PHYSICAL REVIEW LETTERS 130, 202301 (2023)

Beam Energy Dependence of Triton Production and
Yield Ratio (N, x N, /N3) in Au+ Au Collisions at RHIC

M. L Abdulhamid,4 B.E. Aboona,54 L. Adam,15 J.R. Adams,39 G. Agakishiev,29 L Aggau'wal,40 M. M. Aggarwal,40
Z. Ahammed,60 A. Aitbaev,29 I Alel<seev,2’36 D.M. Anderson,54 A. Aparin,29 S. Aslam,25 J. Atchison,1 G.S. Averichev,29
V. Bairathi,”> W. Baker,'"' J. G. Ball Cap,”" K. Barish,'"' P. Bhagat,”® A. Bhasin,”® S. Bhatta,”' I. G. Bordyuzhin,’
J.D. Brandenburg,39 A. V. Brandin,36 X.Z. Cai,49 H. Caines,62 M. Calderén de la Barca Sz’mchez,9 D. Cebra,9 J. Ceska,15
I Chakaberia,32 B. K. Chan,10 Z. Chang,26 A. Chatterjee,16 D. Chen,11 . Chen,48 J.H. Chen,19 Z. Chen,48 J. Cheng,56
Y. Cheng,lo S. Choudhury,19 W. Christie,6 X. Chu,6 H.J Crawford,8 G. Dale—Gau,13 A. Das,15 M. Daugherity,1
T.G. Dedovich,29 1. M. Deppner,20 A A. Derevschikov,41 A. Dhamija,40 L. Di Carlo,61 L. Didenko,6 P. Dixit,23 X. Dong,32
J.L. Drachenberg,' E. Duckworth,” J. C. Dunlop,6 J. Engelage,8 G. Eppley,43 S. Esumi,”” O. Evdokimov,"

A. Ewigleben,33 0. Eyser,6 R. Fatemi,31 S. Fazio,7 C.J. Feng,38 Y. Feng,42 E. Finch,SO Y. Fisyakf’ F A. Flor,()2 C. Fu,12
F. Geurts,” N. Ghimire,”® A. Gibson,” K. Gopal,** X. Gou,” D. Grosnick,” A. Gupta,”® A. Hamed," Y. Han,"
M. D. Harasty,” J. W. Harris,** H. Harrison-Smith,”" W. He,'” X. H. He,”” Y. He,”® C. Hu,”’ Q. Hu,”” Y. Hu,** H. Huang,®
H.Z. Huang,10 S.L. Huang,51 T. Huang,13 X. Hualng,56 Y. Huang,56 Y. Huang,12 T.J. Humalnic,39 D. Isenhower,1
M. Isshiki,57 W. W. Jacobs,26 A. Jalotra,28 C. Jena,24 Y. Ji,32 J. Jia,ﬁ’51 C. Jin,43 X. Ju,45 E.G. Judd,8 S. Kabana,52
M. L. Kabir,'' D. Kalinkin,*' K. Kang,5 °D. Kapukchyan,ll K. Kauder,6 H. W. Ke,6 D. Keane,”’ A. Kechechyan,29
M. Kelsey,(’l B. Kimelman,9 A. Kiselev,6 A.G. Knospe,33 H.S. Ko,32 L. Kochenda,36 A A. Korobitsin,29 P. Kravtsov,36
L. Kumar,” S. Kumar,”’ R. Kunnawalkam Elayavalli,”* R. Lacey,”' J. M. Landgraf,’ A. Lebedev,’ R. Lednicky,” J. H. Lee,’
Y. H. Leung,” N. Lewis,’ C. Li," W. Li,*” X. L1, Y. Li,” Y. Li,° Z. L, X. Liang,"" Y. Liang,” T. Lin,”* C. Liu,”’ F. Liu,"
H. Liu,26 H. Liu,12 L. Liu,12 T. Liu,62 X. Liu,39 Y. Liu,54 Z. Liu,12 T. Ljubicic,6 W.J. Llope,61 0. Lomicky,15 R.S. Longacre,6
E.M. Loyd," T. Lu,” N. S. Lukow,” X. F. Luo,"? V. B. Luong,” L. Ma,"” R. Ma,’ Y. G. Ma,"’ N. Magdy,” D. Mallick,”’
S. Margetis,30 H.S. Matis,3 1A, Mazer,44 G. McNamara,61 K. Mi,12 N.G. Minaev,41 B. Mohanty,3 T M. M. Mondal,3 !
I. Mooney,62 D. A. Morozov,"' A. Mudrokh,”” M. 1. Nagy,17 A.S. Nain,” J. D. Nam,” Md. Nasim,”® D. Neff,"”

J. M. Nelson,® D. B. Nemes,”> M. Nie,” G. Nigmatkulov,”® T. Niida,”’ R. Nishitani,”” L. V. Nogach,*' T. Nonaka,”’
G. Odyniec,™ A. Ogawa,® S. Oh,*’ V. A. Okorokov,”® K. Okubo,”” B.S. Page,® R. Pak,° J. Pan,”* A. Pandav,”’

A. K. Pandey,27 Y. Panebratsev,29 T. Pani,44 P. Parfenov,36 A. Paul,11 C. Perkins,8 B.R. Pokhrel,53 M. Posik,53 T. Protzman,33
N. K. Pruthi,40 J. Putschke,61 Z. Qin,56 H. Qiu,27 A. Quintero,53 C. Ralcz,]1 S. K. stldhzzl.krishnan,30 N. Raha,61 R. L. Ray,55
H.G. Ritter,32 C.W. Robertson,42 O.V. Rogachevsky,29 M. A. Rosales Aguilaur,3 'D. Roy,44 L. Ruan,6 A. K. Sahoo,23
N.R. Sahoo,48 H. Sako,57 S. Salur,44 E. Samigullin,2 S. Sato,57 W.B. Schmidke,6 N. Schmitz,34 J. Seger,14 R. Se'[o,ll
P. Seyboth,34 N. Shah,25 E. Shahaliev,29 P. V. Shanmuganathan,6 T. Shao,19 M. Sharma,28 N. Sharma,23 R. Sharma,24
S.R. Sharma,”* A. L Sheikh,”® D. Y. Shen,"” K. Shen,” S.S. Shi,"* Y. Shi,® Q. Y. Shou," F. Si,* J. Singh, S. Singha,”’
P. Sinha,24 M.J. Skoby,S’42 Y. Séhngen,20 Y. Song,62 B. Srivastava,42 T.D. S. Stanislaus,59 D.J. Stewart,61 M. Strikhanov,36
B. Stringfellow,42 Y. Su,45 C. Sun,51 X. Sun,27 Y. Sun,45 Y. Sun,22 B. Surrow,53 D.N. Svirida,2 Z. W. Sweger,9 A. Tamis,62
A.H. Tang,6 Z. Tang,45 A. T.alranenko,36 T. T.au‘nowsky,35 J.H. Thomas,32 D. Tlusty,14 T. Todoroki,57 M. V. Tokarev,29
C. A. Tomkiel,” S. Trentalange,'® R. E. Tribble,”* P. Tribedy,® O.D. Tsai,'*® C.Y. Tsang,’*® Z. Tu,’ T. Ullrich,’

D. G. Underwood,> 1. Upsal,” G. Van Buren,” A. N. Vasiliev,*'® V. Verkest,”' F. Videbzk,’ S. Vokal,”* S. A. Voloshin,'
F. Wang,42 G. Wang,10 J.S. Wang,22 X. Wang,48 Y. Wang,45 Y. Wang,12 Y. Walng,56 Z. Wang,48 J.C. Webb,6
P.C. Weidenkaff,20 G.D. Westfall,35 H. Wieman,32 G. Wilks,13 S. W. Wissink,26 J. Wu,12 J. Wu,27 X. Wu,lo Y. Wu,11
B. Xi,” Z. G. Xia0,”® G. Xie,® W. Xie,” H. Xu,”> N. Xu,”* Q. H. Xu,® Y. Xu,”® Y. Xu,"* Z. Xu,° Z. Xu,'° G. Yan,”* Z. Yan,”!
C. Yang,® Q. Yang,*® S. Yang,"* Y. Yang,® Z. Ye.* Z. Ye,” L. Yi,”® K. Yip.° N. Yu,"” Y. Yu,”® W. Zha,** C. Zhang,”
D. Zhang,12 J. Zhang,48 S. Zhang,45 X. Zhang,27 Y. Zhang,27 Y. Zhang,45 Y. Zhang,12 Z.1]. Zhang,38 Z. Zhang,6 Z. Zhang,13
F. Zhao,” J. Zhao," M. Zhao,® C. Zhou," J. Zhou,” S. Zhou,"* Y. Zhou,'? X. Zhu,”® M. Zurek,® and M. Zyzak'®

(STAR Collaboration)

'Abilene Christian University, Abilene, Texas 79699
*Alikhanov Institute for Theoretical and Experimental Physics NRC “Kurchatov Institute,” Moscow 117218
3Argonne National Laboratory, Argonne, Illinois 60439
*American University of Cairo, New Cairo 11835, New Cairo, Egypt

0031-9007,/23/130(20)/202301(9) 202301-1 © 2023 American Physical Society



PHYSICAL REVIEW LETTERS 130, 202301 (2023)

SBall State University, Muncie, Indiana, 47306
®Brookhaven National Laboratory, Upton, New York 11973
7University of Calabria & INFN-Cosenza, Rende 87036, Italy
8University of California, Berkeley, California 94720
9University of California, Davis, California 95616
1OUniversity of California, Los Angeles, California 90095
11University of California, Riverside, California 92521
2Central China Normal University, Wuhan, Hubei 430079
BUniversity of Illinois at Chicago, Chicago, Illinois 60607
Y Creighton University, Omaha, Nebraska 68178
BCzech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic
YNational Institute of Technology Durgapur, Durgapur - 713209, India
YELTE Eétvos Lordnd University, Budapest, Hungary H-1117
18Frcmkﬁm Institute for Advanced Studies FIAS, Frankfurt 60438, Germany
YFudan University, Shanghai, 200433
20University of Heidelberg, Heidelberg 69120, Germany
21University of Houston, Houston, Texas 77204
Huzhou University, Huzhou, Zhejiang 313000
S Indian Institute of Science Education and Research (IISER), Berhampur 760010, India
A Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India
“Indian Institute Technology, Patma, Bihar 801106, India
®Indiana University, Bloomington, Indiana 47408
T Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
28University of Jammu, Jammu 180001, India
2 Joint Institute for Nuclear Research, Dubna 141 980
OKent State University, Kent, Ohio 44242
N University of Kentucky, Lexington, Kentucky 40506-0055
2Lawrence Berkeley National Laboratory, Berkeley, California 94720
33Lehigh University, Bethlehem, Pennsylvania 18015
*Max-Planck-Institut fiir Physik, Munich 80805, Germany
35Michigan State University, East Lansing, Michigan 48824
*National Research Nuclear University MEPhI, Moscow 115409
3 National Institute of Science Education and Research, HBNI, Jatni 752050, India
#National Cheng Kung University, Tainan 70101
The Ohio State University, Columbus, Ohio 43210
“Panjab University, Chandigarh 160014, India
Y'NRC “Kurchatov Institute,” Institute of High Energy Physics, Protvino 142281
2Purdue University, West Lafayette, Indiana 47907
BRice University, Houston, Texas 77251
44Rutgers University, Piscataway, New Jersey 08854
45University of Science and Technology of China, Hefei, Anhui 230026
*South China Normal University, Guangzhou, Guangdong 510631
47Sejong University, Seoul, 05006, South Korea
48Shandong University, Qingdao, Shandong 266237
49Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800
OSouthern Connecticut State University, New Haven, Connecticut 06515
3 State University of New York, Stony Brook, New York 11794
2 stituto de Alta Investigacion, Universidad de Tarapacd, Arica 1000000, Chile
53Temple University, Philadelphia, Pennsylvania 19122
HTexas A&M University, College Station, Texas 77843
55Um'versity of Texas, Austin, Texas 78712
56Tsinghua University, Beijing 100084
57University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
58University of Chinese Academy of Sciences, Beijing, 101408
59Valparaiso University, Valparaiso, Indiana 46383
OVariable Energy Cyclotron Centre, Kolkata 700064, India
61Wayne State University, Detroit, Michigan 48201
2yale University, New Haven, Connecticut 06520

® (Received 20 September 2022; revised 21 February 2023; accepted 30 March 2023; published 16 May 2023)

202301-2


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.202301&domain=pdf&date_stamp=2023-05-16

PHYSICAL REVIEW LETTERS 130, 202301 (2023)

We report the triton (r) production in midrapidity (|y| <0.5) Au+ Au collisions at /syy =
7.7-200 GeV measured by the STAR experiment from the first phase of the beam energy scan at the
Relativistic Heavy Ion Collider. The nuclear compound yield ratio (N, x N,/ Nfl), which is predicted to be
sensitive to the fluctuation of local neutron density, is observed to decrease monotonically with increasing
charged-particle multiplicity (dN,,/dn) and follows a scaling behavior. The dN;,/dn dependence of the
yield ratio is compared to calculations from coalescence and thermal models. Enhancements in the yield
ratios relative to the coalescence baseline are observed in the 0%-10% most central collisions at 19.6 and
27 GeV, with a significance of 2.3¢ and 3.40, respectively, giving a combined significance of 4.1¢. The
enhancements are not observed in peripheral collisions or model calculations without critical fluctuation,
and decreases with a smaller p; acceptance. The physics implications of these results on the QCD phase
structure and the production mechanism of light nuclei in heavy-ion collisions are discussed.

DOI: 10.1103/PhysRevLett.130.202301

Quantum chromodynamics (QCD) is the fundamental
theory that describes the strong interaction. One of the main
goals of the beam energy scan (BES) program at
Relativistic Heavy Ion Collider (RHIC) is to explore the
QCD phase structure [1,2]. Lattice QCD calculations
indicate that the transition between hadronic matter and
the quark-gluon plasma (QGP) is a smooth crossover at
vanishing baryon chemical potential (uz =0 MeV) [3],
with a transition temperature of about 7, = 156 MeV [4].
QCD-based models suggest that there could be a first-order
phase transition at large baryon chemical potential [5-8]. If
theory postulations are correct, the first-order phase tran-
sition line would end at a critical point (CP) [9-11]. A
fundamental question is whether we can experimentally
find the CP and pin down its location in the QCD phase
diagram [12—17]. In the BES program, the STAR experi-
ment has measured the energy dependence of observables
that are sensitive to the CP and/or first-order phase tran-
sition, including pion HBT radii [18,19], baryon directed
flow [20,21], net-proton fluctuations [16,17], and inter-
mittency of charged hadrons [22]. Nonmonotonic energy
dependencies were observed in all of these observables,
and the energy ranges where peak or dip structures appear
are around /syy ~ 7.7-39 GeV. Those intriguing obser-
vations are of great interest and more investigation and
analysis are required to reach definitive conclusion.

Light nuclei, such as deuteron (d), triton (¢), helium-3
(*He), are loosely bound objects with binding energies of
several MeV. Their production in heavy-ion collisions is an
active area of research both experimentally [23-34] and
theoretically [35-50]. It provides important information
about the properties of nuclear matter at high densities and
temperatures, such as the equation of state [51-53], the
symmetry energy [54,55], and the nucleosynthesis that
takes place in stars [32,56,57]. Based on the coalescence
model, it was predicted that the compound yield ratio
N, xN, /Ntzi of tritons (N,), deuterons (N,), and protons
(Np), is sensitive to the neutron density fluctuations,
making it a promising observable to search for the signature
of the CP and/or a first-order phase transition in heavy-ion

collisions [51-53,58-62]. The expected signature of CP is
the nonmonotonic variation as a function of collision
energy.

In addition to exploring the QCD phase structure, the
systematic measurement of triton yields and yield ratios
N,xN,/N Lzz across a broad energy range provide valuable
insights into the production mechanism of light nuclei in
heavy-ion collisions. Several models have been proposed to
explain this production, such as coalescence [35,38,63],
thermal [64,65] and dynamical [41,42,66] models. In the
coalescence model, light nuclei are not considered as
pointlike particles, but rather have a finite size. Because
of the size effect [35], the coalescence model [67,68]
predicts that the yield ratio N, x N, /N? should increase
as the size of the system or the charged-particle multiplicity
decrease. This trend is opposite to what is predicted by
thermal model calculations [69]. As a result, the study of
the yield ratio can be used to distinguish between these two
production mechanisms. The thermal model has been
successful in describing the measured yields of hadrons
and light (anti-)nuclei in central Pb 4 Pb collisions at the
large hadron collider (LHC) [70,71]. However, the survival
of light nuclei in the hot medium created in heavy-ion
collisions remains a puzzle. One possible explanation is
that the hadronic rescatterings play a crucial role during the
hadronic expansion phase. Dynamical model calculations
with hadronic rescatterings implemented using both the
saha [42] and rate equations [66] show that the deuteron,
triton, and helium-3 yields remain unchanged during
hadronic expansion. A similar conclusion is obtained in
a transport model simulation of hadronic rescattering
processes realized by the dissociation and regeneration
of deuterons via the reaction zNN < zd [41]. Recently, a
calculation using the kinetic approach [72] showed that the
effects of hadronic rescatterings during the hadronic
expansion stage could reduce the triton and helium-3 yields
by approximately a factor of 1.8 from their initial
values predicted by the thermal model. The systematic
measurement of triton production and the yield ratio
N;xN, /Nf, not only offer a probe into the QCD phase
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structure, but also serve as valuable experimental evidence
for verifying different model calculations and improving
our understanding of the production mechanism.

In this Letter, we report triton production at midrapidity
(ly]| <0.5) in Au+ Au collisions at VSww =17, 115,
14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV measured by
the STAR experiment from the first phase of the beam
energy scan (BES-I, 2010-2017) program at RHIC [73].
The results presented are analyzed from minimum
bias events of Au+ Au collisions, occurring within
+/ =30 cm for 200 GeV and +/—40 cm for other
energies of the nominal interaction point along the beam
axis. Collision centralities are determined by fitting the
measured charged particle multiplicities within pseudor-
apidity |n| < 0.5 with a Monte Carlo Glauber model [74].
The selected tracks are required to have a distance of closest
approach (DCA) to the primary collision vertex of less than
1 cm and have at least 20 hit points measured in the time
projection chamber (TPC). Triton identification is per-
formed using information from the TPC and time-of-flight
(TOF) detectors [75]. Based on the measurement of the
specific ionization energy deposited (dE/dx) by charged
particles in the TPC, a new variable z is defined to properly
deconvolve these effects into a Gaussian. It is defined
as z=1In((dE/dx)/{dE/dx)g), where (dE/dx)g is the
Bichsel function for each particle species. A cut of |z|<0.3
is applied to remove most contamination from the triton
raw signals. To extract the raw triton yields, the mass
squared (m?) distributions from the TOF detector were
used, which is defined as m? = p?[(c*#*/L?) — 1], where ,
L, and c are the particle flight time, track length, and speed
of light, respectively. The m? distribution is fit with a
superposition of a Gaussian function and an exponential
tail for the triton signal and background, respectively.

The final triton p; spectra are obtained by applying
several corrections to the raw spectra, including corrections

for the tracking efficiency, low momentum energy loss, and
absorption of light nuclei by the detector material. These
corrections were calculated using the embedding simula-
tions from the experiment [33,76]. Because the TOF
detector is used to identify tritons at high pr, we also
need to correct for the TOF matching efficiency, defined as
the ratio of the number of tracks matched in the TOF to the
number of total tracks in the TPC within the same
acceptance. The point-to-point systematic uncertainties
on the spectra are estimated by varying track selection,
analysis cuts, and by assessing the sample purity from the
dE/dx measurement. Track selection and particle identi-
fication contribute by ~3% and signal extraction contrib-
utes by less than ~2% at low p; and increasing to ~10% at
high p; due to the reduced resolution of the TPC. A
correlated systematic uncertainty of 5% is estimated for
all spectra and is dominated by uncertainties in the
Monte Carlo determination of reconstruction efficiencies.
All of these uncertainties are added in quadrature to obtain
the final systematic uncertainties.

Figure 1 shows the p; spectra of identified tritons
measured at midrapidity (|y| < 0.5) in Au + Au collisions
at \/syy = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and
200 GeV for 0%—-10%, 10%—-20%, 20%—40%, and 40%—
80% centralities. The p-integrated particle yields (dN/dy)
are calculated from the measured p range and extrapolated
to the unmeasured regions with individual Blast-Wave
model fits [77]. The extrapolation of the p; spectra to
the unmeasured low p; range is the main source of
systematic uncertainty on dN/dy, which is estimated by
fitting the p; spectra with different functions and compar-
ing the extrapolated values. The systematic uncertainty of
yield extrapolations is estimated to be around 5%—-20%.
All of the midrapidity proton p; spectra and dN/dy in
Au + Au collisions at RHIC energies presented in this
Letter have been corrected for the weak decay feed down
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FIG. 1.

Transverse momentum (py) spectra for midrapidity (|y| < 0.5) tritons from 0%—10%, 10%-20%, 20%-40%, and 40%—80%

centralities in Au + Au collisions at \/syy = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV. Dashed lines are the corresponding
Blast-Wave fits with the profile parameter n = 1. The statistical and systematic uncertainties are shown as vertical lines and boxes,

respectively.
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via a data-driven approach [78], which uses the inclusive
proton spectra [74,79] and the yields of strange hadrons
measured by the STAR experiment [80,81]. In a previously
published STAR Letter [91], the proton feed-down correc-
tion was done by using a UrQMD + GEANT simulation,
which underestimates the proton feed-down contributions
from weak decays.

Figure 2 shows the energy dependence of dN/dy ratios,
Ng4/N, [33], and N,/N,, in the midrapidity of central
heavy-ion collisions from different experiments, including
the FOPI [92], E864 [25], PHENIX [93,94], and ALICE
[28] experiments. Both the N,/N, and N,/N, ratios
decrease monotonically with increasing collision energy
and the differences between the ratios get smaller at lower
collision energies. The solid lines represent the results
calculated from the thermal model, which does not include
excited nuclei [95], in which the parametrization of chemi-
cal freeze-out temperature and up from Refs. [96,97] are
used. Quantitatively, the thermal model describes the
Ng4/N, ratios well, but it systematically overestimates the
N,/N, ratios except for the results from central Pb + Pb
collisions at ./syy = 2.76 TeV [28]. In addition, the
coalescence model, which predicts light nuclei production
at midrapidity based on baryon density (pp) via the
relationship N,/N,, ps~!, can also describe energy
dependence trends [68].

As mentioned earlier, the yield ratio N, x N, /N?% is
predicted to be sensitive to the local baryon density
fluctuations and can be used to probe the QCD phase
structure. Figure 3 shows the charged-particle multiplicity
dN.,/dn (In| < 0.5) dependence of the yield ratio N, x
N,/N?% in Au+ Au collisions at /syy = 7.7-200 GeV.
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FIG. 2. Collision energy dependence of the mid-rapidity ratios
Ng4/N, (blue solid squares) and N,/N,, (red solid circles) from
the top 0%—-10% central Au+ Au collisions. Statistical and
systematic uncertainties are shown as vertical lines and brackets,
respectively. For comparison, results from FOPI [92], E§64 [25],
PHENIX [93,94], and ALICE [28] are also shown. The lines are
results from the thermal model using chemical freeze-out con-
ditions from Refs. [96,97].

The data from each collision energy presented in the figure
include four centrality bins: 0%—10%, 10%—20%, 20%—
40%, and 40%-80%, in addition, a single 0%-20%
centrality bin is also presented for 54.4 GeV. It is observed
that the yield ratio N, X N,/ Nfl exhibits scaling, regardless
of collision energy and centrality. The shaded bands in
Fig. 3 are the corresponding results from the calculations of
hadronic transport AMPT and MUSIC + UrQMD hybrid
models [68]. MUSIC is a (3 + 1)D viscous hydrodynamics
model [98,99], which conserves both energy-momentum
and baryon number and is used to describe the dynamical
evolution of the QGP. To provide a reliable baseline, neither
critical point nor first-order phase transition is included in
the AMPT and MUSIC + UrQMD hybrid model calcula-
tions. These two models are employed to generate the
nucleon phase space at kinetic freeze-out, when light nuclei
are formed via nucleon coalescence. It is found that the
overall trend of the experimental data is well described by
the model calculations. The light-blue dashed line is the
result calculated from the thermal model at chemical
freeze-out [96,97] for central Au + Au collisions, which
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FIG. 3. The yield ratio N, x N,/ Nfi as a function of charged-
particle multiplicity dN ., /dn (|| < 0.5) in Au + Au collisions at
VSyy = 7.7—200 GeV for 0%-10%, 10%-20%, 20%-40%,
and 40%—80% centralities. Statistical and systematic uncertain-
ties are shown as vertical lines and brackets, respectively. The
black dot-dashed line denotes the coalescence-inspired fit. The
open diamond denotes the yield ratio of 0%-20% central
Au + Au collisions at /syy = 54.4 GeV. The red shaded verti-
cal band on the right side of the figure represents the multiplicity
independent systematic uncertainties on these ratios. The sig-
nificance of the deviation relative to the fit is shown in the lower
panel. The results calculated from thermal model are shown as the
blue long-dashed line. Calculations from AMPT and MUSIC +
UrQMD hybrid models [67,68] are shown as shaded bands.
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overestimates the experimental data by more than a factor
of 2 at dN_,/dn~ 600. As discussed in Ref. [72], this
overestimation could be due to the effects of hadronic
rescatterings during hadronic expansion, which reduce the
triton and helium-3 yields by about a factor of 1.8 from
their initial values predicted by thermal model. However,
this cannot explain the agreement between the thermal
model calculations and the Nsy, x N,/ N? ratio from
central Pb+ Pb collisions at /syy = 2.76 TeV where
dN.;,/dn ~ 1100 [28,43]. Obviously, further investigations
are needed to understand the discrepancy.

The black dot-dashed line is a fit to the data based on the
coalescence model. As discussed in Ref. [68], assuming a
thermal equilibrated and static spherical Gaussian nucleon
source, one can obtain the fit function as

N,xN, R*+3r2\°
>~ PoX\or a2
Nd R +§r[

where R = p; x (dN,,/dn)'/? denotes the radius of the
spherical nucleon emission source. r; = 1.96 fm and r, =
1.59 fm are the nucleonic point root-mean-square radius of
deuteron and triton [100], respectively. p, and p; are the
two fitting parameters where the best fit values are 0.37 &
0.008 and 0.75 4= 0.04, respectively. At small values of
dN ., /dn, when the system size is comparable to the size of
light nuclei, the yield ratio shows a rapid increase with
decreasing dN,_;,/dn, while it saturates at large charged-
particle multiplicity. The general trend of the yield ratio
N,xN,/ N? is driven by the interplay between the finite
size of light nuclei and the overall size of the fireball created

(1)

in heavy-ion collisions. This provides strong evidence that
nucleon coalescence is the correct formation mechanism to
describe the light nuclei production in such collisions. If we
use the coalescence-inspired fit as the baseline, the lower
panel of the Fig. 3 shows that most of the measurements are
within significance of 2¢ from the coalescence baseline,
except there are enhancements observed for the yield ratios
in the 0%-10% most central Au+ Au collisions at
V/Syv = 19.6 and 27 GeV with significance of 2.36 and
3.40, respectively, and for a combined significance of 4.10,
as shown in the lower panel of Fig. 3. The yield ratio of
0%—-20% central Au + Au collisions at 54.4 GeV is also
shown in Fig. 3 as an open diamond. It agrees with the
coalescence baseline at the same value of dN .,/ dn as those
data points from central collisions at |/syy = 19.6 and
27 GeV. Therefore, the observed enhancement may be
driven by the baryon density rather than the overall size of
the system which is proportional to the charged-particle
density dN;/dn. In order to understand the origin of the
observed enhancement in the ratios, further dynamical
modeling of heavy-ion collisions with a realistic equation
of state is needed.

Figure 4 shows the energy dependence of the yield ratio
N, XN,/ Nfi at midrapidity in central (0%—10%) and peri-
pheral (40%-80%) Au + Au collisions at |/syy = 7.7—
200 GeV. For comparison, the coalescence baselines
obtained by fitting the dN.,/dn dependence of the yield
ratio as shown in Fig. 3 and the calculations of AMPT,
MUSIC + UrQMD hybrid models are displayed in Fig. 4.
For the 0%—10% most central Au + Au collisions, the yield
ratios are consistent with the coalescence baseline and

" Au+ Au Collisions  (a) 0%-10% (b) 40%-80% 1
0.6 1038
| ® STAR, full p, range 17
i | Common syst. err. /W%///%/// _ 0.7
s 0.5F SN\ 77, e
< }"#-ﬁ\\\g W& 06
% T N RE
Z 0.4F Lo " 405
_ E
i p,/A:[0.4,1.2] (GeV/c) 77777 AMPT+COAL. _ 0.4
03 __ - pT/A: [0'5’1'01 (GeV/C) ------ ggill.cj:;glﬁ; fit, full p, range ] O 3
M| L N | L .....I L L ......I T U.
5 10 2030 50 100 200 5 10 2030 50 100 2()()

Collision Energy \syy (GeV)

FIG. 4. Collision energy, centrality, and pr dependence of the yield ratio N, x N, /N 2in Au + Au collisions at RHIC. Solid circles are
the results from 0%—-10% central (left panel) and 40%—-80% peripheral (right panel) collisions. Colored bands in panel (a) denote p7
acceptance dependence, for which the statistical and systematic uncertainties are added in quadrature. Red solid circles are the final
results with extrapolation to the full p; range. Statistical and systematic uncertainties are shown as bars and brackets, respectively. Red
vertical bands on the right side of panels represent the common systematic uncertainties. Dashed lines are the coalescence baselines
obtained from the coalescence-inspired fit. Shaded areas denote the calculations from hadronic transport AMPT and MUSIC + UrQMD

hybrid models [68].
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model calculations, except for the enhancements of the yield
ratios to coalescence baseline with a significance of 2.3¢
and 3.40 observed at m = 19.6 and 27 GeV, respec-
tively. The colored bands in panel (a) denote the yield ratios,
in which the proton, deuteron, and triton yields are obtained
from the commonly measured p;/A range without
any extrapolation. The enhancements and the significance
of the measurements decrease with smaller p; acce-
ptance in the region of interest. The combined (19.6 and
27 GeV) significance of enhancements to the corresponding
coalescence baselines for 0.5 < py/A <1.0 GeV/c,
04 < pr/A <12 GeV/c, and the full p;/A range are
1.60,2.50, and 4.10, respectively. In the model calculations,
the physics of the critical point or first-order phase transition
are not included. Therefore, the nonmonotonic behavior
observed in the energy dependence of the yield ratio
N, x N,/N% from 0%-10% central Au+ Au collisions
may be due to the enhanced baryon density fluctuations
induced by the critical point or first-order phase transition in
heavy-ion collisions. The right panel of Fig. 4 shows
the energy dependence of the yield ratio in peripheral
(40%-80%) Au + Au collisions. Within uncertainties, the
experimental data can be well described by the coalescence
baseline (black-dashed line) whereas the calculations from
AMPT and MUSIC + UrQMD hybrid models overestimate
the data.

In summary, we present the triton production and the
yield ratio N, x N ,/N? in midrapidity Au + Au collisions
at \/syy = 7.7-200 GeV measured by the STAR experi-
ment at RHIC. The yield ratio N, x N,/N7 shows a
monotonic decrease with increasing charged-particle multi-
plicity (dN.,/dn) and exhibits a scaling behavior, which
can be attributed to the formation of deuteron and triton via
nucleon coalescence. The thermal model, however, over-
estimates the triton over proton yield ratio N,/N, and the
N, xN, /N? ratio at RHIC energies, possibly due to the
effect of hadronic rescatterings during the hadronic expan-
sion stage. In the 0%—10% most central Au + Au collisions
at \/syy = 19.6 and 27 GeV, N, x Np/Nfi shows enhance-
ments relative to the coalescence baseline with a signifi-
cance of 2.30 and 3.40, respectively, and a combined
significance of 4.16. The significance of the measurement
decreases with reduced p; range, indicating that the
possible enhancement may have a strong dependence on
the p7 acceptance. In peripheral collisions, similar to data,
model calculations have a smooth decreasing trend as a
function of energy. Further studies from dynamical model-
ing of heavy-ion collisions with a realistic equation of state
are required to confirm if the enhancements are due to large
baryon density fluctuations near the critical point. These
systematic measurements of triton yields and yield ratios
over a broad energy range provide important insights into
the production dynamics of light nuclei and our under-
standing of the QCD phase diagram.
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