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We report the triton () production in mid-rapidity (|y| < 0.5) Au+Au collisions at /sy = 7.7-200 GeV
measured by the STAR experiment from the first phase of the beam energy scan at the Relativistic Heavy
Ion Collider (RHIC). The nuclear compound yield ratio (N; x N, / N(Zi), which is predicted to be sensitive to the
fluctuation of local neutron density, is observed to decrease monotonically with increasing charged-particle mul-
tiplicity (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 2.36 and
3.40, respectively, giving a combined significance of 4.16. The enhancements are not observed in peripheral
collisions or model calculations without critical fluctuation, and decreases with a smaller pr 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.
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Quantum Chromodynamics (QCD) is the fundamental the-2e
ory that describes the strong interaction. One of the mainees
goals of the Beam Energy Scan (BES) program at Relativisticzzs
Heavy Ion Collider (RHIC) is to explore the QCD phase struc-z»
ture [1, 2]. Lattice QCD calculations indicate that the transi-zs
tion between hadronic matter and the Quark-Gluon Plasmazzs
(QGP) is a smooth crossover at vanishing baryon chemicalzo
potential (up = 0 MeV) [3], with a transition temperature 0Ofzs
about 7. = 156 MeV [4]. QCD-based models suggest thates:
there could be a first-order phase transition at large baryonas
chemical potential [5-8]. If theory postulations are correct,zss
the first-order phase transition line would end at a criticalzs
point (CP) [9-11]. A fundamental question is whether weass
can experimentally find the CP and pin down its location inzs-
the QCD phase diagram [12-17]. In the BES program, thezs
STAR experiment has measured the energy dependence of ob-zs
servables that are sensitive to the CP and/or first-order phasez«
transition, including pion HBT radii [18, 19], baryon directedas
flow [20, 21], net-proton fluctuations [16, 17] and intermit-2«
tency of charged hadrons [22]. Non-monotonic energy de-zss
pendencies were observed in all of these observables, and thezs«
energy ranges where peak or dip structures appear are around,,
VSNN = 7.7-39 GeV. Those intriguing observations are of,,,
great interest and more investigation and analysis are required,,,

to reach definitive conclusion. wi

Light nuclei, such as deuteron (d), triton (f), helium-3a2e
(*He), are loosely bound objects with binding energies of sev-zs
eral MeV. Their production in heavy-ion collisions is an ac-zs
tive area of research both experimentally [23-34] and the-2s
oretically [35-50]. It provides important information aboutass
the properties of nuclear matter at high densities and temper-zs«
atures, such as the equation of state [51-53], the symmetryass
energy [54, 55] and the nucleosynthesis that takes place inzss
stars [32, 56, 57]. Based on coalescence model, it was pre-zs
dicted that the compound yield ratio N; x N, /N2 of tritonszs
(N;), deuterons (Ny), and protons (N),), is sensitive to the neu-zss
tron density fluctuations, making it a promising observable toze
search for the signature of the CP and/or a first-order phasezs:
transition in heavy-ion collisions [51-53, 58-62]. The ex-z=
pected signature of CP is the non-monotonic variation as aass

function of collision energy. -

In addition to exploring the QCD phase structure, the sys-
tematic measurement of triton yields and yield ratios N; X
N, /N3 across a broad energy range provide valuable in-,
sights into the production mechanism of light nuclei in heavy-,,
ion collisions. Several models have been proposed to ex-
plain this production, such as coalescence [35, 38, 63], ther-"*
mal [64, 65] and dynamical [41, 42, 66] models. In the coales-27°
cence model, light nuclei are not considered as point-like par-2"
ticles, but rather have a finite size. Due to the size effect [35],272
the coalescence model [67, 68] predicts that the yield ratio®”
N; x N,,/N? should increase as the size of the system or thezr
charged-particle multiplicity decrease. This trend is oppositess
to what is predicted by thermal model calculations [69]. Aszrs
a result, the study of the yield ratio can be used to distin-z
guish between these two production mechanisms. The ther-zrs
mal model has been successful in describing the measuredzr
yields of hadrons and light (anti-)nuclei in central Pb+Pb col-zs
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lisions at the Large Hadron Collider (LHC) [70, 71]. How-
ever, the survival of light nuclei in the hot medium created in
heavy-ion collisions remains a puzzle. One possible explana-
tion is that the hadronic re-scatterings play a crucial role dur-
ing the hadronic expansion phase. Dynamical model calcula-
tions with hadronic re-scatterings implemented using both the
saha [42] and rate equations [66] show that the deuteron, tri-
ton, and helium-3 yields remain unchanged during hadronic
expansion. A similar conclusion is obtained in a transport
model simulation of hadronic re-scattering processes realized
by the dissociation and regeneration of deuterons via the re-
action TNN < 7d [41]. Recently, a calculation using the ki-
netic approach [72] showed that the effects of hadronic re-
scatterings 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 ra-
tio N; x N, /Nf, not only offer a probe into the QCD phase
structure, but also serve as valuable experimental evidence for
verifying different model calculations and improving our un-
derstanding of the production mechanism.

In this letter, we report triton production at mid-rapidity
(ly] < 0.5) in Au+Au collisions at /sy = 7.7, 11.5, 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 pre-
sented are analyzed from minimum bias events of Au+Au col-
lisions, 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 pseudorapid-
ity In| < 0.5 with a Monte Carlo Glauber model [74]. The
selected tracks are required to have a distance of closest ap-
proach (DCA) to the primary collision vertex of less than 1 cm
and have at least 20 hit points measured in the Time Projec-
tion Chamber (TPC). Triton identification is performed using
information from the TPC and Time-Of-Flight (TOF) detec-
tors [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 ef-

fects into a Gaussian. It is defined as z = In < égf/d’f% ) , 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
2.2
% _
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.

used, which is defined as m? = p2 ( ), where t, L, and

The final triton p7 spectra are obtained by applying several
corrections to the raw spectra, including corrections for the
tracking efficiency, low momentum energy loss, and absorp-
tion of light nuclei by the detector material. These correc-
tions were calculated using the embedding simulations from
the experiment [33, 76]. Because the TOF detector is used
to identify tritons at high pr, we also need to correct for the



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

318

«

8

— 10°kF ::-'""l::"%]j GeV | ---ee, 115GeV | __ - 145 GeV | 19.6 GeV | 27 GeV |
(\'l\ __~\**..*'k_._-=05 __~-::'.' :25:_._ __::"’I:;"l.-* __::: o 1 -- ]
L - W i D T e S - .'""'-.'.‘hE‘: R M
S 5[ 1 T e, SEEE | T LV N e i i et |
D 10 = <~ e *Q'FE.:'\ T w8 S "'hl{‘:'i'l::L TS e e S¥leo
) o S \t T ' = e T }k* #ﬁcl T **h. nﬁ;ﬁ"_"\ T ""h- hmtﬂ\:\Ef ]
= w0} ‘ 1 1 i ol e R
* 1 ) o7 T E S= Y]
o t T t t t t t t t t t t t t t t t t t t t t t
e} -4L - - o 41 1 41 j
& A N ::n..'.“' 39 GeVy “It '*5&54-4 GeVy Iz :%%%62.4 GeVy ____ 200 GeV Au + Au Collisions
- T St S e 1 - . T ~% T Triton (ly| <0.5) 1
E- _6 L Mg CE T N cacte— -~ ~,=h:"n:L!H\ - o ~
N 10 -—E&*ﬁ T IL..* SN T g, W T - ~m:===hl ~ T ® 0%10%x4 A 20%-40%]
~ *=-=\ 4] o = ~
NE L = I 4 T Lot . £ By 4. m 10%-20% X2V  40%-80%-
© 10—8 m\ D:{ A 4 4 4 = = Blast-Wave Fits 4
0123 I R R S S T A I N

Transverse Momentum P, (GeVl/c)

FIG. 1. Transverse momentum (p7) spectra for mid-rapidity (|y| < 0.5) tritons from 0%-10%, 10%-20%, 20%-40%, and 40%-80% centralities
in Au+Au collisions at /syn = 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.

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 vary-
ing track selection, analysis cuts and by assessing the sam-
ple purity from the dE /dx measurement. Track selection and
particle identification contribute by ~3% and signal extrac-
tion contributes by less than ~2% at low pr and increasing to
~10% at high pr 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 un-
certainties are added in quadrature to obtain the final system-
atic uncertainties.

Figure 1 shows the pr spectra of identified tritons measured
at mid-rapidity (|y| < 0.5) in Au+Au collisions at \/syn = 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
pr-integrated particle yields (dN/dy) are calculated from the
measured pr range and extrapolated to the unmeasured re-
gions with individual Blast-Wave model fits [82]. The extrap-
olation of the pr spectra to the unmeasured low pr range is
the main source of systematic uncertainty on dN/dy, which
is estimated by fitting the pr spectra with different functions
and comparing the extrapolated values. The systematic uncer-
tainty of yield extrapolations is estimated to be around 5%-_,
20%. All of the mid-rapidity proton pr spectra and dN/dy,,,
in Au+Au collisions at RHIC energies presented in this pa-_,
per have been corrected for the weak decay feed-down via,_,
a data-driven approach [83], which uses the inclusive proton_,
spectra [74, 84] and the yields of strange hadrons measured_,
by the STAR experiment [85, 86]. In a previously published
STAR paper [87], the proton feed-down correction was done
by using a UrQMD + GEANT simulation, which underesti-_,,

mates the proton feed-down contributions from weak decays. _,,
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Figure 2 shows the energy dependence of dN/dy ra-ss
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FIG. 2. Collision energy dependence of the mid-rapidity ratios
Nz/N,, (blue solid squares) and N; /N, (red solid circles) from the
top 0%-10% central Au+Au collisions. Statistical and systematic un-
certainties are shown as vertical lines and brackets, respectively. For
comparison, results from FOPI [77], E864 [25], PHENIX [78, 79],
and ALICE [28] are also shown. The lines are results from the ther-
mal model using chemical freeze-out conditions from Ref. [80, 81]

tios, Ng/N,, [33] and N;/N,,, in the mid-rapidity of central
heavy-ion collisions from different experiments, including the
FOPI [77], E864 [25], PHENIX [78, 79], and ALICE [28] ex-
periments. Both the N; /N, and N /N, ratios decrease mono-
tonically 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 [88], in which
the parametrization of chemical freeze-out temperature and
up from Ref. [80, 81] are used. Quantitatively, the thermal
model describes the N; /N, ratios well, but it systematically
overestimates the N; /N, ratios except for the results from cen-
tral Pb+Pb collisions at y/syn = 2.76 TeV [28]. In addition,
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the coalescence model, which predicts light nuclei produc-sss
tion at mid-rapidity based on baryon density (pp) via the rela-sso
tionship Ny /N, o< p‘g_l, can also describe energy dependenceseo

trends [68]. 361
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FIG. 3. The yield ratio N; x N,/ N2 4 as afunction of charged- partlcle ”
multiplicity dN, /dn (In| < 0.5) in Au+Au collisions at /5NN = 7. 7"

— 200 GeV for 0%-10%, 10%-20%, 20%-40%, and 40%-80% cen-""
tralities. Statistical and systematic uncertainties are shown as vertical*”®
lines and brackets, respectively. The black dot-dashed line denotes®”®
the coalescence-inspired fit. The open diamond denotes the yield ra-3s0
tio of 0%-20% central Au+Au collisions at /sNN = 54.4 GeV. Thesst
red shaded vertical band on the right side of the figure representsss
the multiplicity independent systematic uncertainties on these ratios. s
The significance 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 MU—386
SIC+UrQMD hybrid models [67, 68] are shown as shaded bands.

387

As mentioned earlier, the yield ratio N; x N,,/N2 is pre-cs
dicted to be sensitive to the local baryon density fluctuationssso
and can be used to probe the QCD phase structure. Figure 3ao
shows the charged-particle multiplicity dN.,/dn (In] < 0.5)se
dependence of the yield ratio N; x N,/ NZ[ in Au+Au colli-as
sions at /sy = 7.7 - 200 GeV. The data from each colli-s«
sion energy presented in the figure include four centrality bins:sss
0%-10%, 10%-20%, 20%-40%, and 40%-80%, in addition, ass
single 0%-20% centrality bin is also presented for 54.4 GeV.as
It is observed that the yield ratio N; x N,/ Nﬁ exhibits scal-zes
ing, regardless of collision energy and centrality. The shadedass
bands in Fig. 3 are the corresponding results from the calcula-awo
tions of hadronic transport AMPT and MUSIC+UrQMD hy-o
brid models [68]. MUSIC is a (3+1)D viscous hydrodynamicsaoe
model [89, 90], which conserves both energy-momentum andaes
baryon number and is used to describe the dynamical evolu-so
tion of the QGP. To provide a reliable baseline, neither criticalas
point nor first-order phase transition is included in the AMPTu0s
and MUSIC+UrQMD hybrid model calculations. These twoor

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 experi-
mental 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 [80, 81] for central Au+Au col-
lisions, which overestimates the experimental data by more
than a factor of two at dN,,/dn ~ 600. As discussed in
Ref. [72], this overestimation could be due to the effects of
hadronic re-scatterings during hadronic expansion, which re-
duce the triton and helium-3 yields by about a factor of 1.8
from their initial values predicted by thermal model. How-
ever, this cannot explain the agreement between the thermal
model calculations and the Nsy, X N, /NCZI ratio from cen-
tral Pb+Pb collisions at \/sxy = 2.76 TeV where dN.y,/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 co-
alescence model. As discussed in Ref. [68], assuming a ther-
mal equilibrated and static spherical Gaussian nucleon source,
one can obtain the fit function as:

3

N; xN, R*+ 373
N2 =po X R2 1.2 5

d +ari

where R = p; x (dN,/dn)"/? denotes the radius of the spher-
ical nucleon emission source. ry = 1.96 fm and r; = 1.59 fm
are the nucleonic point root-mean-square radius of deuteron
and triton [91], respectively. pg and p; are the two fitting pa-
rameters where the best fit values are 0.37 £ 0.008 and 0.75
=+ 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 gen-
eral trend of the yield ratio N; x N,/N2 is driven by the in-
terplay between the finite size of light nuclei and the overall
size of the fireball created in heavy-ion collisions. This pro-
vides 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 26 from the coales-
cence baseline, except there are enhancements observed for
the yield ratios in the 0%-10% most central Au+Au collisions
at /snN = 19.6 and 27 GeV with significance of 2.36 and
3.40, respectively, and for a combined significance of 4.1c,
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 /sy = 19.6 and 27 GeV. There-
fore, the observed enhancement may be driven by the baryon
density rather than the overall size of the system which is pro-
portional to the charged-particle density dN,;, /dn. In order to
understand the origin of the observed enhancement in the ra-
tios, 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
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FIG. 4. Collision energy, centrality, and py dependence of the yield ratio N; x N,/ NZ! in Au+Au collisions at RHIC. Solid circles are the results
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fit. Shaded areas denote the calculations from hadronic transport AMPT and MUSIC+UrQMD hybrid models [68].

N; xN,/ Nfi at mid-rapidity in central (0%-10%) and periph-as
eral (40%-80%) Au+Au collisions at \/syn = 7.7 - 200 GeV.a2
For comparison, the coalescence baselines obtained by fittingas
the dN,;,/dn dependence of the yield ratio as shown in Fig. 3
and the calculations of AMPT, MUSIC+UrQMD hybrid mod- s
els are displayed in Fig. 4. For the 0%-10% most centralus
Au+Au collisions, the yield ratios are consistent with the co-
alescence baseline and model calculations, except for the en-4s
hancements of the yield ratios to coalescence baseline with aus
significance of 2.36 and 3.46 observed at /sny = 19.6 and 2750
GeV, respectively. The colored bands in panel (a) denote thes:
yield ratios, in which the proton, deuteron, and triton yieldsas:
are obtained from the commonly measured pr /A range with-sss
out any extrapolation. The enhancements and the significancesss
of the measurements decrease with smaller pr acceptance insss
the region of interest. The combined (19.6 and 27 GeV) sig-ss
nificance of enhancements to the corresponding coalescencesss
baselines for 0.5 < pr/A < 1.0 GeV/c, 0.4 < pr/A < 1.24
GeV/c, and the full pr/A range are 1.60, 2.50, and 4.10, s
respectively. In the model calculations, the physics of theaso
critical point or first-order phase transition are not included. s
Therefore, the non-monotonic behavior observed in the en-s
ergy dependence of the yield ratio N; XN,/ Nfl from 0%-10%ass
central Au+Au collisions may be due to the enhanced baryonue
density fluctuations induced by the critical point or first-orderss
phase transition in heavy-ion collisions. The right panel of

Fig. 4 shows the energy dependence of the yield ratio in pe-4es
ripheral (40%-80%) Au+Au collisions. Within uncertainties,?
the experimental data can be well described by the coales-4s
cence baseline (black-dashed line) whereas the calculationssee
from AMPT and MUSIC+UrQMD hybrid models overesti-+mo

mate the data. a7t
472

In summary, we present the triton production and the yieldars

ratioN; x N,/ Nfl in mid-rapidity Au+Au collisions at /sNN =
7.7 — 200 GeV measured by the STAR experiment at RHIC.
The yield ratio N; x N,/ Nf, shows a monotonic decrease with
increasing charged-particle multiplicity (dN.,/drm) and ex-
hibits a scaling behavior, which can be attributed to the for-
mation of deuteron and triton via nucleon coalescence. The
thermal model, however, overestimates the triton over proton
yield ratio N; /N, and the N; x N,/ Nﬁ ratio at RHIC energies,
possibly due to the effect of hadronic re-scatterings during
the hadronic expansion stage. In the 0%-10% most central
Au+Au collisions at /sNy = 19.6 and 27 GeV, N, x N, /N2
shows enhancements relative to the coalescence baseline with
a significance of 2.36 and 3.40, respectively, and a combined
significance of 4.16. The significance of the measurement de-
creases with reduced pr range, indicating that the possible
enhancement may have a strong dependence on the pr accep-
tance. In peripheral collisions, similar to data, model calcula-
tions have a smooth decreasing trend as a function of energy.
Further studies from dynamical modeling of heavy-ion colli-
sions with a realistic equation of state are required to confirm
if the enhancements are due to large baryon density fluctua-
tions near the critical point. These systematic measurements
of triton yields and yield ratios over a broad energy range pro-
vide important insights into the production dynamics of light
nuclei and our understanding of the QCD phase diagram.
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