research Nuclear University MEPhI, Kashirskoe highway 31, Moscow, 115409,
Russia

It is interesting to see how the space-time characteristics of the region of particle emission
created during nuclear collisions change as the colliding nuclei get bigger. At an energy of
200 GeV per nucleon pair, the STAR experiment allows one to investigate the properties of
the created medium for two colliding systems with nearly identical sizes: p+Au and d+Au.
As a result, the difference in particle emission region properties introduced by just one more
nucleon may be detected. Using the femtoscopy technique it becomes possible to perform this
measurement.

The paper investigates the dependence of the emission region’s invariant radii on the trans-
verse momentum of pion pairs for various multiplicities in the p+Au and d+Au collision systems.
The physical implication is also presented in this paper.

WuTepecHo ocMOTPeTh KaK IIPOCTPAHCTBEHHO-BPEMEHHBIE XapPAKTEPUCTUKH 00JIACTH HUCITYC-
KaHUsSI YaCTHUIl, CO3JAOIIENCs BO BPeMsi CTOJKHOBEHMs, MEHSIIOTCS C YBEJUYEHHEM Da3MepPOM
Ha4JaJIbHON CHCTeMbl CTOJIKHOBeHUs:. [Ipu suHeprum 200 I'sB na mapy HyKJ/IOHOB, 9KCIIEpUMEHT
STAR 103BOJIsIET UCCIIENOBATH CBOWCTBA BO3HUKAIOIIEH CPesbl IIOCJIE COYIAPEHUs JBYX CUCTEM
¢ 6imskuMu pasmepamu: p+Au u d+Au. B pesyabrare, MOXKHO 0O0HAPYKUTH PA3HUILy CBONCTB
06JIaCTH UCITYCKAHUST YACTUIL [IJIsl CACTEM OTJIUYAIOIINXCS BCENO Ha OJMH HYKJIOH. DTO U3MepeHre
BO3MOKHO BBIIIOJIHUTH C TIOMOIIBIO TEXHUKU KOPPEJIUIOHHONW (PEMTOCKOIINH.

B 31001 cTaThe nuccieayeTcsi 3aBUCUMOCTh HHBAPUAHTHOIO PAJINYCa O0JIACTH UCITyCKAHUS Ya-
CTHIL OT IIOIEPEYHOTO UMITYJIbCA AP MMOHOB JIJIsi PA3JIMYHBIX JUAIIA30HOB 110 MHOYXKECTBEHHOCTH
B cronkHOBeHUsIX p+Au u d+Au mpu /syn = 200 GeV. Pusndeckasi COCTABJISIONAs 006CY K-
JIAeTCH.

1. Introduction

The correlation femtoscopy technique can be used to measure the spatial and tempo-
ral extents of the emission region in high-energy heavy-ion collisions. These correlations
are influenced by quantum statistics, Coulomb interactions, and strong final state in-
teractions. The collision dynamics |1] essentially define the spatio-temporal structure
of the particle-emitting source. The system expansion dynamics are influenced by the
medium’s transport properties, the phase transition/critical point, and the event shape.

Examining the spatial and temporal scales of the particle-emitting source is one
method for studying the particle production process. Small colliding systems (such as

1E-mail: eugenia.sh.el@gmail.com
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p+Au or d+Au) are sensitive to initial conditions. As a result, the precise nature of
particle production becomes critical |2}[3].

This paper presents the invariant radii of charged pions obtained for p+Au and d+Au
collisions at /syn = 200 GeV recorded in the STAR experiment. The pion-pair trans-
verse momentum dependence of the source radii reflects the system’s collective expansion
and allows one to investigate different regions of homogeneity in both p+Au and d+Au
systems. The dependence of invariant radii on pair transverse momentum and charged
particle multiplicity is discussed.

2. Femtoscopy

The femtoscopy technique is used to measure the space-time extents of the particle-
emitting area at kinetic freeze-out of collisions. The quantum statistical correlations
between two identical particles [4-7] lies beneath this technique as a foundation. Usually,
for the 1D case, the femtoscopic correlations are studied as a function of pairs’ relative
momentum, Qin, = /(P1 — P2)2 — (E1 — F2)?, where p1, p2 are particle 3-momenta
and F;, E5 are particle energies.

Experimental correlation function is defined as follows::

in this equation A(Q;n,) is a pairs’ relative momentum distribution which incorporates
the Bose-Einstein statistics, Coulomb, and strong interactions, whereas B(Q;ny) is a
reference distribution which includes all experimental effects except for physical correla-
tions between particles. To remove the physical correlations between particles but keep
acceptance effects as in A(Q;ny), an event mixing technique [8] was used to reconstruct
B(Qiny) in this work.

For the next step, to extract the actual parameters from the correlation function, we
do fit C(Qiny) with the following function [9}|10]:

C(Qinv) = N(l — A+ )\KCoul(Qin’uxl + G(Qinv)))D(Qinv)a (2)

where N is a normalization factor, A is a correlation strength parameter, D(Q;n,) is a non-
femtoscopic contribution (in this work it is D(Qiny) = 1), Kcoul(Qiny) is a squared like-
sign pion pairs’ Coulomb wave-function integrated over the spherical Gaussian source |11}
12|, and G(Qiny) = e~ @inuFiny is the Gaussian form of the emission source, where R;,,
is an estimation of the emission source’s size. It is also possible to study dynamics of
the system evolution by measuring the pairs’ transverse momentum, kr = W,
dependence of the correlation function [13].
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3. Analysis details

This study makes use of data from p-+Au and d+Au collisions at /syy = 200 GeV
collected by the STAR experiment. The event was chosen for investigation if the z-
position of the collision vertex was within 40 cm from the center of the Time Projection
Chamber (TPC) [14]. At the same time, the radial component of the collision vertex
point must not exceed 2 cm relative to the beam center. There could be pile-up events,
i.e. several collisions occur in the collider during the readout of the event in the TPC’s gas
volume. To obtain an independent estimate of the position of the collision point in STAR,
two VPD [15] detectors are located ~ 5.7 m from the center of TPC along the beam axis.
To remove the pile-up, events with a difference in the z-positions of the primary vertex
obtained from TPC and VPD greater than 5 cm in absolute value were excluded from the
analysis. Particle tracks were selected from momentum range p € [0.15,0.8] GeV /¢, and
from pseudorapidity range |n| < 0.5. The particles were identified using ionization energy
losses of charged particles in TPC’s sensitive volume. Only tracks with splitting level
(SL) |16], —0.5 < SL < 0.6, average separation of two tracks from the pair within TPC
volume > 10cm, and fraction of merged hits (FMR), FMR € [—1.1,0.1] were utilized
in the study to exclude two-track effects such as track-merging and track-splitting. The
splitting level value indicates if a pair’s two tracks are indeed two tracks or if one track
has been reconstructed as two tracks with similar momenta. When two particles are
reconstructed as one track, the situation can be reversed. The FMR [16] was used to
estimate the impact of this effect.

It is crucial to consider the extent of the systematic error, as it may turn out to be
more significant than the statistical errors. The range of fit (Q;n,) and the size of the
Coulomb radius, as well as the criteria for selecting events, tracks, and pairs of pions,
were all considered as causes of systematic errors. The cuts on the primary vertex’s
position (which had a 5% effect on the values of invariant radii), the momentum of the
selected tracks and tracking efficiencies (>6%), and the criteria of merging and splitting
(>2%) were all varied within reasonable ranges. The fit range was also varied to account
for the accuracy of determining the minimum of x2 in the fit; the influence on the final
radii was less than 3%. The radius of the Coulomb interaction was also varied, however
the effect on the correlation function was quite small, only about 3%.

Total systematic uncertainty was calculated as a quadratic sum of the differences
between individual and average ones.

4. Results

Figure[J]illustrates an example of correlation functions measured for identical charged
pion pairs from d+Au and p+Au collisions at /syy = 200 GeV for the multiplicity

range 11 < N(|:2|<0‘5 < 20 and transverse momentum range kr € [0.25,0.35] GeV/ec.

Also, Fig. a) shows the fit to the correlation functions with Eq. , where G(Qiny) =
e~ QinvRlnw has a Gaussian form, whilst Fig. b) shows the fit to the correlation functions
with the same Eq. , but the G(Qiny) = e~ QinvFinv has an exponential form. They are
tested to check if the emitting source follows Lorentzian or Gaussian distributions.
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The fit of the correlation functions by Eq. is represented by the red and blue lines.
The correlation functions are reasonably described by the fits. The Gaussian assumption
was used for all subsequent results, since the regions of homogeneity are defined only for
the assumption of Gaussian parametrization |13].

’\21 '5_ T T T T s+ CF: p+Au@200GeV T 4+ CF: p+Au@200GeV
g H Fit: p+Au@200GeV Fit: p+Au@200GeV
O 1.4 (a) v CF: d+Au@200GeV v CF: d+Au@200GeV
: . Fit: d+Au@200GeV Fit: d+Au@200GeV

u ] ]

1.3 STAR Preliminary STAR Preliminary -

0.25<k(GeV/c)<0.35 0.25<k;(GeV/c)<0.35

11N,<20 ] 11N,<20 ]

1.2 Inl<0.5 7 Inl<0.5 .

r T+ ] T U ]

1.1 . ]

| :

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Il
0 0.10.20.30.40.50.60.70.80.9 1 0 0.10.20.30.40.50.60.70.80.9 1
Q,,, (GeVrc) Q,,, (GeV/c)

Figure 1. (Color online) Example of the Gaussian (a) and Exponential (b) assumption of fit
to the identical pion pairs correlation functions for d4+Au (blue) and p+Au (red) collisions at
VSNn = 200 GeV for the multiplicity range 11 < NclzKO'S < 20 and transverse momentum
range kr € [0.25,0.35] GeV/c.
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Figure 2. (Color online) Dependences of identical charged pion invariant radii (top row) and
correlation strength parameter (bottom row) on k7 and multiplicity for p+Au and d+Au colli-
sions at /sy~ = 200 GeV. Statistical and systematic uncertainties are shown by vertical lines
and boxes, respectively. In almost all cases, statistical uncertainties are smaller than the marker
size.
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To investigate the space-time structure of the pion emission source in p+Au and
d+Au collision systems at /syny = 200 GeV, the dependence of the invariant radii on
the transverse momentum of the pairs is shown. Figure [2[ shows that the invariant radii
have a falling dependence on kr, indicating the presence of collective radial flow in small
collision systems. Figure [2] also demonstrates the radius dependence on the particle
multiplicity created in the collisions. The radii increase as the multiplicity increases,
which is to be expected given the geometric form of collisions. The increase of invariant
radii with increasing colliding system size, while the difference between the radii of the
two systems decreases significantly with increasing transverse momentum of pion pairs
and the multiplicity of particles formed in the collision, is also an interesting observation
from this figure.

5. Conclusions

The invariant radii of identical charged pions for p+Au and d-+Au collisions at
Vsnn = 200 GeV have been reported and explored in terms of pair transverse mo-
mentum and multiplicity. The radii were found to increase as the multiplicity increases.
This research also demonstrates that the charged pion R;,, has a weak dependence on
colliding systems, and that the difference between two colliding systems decreases as the
pair transverse momentum increases. The invariant radii become larger as the colliding
system increases in size.
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