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New long-lived particle searches in heavy-ion collisions at the LHC
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We show that heavy-ion collisions at the LHC provide a promising environment to search for signatures
with displaced vertices in well-motivated new physics scenarios. Compared to proton collisions, they offer
several advantages: (i) the number of parton level interactions per collision is larger, (ii) there is no pileup,
(iii) the lower instantaneous luminosity compared to proton collisions allows one to operate the LHC
experiments with very loose triggers, and (iv) there are new production mechanisms that are absent in
proton collisions We focus on the third point and show that the modification of the triggers alone can
increase the number of observable events by orders of magnitude if the long-lived particles are
predominantly produced with low transverse momentum. Our results show that collisions of ions lighter
than lead are well motivated from the viewpoint of searches for new physics. We illustrate this for the
example of heavy neutrinos in the Neutrino Minimal Standard Model.
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I. INTRODUCTION

The search for new elementary particles is one of the
most pressing quests in contemporary physics. While the
Standard Model (SM) of particle physics describes phe-
nomena ranging from the inner structure of the proton to
the spectra of distant galaxies with an astonishing accuracy,
there is unambiguous proof that it does not constitute a
complete description of nature, including the dark matter
puzzle, the excess of matter over antimatter in the observ-
able Universe, and flavor-changing oscillations among the
known neutrino states. In addition to these facts, there are a
number of observations that in principle can be explained
by the SM and the theory of general relativity, but only by
choosing values of the fundamental parameters that are
considered unsatisfactory by many theorists, including the
electroweak hierarchy problem [1], the flavor puzzle [2],
strong CP problem [3-5], and the value of the vacuum
energy or cosmological constant [6,7]. Before the LHC was
turned on it was widely believed, based on theoretical
arguments [8], that the new particles that are responsible for
these phenomena have masses only slightly above the
electroweak scale and interact with the SM particles at a
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rate that allows one to produce them copiously at the LHC.
However, the nonobservation of any new elementary
particles beyond the Higgs boson predicted by the SM
has broadened the scope of experimental searches at CERN
[9] and other laboratories around the world. In the present
situation it seems mandatory, from an experimental view-
point, to minimize the dependence on specific theory
frameworks and “turn every stone” in the search for new
physics. It has recently been pointed out that this strategy
should also include the use of data from heavy-ion
collisions to search for new phenomena [10].

In the present work we study the possibility to search for
long-lived particles (LLPs) in heavy-ion collisions. LLPs
appear in a wide range of models of physics beyond the SM
[11]. They can owe their longevity to a combination of
different mechanisms that are known to be at work in the
SM, including symmetries, the mass spectrum, and small
coupling constants. In collider experiments they reveal
themselves with displaced signatures in the detectors. The
displacement makes it possible to distinguish the signal
from the many track environment that is created in a heavy-
ion collision, because all primary tracks from primary SM
interactions originate from within the microscopic volume
of the two colliding nuclei. Our proposal is driven by the
approach to fully exploit the discovery potential of the
existing detectors to make optimal use of CERN’s resour-
ces and infrastructure. This approach is complementary to
proposals that aim to improve the sensitivity of the LHC to
LLPs by adding new detectors, including the recently
approved FASER experiment [12] and other dedicated
detectors, such as MATHUSLA [13-15], CODEX-b
[16], and AI3X [17]. A summary of our main results is
presented in Ref. [18].

Published by the American Physical Society
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TABLEIL  Cross sections for different heavy ions based on [24]. Here M, indicates the mass of the ion and /sxx the nucleon-nucleon
center of mass energy achievable at the LHC. The total cross section is the sum of the electromagnetic dissociation (EMD), the bound-
free pair production (BFPP), and the hadronic cross section 6,y = Ggyvp + Opppp + Chad- O indicates the W-boson cross section per
nucleon. For this illustrative purpose of this table we estimate 63~ from pp — W* — p*v with pr(u) > 5 GeV, calculated at next-to-
leading order (NLO) using MadGraph5_amc @NLO [28], while we properly simulate heavy-ion collisions as described below to obtain
the results shown in Fig. 5. oy, indicates the nuclear cross section, estimated by scaling 63X with A2

Mo, (GeV) VSxx (TeV) ogmp (b) ogrpp (b) Ghad (D) Ot (b) o¥* (nb) oy (ub)

}H 0.931 14.0 0 0 0.071 0.071 20.3 0.0203
é60 14.9 7.00 0.074 24 x 107° 1.41 1.47 10.0 2.56
‘l‘gAr 37.3 6.30 1.2 0.0069 2.6 3.81 8.92 14.3
‘2‘8Ca 37.3 7.00 1.6 0.014 2.6 4.21 10.0 16.0
ggKr 72.7 6.46 12 0.88 4.06 17.0 9.16 55.7
géKr 78.2 6.00 13 0.88 4.26 18.2 8.43 59.5
;?Xe 120 5.86 52 15 5.67 72.7 8.22 137
égng 194 5.52 220 280 7.8 508 7.69 333

II. HEAVY-ION COLLISIONS AT THE LHC tracks, which poses challenges for data acquisition

and data analysis to the multipurpose LHC experi-
ments. While a large track multiplicity generates a
strong background for prompt signatures, the decay
of feebly interacting LLPs produces displaced tracks
at macroscopic distances from the interaction point

For an equal number of collisions and equal center-of-
mass energy per nucleon, collisions of heavier nuclei
guarantee larger hard-scattering cross sections than proton
(pp) collisions, thanks to the enhancement factor of ~A? in

the number of parton level interactipns, \yhere A is the mass that can be easily distinguished from the tracks that

number of the isotope under consideration. In the case of originate from the primary interaction at the collision

lead isotopes (39°Pb) accelerated in the LHC, A = 208 point. We address this point in Sec. IIL.

provides an enhancement of 4 orders of magnitude. (3) The instantaneous luminosity in heavy-ion runs is

However, there are several drawbacks. limited to considerably lower values compared to pp

(1) The collision energy per nucleon in heavy-ion collisions, see Table II. The LHC delivered 1.8 nb™!
collisions is smaller than in proton collisions. The of collisions to the ATLAS and CMS detectors
design LHC beam energy is limited to 2.76 TeV for during the latest PbPb run in late 2018, and
Pb ions (corresponding to a center-of-mass energy 10 nb~! are expected to be accumulated during
per nucleon of /sxx =35.52 TeV in PbPb colli- the high-luminosity phase of the accelerator (HL-
sions), to be compared with 7 TeV for proton beams LHC) [24]. In terms of sheer numbers, this cannot
(hence /5,, = 14 TeV). These design values are compete with the size of the p p data samples even if
expected to be reached during Run 3. The scaling the A enhancement due to nucleon-nucleon com-
factor 67”4 tev/ 0|5 52 Tev Erows as a function of binatorics is taken into account. This poses the
the particle masses in the final state of the hard strongest limitation when searching for rare phe-
process under consideration [19], and it is typically nomena in heavy-ion data. We discuss these lumi-
larger for gluon-initiated processes than for quark- nosity limitations in some detail in Sec. IV.
antiquark collisions. For instance, for top quark pair (4) Heavy-ion runs at the LHC are comparably short. In
(7) production the drop between 14 and 5.52 TeV is the past not more than one month has been allocated in
of 1 order of magnitude [20] due to the large mass of the yearly schedule, as opposed to around six months
the top quark. However, the W-boson production in the pp case. This is not a fundamental restriction,
cross section per nucleon is only reduced by a factor and one can imagine that the sharing of time may
of around 2.5 (see Table I). The reduction factor is change in the future depending on the priorities of the
around 2.3 for B mesons [21-23], which are lighter LHC experiments. In the following we compare the
but whose production at these LHC energies is sensitivity per equal running time, given a realistic
mostly initiated by gluon-gluon fusion (opposed instantaneous luminosity, in order to remain indepen-
to W bosons, which are mostly created by quark- dent of possible changes in the planning.
antiquark annihilation). On the other hand, there are key advantages in heavy-ion
(2) Heavy-ion collisions are characterized by the pro-  collisions.

duction of a very large particle multiplicity, and in (i) The aforementioned number of parton level inter-
particular a very large multiplicity of charged-particle actions per collision is larger.
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TABLEII. Luminosities for collisions of different heavy ions based on [24] for three choices of the scaling parameter p [see definition
(9)]. Ly is the peak luminosity, z;, the optimal beam lifetime, and £, the optimized average luminosity. The last column contains the
ratio between the number of events Nyx = Loy in XX and p p production, where L is the integrated luminosity [see definition (5)] and
oyw is given in I. Following [24], we use an optimistic turnaround time of 1.25 h, which we compensate for in the case of heavy-ion
collisions by assuming that the useful run-time is only half of the complete run-time.

Pessimistic (p = 1) Realistic (p = 1.5) Optimistic (p = 1.9)

Ly 7 Laye Nxx/N,, Ly 7 Lye  Nxx/Npp Ly 7 Lye  Nxx/N,,
(ubs™" () (ubs™1) (1] (ubs™"  (h)  (ubs™h) (1] (ubs™h)  (h)  (ubs7) (1]
{H 21.0x 103 75.0 15.0x 103 1 21.0x10° 75.0 15.0x 103 1 21.0x 103 75.0 15.0 x 103 1

o 1.43 52.6 1.07 0.0082 14.6 16.4 8.97 0.0688 943 648 455 0.349

PAr 0282 45.8 0.208 0.00889 1.29 21.5 0.837 0.0358 433 11.7 246 0.105

30Ca  0.229 46.0 0.168 0.00811 0.937 22.7 0.615 0.0296 290 129 1.69 0.0811
BKr  0.0706  20.6 0.0454 0.00758 0.161 13.6 0.0948 0.0158 0311 9.80 0.169 0.0282
8Kr  0.0706  19.2 0.0448 0.00797 0.161 127 0.0933 0.0166 0311 9.15 0.166 0.0296
¥Xe 00314 7.20 0.156 0.00637  0.0476  5.84 0.0222  0.00908  0.0665 4.94 0.0294 0.0120
¥pb 0.0136  1.57 3.79x 1073 0.00379  0.0136  1.57 3.8x 107 0.00379  0.0136 1.57 3.8 x 10~° 0.00379

(i) There is no pileup in heavy-ion collisions. In
collisions of high intensity proton beams pileup
leads to tracks that originate from different points in
the same bunch crossing and creates a considerable
background for displaced signatures. In heavy-ion
collisions the probability of misidentifying the
primary vertex is negligible. Hence, heavy-ion
collisions can provide a cleaner environment to
search for signatures stemming from the decay of
LLPs when pileup is a problem, see Fig. 1.

(iii) The lower instantaneous luminosity makes it pos-
sible to operate ATLAS and CMS with significantly
lower trigger thresholds. This, e.g., allows one to
detect events with comparably low transverse mo-
mentum py in scenarios involving light mediators or
when the LLPs are produced in the decay of mesons.

(iv) In heavy-ion collisions there are entirely new pro-
duction mechanisms that are absent or inefficient in
proton collisions. The strong electromagnetic fields
in heavy-ion collisions can drastically increase the
production cross section for some exotic states that
couple to photons. This can be exploited by con-
sidering ultraperipheral heavy-ion collisions [25], as
emphasized in recent publications on monopoles
[26] and axionlike particles [27]. It has also been
suggested that thermal processes in the quark-gluon
plasma (QGP) can help one to produce a sizable
number of exotic states [10].

This article presents an illustrative study with an analysis
strategy based entirely on points (i) and (iii). The effect of
point (ii) is model dependent, and explained in more detail
in Sec. III. A detailed quantitative analysis of the effects
deriving from point (ii) goes beyond the scope of the
present article, whose main purpose is to point out the
potential of heavy-ion collisions for LLLP searches. We do
not explore the (strongly model dependent) point (iv) in the

present work. A list of references on this topic can, e.g., be
found in Ref. [10].

III. TRACK AND VERTEX MULTIPLICITIES

Historically, heavy-ion collisions have been considered
an overly complicated environment, therefore unsuitable
for precise measurements of particle properties or searches
of rare phenomena, because of their large final-state particle
multiplicity, as opposed to pp collisions. However, due to
the high pileup during Run 4 in pp collisions, the track
multiplicity is expected to become comparable for pp
and PbPb collisions while it is smaller for lighter ion
collisions [29].

In PbPb collisions, hard-scattering signals are more
likely to originate in the most central events, where up
to around 2000 charged particles are produced per unit of
rapidity at /sxx = 5.52 TeV [30], meaning that around
10 000 tracks can be found in the tracking acceptance of the
multipurpose experiments ATLAS and CMS. In contrast,
pp collisions during standard runs in 2017 were typically
overlaid by about 30 pileup events, each adding about 25

7

invisible particle /

incorrectly
identified e charged particles
primary "//
vertex % neutral LLP
—o— = —=%
primary beams
vertex

FIG. 1. Example of a signature that is difficult to search for in
high pileup pp collisions. Heavy-ion collisions can provide a
cleaner environment.
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charged particles on average within the tracking acceptance
of the multipurpose detectors [31-33], meaning that
~750 charged particles per event are coming from pileup.
This is not expected to increase by a large factor until the
end of Run 3. The HL-LHC will bring a big jump: current
projections assume that, in order to accumulate 3000 fb~!
as planned, each bunch crossing will be accompanied by
about 200 pileup events [34,35], meaning 5000 additional
charged particles per hard-scattering event. In conclusion,
in the HL-LHC era the difference in track multiplicity
between most-central PbPb and p p collisions will reduce to
a mere factor of 2. A lot of ingenuity has been invested by
the major LHC experiments in recent years to overcome the
issues deriving from such a large track multiplicity [36,37].
In addition to the planned detector upgrades, all particle
reconstruction and identification algorithms have been
made more robust and optimized for a regime of very
large multiplicities, and these efforts automatically benefit
also the analysis of heavy-ion data.

Although a very large track multiplicity is expected to
degrade the reconstruction and identification of displaced
vertices, the adverse effect of pileup on vertex-finding
performance is caused more by the presence of additional
primary-interaction vertices than from the sheer number of
tracks. This is, e.g., demonstrated by the comparison of b-
tagging performance in 77 studies in pp, pPb, and PbPb
collisions [38,39]. Using the same algorithm as in the
standard pp analysis, and requiring an equal efficiency of
correctly tagged b-quark-initiated jets, the misidentification
rate of light jets is smaller in pPb than in pp events (0.1%
vs 0.8%) in spite of the larger track multiplicity [38].
However, in the case of PbPb collisions a dedicated
retuning of the b-tagging algorithm was necessary in order
to recover a comparable efficiency. Nevertheless an accept-
able purity versus efficiency (sufficient to provide evidence
for top quark production) was achieved even for the most
central collisions, in which the track multiplicity is maxi-
mal [39]. Similar qualitative considerations apply to the
case of algorithms for the reconstruction of long-lived
particles.

IV. AVERAGE INSTANTANEOUS LUMINOSITY

The maximum luminosity achievable in heavy-ion
collisions is constrained by multiple factors.

(1) Technical limits set on the injector performance.

(2) The total cross section per nucleon is increased
compared to pp collisions due to the additional
sizable electromagnetic contributions. This results
in a more rapid decline of the beam intensity.
Moreover, most of the interactions are unwanted
electromagnetic interactions caused by the stronger
electromagnetic fields and soft hadronic processes,
i.e., electromagnetic dissociation (EMD) and bound-
free pair production (BFPP), see, e.g., Refs. [40-42]
and references therein for details. The change of the

mass/charge ratio caused by these processes leads to
secondary beams that can potentially quench the
LHC magnets. This problem was only recently
mitigated for ATLAS and CMS by directing the
secondary beams between magnets, while a special
new collimator is required for ALICE [43,44].

(3) Collecting the maximum rate of events that the LHC
can deliver is not necessarily ideal for all the
experiments. For instance, the ALICE experiment
is limited in the amount of data that it can acquire by
the repetition time of its time projection chamber
[45], thus instantaneous luminosity is leveled at their
interaction point by adjusting the horizontal sepa-
ration between the bunches. Similarly also the LHCb
experiment only uses about 10% of the available
beam intensity [46].

The upper limit on the achievable instantaneous luminosity
depends on the charge Z and mass A of the accelerated
nuclei in a complicated manner and is currently under
investigation. For the purpose of the present article, we use
the numbers presented in II, which are computed based on
estimates presented at a recent HL-LHC workshop [47], see
also [24]. In the following, we briefly summarize how we
used these data. The instantaneous luminosity at one
interaction point (IP) scales according to [48]

L o« n,N2, (1)

where 7, is the number of bunches per beam and N, is the
number of nucleons per bunch. The decay of the beam due
to interactions follows

NG

Ny _ o, Njy
NOTb’

= —Otot
dt © n,

(2)

where npp is the number of interaction points, oy is the total
cross section, Ng = N, (0) is the initial number per bunch
at beam injection, and

ny, N() 1
Ty = —
orothtip Lo

(3)

OioitipNo

is the beam lifetime. Here £, is the initial instantaneous
luminosity at beam injection. Therefore, the number of
nucleons per bunch decays according to

0 . t
th 0=—. 4
1+9’ W Tb ()

Ny(t) =

The evolution of the instantaneous luminosity £(7) and
integrated luminosity L(¢) are then

c 0
L(t) :(1Toe)2’ L(1) = Loty 5

(5)

The turnaround time #,, is the average time between two
physics runs. Therefore, the average luminosity is
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L(1)
Loye(1) = , 6
ave( ) t+ tta ( )
which is maximized for
. ta
Lopt = TpV/ 0., with 6, = i (7)

Finally, the average luminosity for the optimal run-
time is

'Cave(topt) = (l_fio\/gTa)g' (8)

Additionally, the initial bunch intensity follows roughly

M%) = Wuze) () ©)

where the exponent characterizes the number of nucleons
per bunch. For a given isotope, it is limited by the heavy-
ion injector chain, the bunch charges, and intrabeam
scatterings. Simple estimates based on fixed target studies
with Ar beams suggest that 1 < p < 1.9 is realistic [47].

V. AN EXAMPLE: HEAVY NEUTRINOS

In the following, we use the example of heavy
neutrinos with masses below the electroweak scale that
interact with the SM exclusively through their mixing
with ordinary neutrinos, to illustrate the potential of new
physics searches in heavy-ion collisions. This is an
extremely conservative approach for two reasons. First,
we do not take advantage of any of the new production
mechanisms that the strong electromagnetic fields or the
QGP offer in comparison to proton collisions, see point
(iv). Second, we do not take advantage of the lack of
pileup, point (ii), which we do not expect to play a major
role in the minimal seesaw model considered here. This
point can, however, give heavy-ion collisions a crucial
advantage over proton runs in searches for signatures
with a more complicated topology than the decays shown
in Fig. 2. In the context of heavy neutrinos this could,
e.g., be the case in left-right symmetric models [49-51]
where decays mediated by Majorons can lead to pairs of
displaced vertices [52].

Right-handed neutrinos v appear in many extensions
of the SM. The implications of their existence strongly
depend on the values of their masses. The v, could
solve several open puzzles in cosmology and particle
physics, see, e.g., [53] for a review. Most notably they
can explain the light neutrino masses via the type-I
seesaw mechanism [54-59], which requires one flavor
of v, for each nonzero neutrino mass in the SM. In
addition they may explain the baryon asymmetry of the
Universe via leptogenesis [60], act as dark matter

[ 1

N w+ [ N w+

W+ B+
pt f pt f

(a) Electroweak production. (b) B-meson production.

FIG. 2. Production and decay of heavy neutrino mass eigen-
states N via (a) W bosons and (b) B mesons. The tiny couplings
inducing the displaced signature are indicated by red vertices.

candidates [61], address various anomalies observed
in neutrino oscillation experiments [62], or generate
the Higgs potential radiatively [63].!

Since right-handed neutrinos are gauge singlets, the
number of their flavors is not constrained to be equal to
the SM generations by anomaly considerations. At least
two flavors of vy are required to explain the observed
neutrino oscillation data via the seesaw mechanism. Here
we work in a simple toy model with only a single flavor of
vp with mass M, which is sufficient because the displaced
vertex signature does not rely on interference effects among
different neutrinos or correlations between their parame-
ters. The minimal extension of the SM with right-handed
neutrinos can be obtained by adding all renormalizable
operators that only contain vp and SM fields to the SM
Lagrangian,

i N
Ly, = 5VrPvr = FulLaed’vp = 5VpMrg +He.  (10)

Here ¢ is the SM Higgs doublet, £, are the SM lepton
doublets, the F, are the Yukawa coupling constants to the
SM lepton generation a, and ¢ is the antisymmetric SU(2)
tensor.

The heavy neutrino interactions with the SM can be
described by the mixing angles 6, = vF,/M with
v = (¢) ~ 174 GeV, which characterize the relative sup-
pression of their weak interactions compared to those of the
light neutrinos. The Lagrangian that describes the inter-
action of the heavy neutrino mass eigenstate N ~ vy +
0,v%, + c.c. with the SM reads

mz
V2v

M
— = 0,hv;,N + He., (11)
v

m — —
i) —TWNezyﬂeLaw; - NOsyvL.Z,

where h is the physical Higgs field after spontaneous
breaking of the electroweak symmetry. The mixing angles

'For further details we refer the reader to the following reviews
on the matter-antimatter asymmetry [64], the perspectives to test
leptogenesis [65], sterile neutrino dark matter [66,67] and
experimental searches for heavy neutrinos [68—71].
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FIG. 3. Heavy neutrino mixing U? (red lines) compared to
potentially relevant SM backgrounds (blue dots) as a function of
particle mass M; and lifetime 7. Figure taken from Ref. [76]. In
addition to these SM backgrounds, secondary nuclear inter-
actions in the detector material constitute a source of background
for displaced signatures. For comparable track multiplicity the
effect of the SM backgrounds would, depending on the particle’s
lifetime, be equal or worse in pp data compared to heavy-ion
data.

U2 = |0,|* can be large enough to produce sizable numbers
of heavy neutrinos in collider experiments if the heavy
neutrinos approximately respect a generalized B—L sym-
metry [72-74], where B and L denote baryon and lepton
number, respectively (see also [75]).

For M below the weak gauge boson masses, the heavy
neutrinos can be long-lived enough to produce displaced
vertex signals at the LHC [18,76-93] or at a future collider
[71,94-97],% see Fig. 3. In this mass range the Lagrangian
(10) effectively describes the phenomenology of the
Neutrino Minimal Standard Model (!MSM) [105,106], a
minimal extension of the SM that can simultaneously
explain the light neutrino masses, dark matter, and the
baryon asymmetry of the Universe [107,108], see [109] for a
review. The dominant production channel for M > 5 GeV is
the decay of real Z (W) bosons, in which the heavy neutrinos
are produced along with a neutrino v, (charged lepton £ ),
while for M < 5 GeV the production in b-flavored hadron
decays dominates, see Fig. 2. The number of heavy
neutrinos that are produced along with a lepton of flavor

2Such searches could be much more sensitive in models where
the heavy neutrinos have additional interactions [52,98—104].
Heavy-ion collisions can be a promising place to search for
signatures with two displaced vertices, see, e.g., [52], that would
benefit from better vertex identification, see point (ii).

—
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e 1077E E
S ; %]
1078 9
L N production cross ]
10-9L  section Uz, too small RN
:l L L 1 R | 1 x:
2 5 10 20

M [GeV]

FIG. 4. We show a sensitivity estimate for W induced N decays
in pp collisions based on the simplified detector model (12) with
lp = 5 mm and /; = 20 cm. The three sensitivity curves (black)
correspond to nine expected events with integrated luminosities
of 3, 30, 300 fb~! as a function of heavy neutrino mass M and
mixing U2. The colored dotted lines illustrate the three main
obstacles in improving the reach.

a can be estimated as ~Lo, U2, where 6, is the production
cross section for light neutrinos. It is roughly given by o, ~
ow/3in Wdecays and 6, ~ 65/9 in B decays, where oy, and
op are the W and B production cross sections in a given
process. They then decay semileptonically or purely leptoni-
cally, see, e.g., [68,108,110-113].

The number of displaced vertex events with a lepton of
flavor a at the first vertex and a lepton of flavor b from the
second vertex that can be seen in a detector can then be
estimated as

V202 I !
G o) e (on) Jre 02

Here /; is the length of the effective detector volume in a
simplified model of a spherical detector, /, the minimal
displacement that is required by the trigger, 1y = fy/I'y is
the particle decay length, where I'y is the heavy neutrino
decay width, f is the heavy neutrino velocity, and fy =
Ip|/M the usual Lorentz factor, U? =Y, U? is the total
mixing, and f, € [0, 1] is an overall efficiency factor that
parametrizes the effects of cuts due to triggers, deviations
of the detector geometry from a sphere, and detector
efficiencies. The analytic formula (12) allows for an
intuitive understanding of the sensitivity curves obtained
from simulations, see Fig. 4. As illustrated in Fig. 8, it can
reproduce the results of simulated data surprisingly well.

Nobs = Lou
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One may wonder whether the heavy neutrinos can
leave the dense plasma that surrounds the collision point.
Intuitively, this should clearly be the case because the
scattering cross section of heavy neutrinos is suppressed
by a factor ~U? compared to that of ordinary neutrinos.
For a more quantitative estimate, we can evaluate the
mean free path Ay of the relativistic heavy neutrinos of
energy @, ~ my /2 that are produced in real gauge boson
decays as Ay ~yf/I'r, where I'; is the thermal damping
rate in a plasma of temperature 7. In this regime it is
known that I'y < U*T?/w, [122]. We can therefore
estimate

ﬂTﬁﬁ> plw, Ip|? 1 02GeV

> > ~
Iy UT’M~ UT*M~ UM~ UM

fm, (13)

which is orders of magnitude larger than a few tens of
femtometers.

Since f., is largest for muons, in the following
we concentrate on a benchmark model in which the
heavy neutrinos mix exclusively with the second
generation (U? = Uﬁ).3 The expression (12) then further
reduces to

I} [
Nops = Lo, Up, {exp (— /1—0> — exp (— l—l>]fcut. (14)
N N

A. Heavy neutrinos from W-boson decay

1. Event generation

We first study the perspectives to find heavy neutrinos
produced in the decay of W bosons in a displaced vertex
search. Our treatment of the detector closely follows that of
Ref. [76], but we have adapted the simulation of the
production for different colliding isotopes. We calculate
the Feynman rules for Lagrangian (11) with FeynRules 2.3
[124], using the implementation [125] that is based on the
computations in Refs. [68,126]. Then we generate events
for the processes shown in Fig. 2 with MadGraph5_aMC@NLO
2.6.4 [28], which is capable of generating events for heavy-
ion collisions if provided with the appropriate parton
distribution functions (PDFs). For the simulation of lead
collisions we use published PDFs [127]. However, for
argon and other intermediate ions there are no published
PDFs, therefore we calculate the ion PDFs by scaling the
proton PDFs. The PDF for a quark of flavor a within an ion
with mass number A = p + n is denoted by % ,(x, 0?),
where x is the Bjorken fraction defined as the ratio of the

Realistic flavor mixing patterns in the seesaw model in view
of current neutrino oscillation data have recently been studied in
[123], we refer the interested reader to this article and references
therein.

parton energy over the ion energy. It can be approximated
by a rescaling of the proton PDF f, via

40 (0) = pfio(Ax) + nfiy(Ax),  (15a)
4.a(X) = Pfio(Ax) + nfio(Ax),  (15b)
1a(0) = pflo(Ax) + nfio(Ax),  (15¢)
5a(X) = pfio(Ax) + nfiy(Ax),  (15d)

Fhax) = Aff o(Ax), (15¢)

where the index f denotes quarks beyond the first gen-
eration and gluons. For the sake of notational clarity we
have dropped the scale dependence Q7.

We find that the effects of the nuclear PDFs can be
neglected after comparing them to other sources of uncer-
tainty in our analysis. We use MadWidth [ 128] to calculate the
N decay width," the resulting lifetime is given in Fig. 3.
Subsequently, we simulate the decays with MadSpin
[129,130]. Finally, we hadronize the colored particles
and generate hadronic showers with pYTHIA 82 [131].
We calculate the detector efficiencies of the CMS detector
using our own code based on public information of the
detector geometry. Most importantly, we use a pseudor-
apidity coverage of |57| < 4 and use for the extension of the
tracker 1.1 and 2.8 m in the transversal and longitudinal
direction, respectively [37]. In [76] it has been shown that
in pp collisions the expected performance of the ATLAS
detector is comparable to the one of the CMS detector for
this search strategy. We expect the same to be true in heavy-
ion collisions.

We search this signal in event samples that have either
been triggered by a single muon or by a pair of muons. The
minimal transverse momentum py of the muon used for the
pair triggers can be softer than in the single muon triggers.
For the tagging and tracking efficiencies we use the CMS
detector card values of DELPHES 3.4.1 [132]. In order to
reduce the background from long-lived SM hadrons we
require that the secondary vertices have a minimal dis-
placement [, of 5 mm. In order to suppress further back-
grounds, in particular from nuclear interactions of hadrons
produced in the primary collisions with the detector
material, we require at least two displaced tracks with an
invariant mass of at least 5 GeV in the reconstruction of the
displaced vertices, see Ref. [83]. The reconstruction effi-
ciency is near 100% if the produced particles traverse the
entire tracker. If a particle traverses only a fraction of the
tracker the efficiency is reduced. We adapt a ray tracing

*Madwidth uses quarks instead of hadrons in the final states.
The resulting error is relatively small as long as all particles are
relativistic, as we explicitly checked by comparison with the
results in [110].
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[133,134] method to compute the particle’s trajectory and
use the length of the remaining path within the tracking
system as the criterion to estimate the vertex reconstruction
efficiency. It has recently been shown in Ref. [135] that the
detection efficiency drops only linearly with the displace-
ment if advanced algorithms are used. We adopt this
functional dependence and assume that the maximal
displacement that can still be detected can be improved
by a factor 2 if optimized algorithms are used. This strategy
closely follows the approach taken in Ref. [76].

We fix the integrated luminosity in PbPb runs to 5 nb™!,
a realistic value for one month in the heavy-ion program.
We then use the relations presented in Sec. IV to estimate
the integrated luminosity that could be achieved with Ar in
the same period as 0.5 and 5 pb~! for pessimistic and
optimistic assumptions for the scaling behavior, respec-
tively. For protons we use 50 fb~!.

2. Backgrounds

Following the approach in Ref. [76], we work under the
assumption that the SM background can be efficiently
excluded by the cuts on the invariant mass and the
displacement, see Fig. 3. Quantifying the remaining back-
grounds would require a very realistic simulation of the
whole detector. These include cosmic rays and beam-halo
muons, which only occur at a low rate in the experimental
caverns and can mostly be recognized [136], as well as
scattering of SM neutrinos from the collision point with the
detector, which have a low cross section of charged-current
interaction in the detector material. In summary, we assume
that the background number is smaller than one and do an
(under this assumption) conservative statistical analysis
with one background event, using the nonobservation of
four events and the observation of nine events for exclusion
and discovery, respectively.

3. Results

We present our results in Fig. 5. It shows that the
suppression of the number of events due to the reduced
instantaneous luminosity of heavy-ion runs compared to
proton runs overcompensates for the A> enhancement per
collision, i.e., point (i), so that Pb collisions are clearly not
competitive. For lighter nuclei like Ar the perspectives are
somewhat better, as the expected number of events per unit
of running time is only about an order of magnitude smaller
than in proton runs. If the heavy neutrinos have mixing
angles slightly below the current experimental limits, then
they would first be discovered in proton collisions, but
heavy-ion collisions would still offer a way to probe the
interactions of the new particles in a very different
environment. For heavy neutrinos that are produced in
W-boson decays, the sensitivity is only marginally
increased when lowering trigger thresholds, i.e., point
(iii), because most u* from the primary vertex have

pr > 25 GeV due to the mass of the W boson. It remains
well below what can be achieved in proton collisions at the
LHC [76,78-81,83-92].

B. Heavy neutrinos from B-meson decays

The situation is very different for heavy neutrinos
produced in B-meson decays. The cutoff in sensitivity
along the M axis in this case is not determined by the fact
that the N decays too quickly to give a displaced vertex
signal, but by kinematics: the production cross section
exhibits a sharp cut when M approaches the B-meson mass
mpg. Since this cut occurs in a mass range where the
expression (12) suggests that the sensitivity should still
improve when increasing M, see Fig. 4, we expect that one
can achieve maximal sensitivity just below the threshold.
This means that the sensitivity is maximal in a region where
the momenta in the B-meson rest frame of both the N and
the u* that is produced along with it are much smaller than
mpg. The py distribution of B mesons in the laboratory
frame peaks around 3 GeV, see Fig. 6(a). As a result, the
vast majority of u* have p; well below standard p; cuts.
Hence, there is enormous potential for improving the
sensitivity if one can lower the trigger thresholds on the
primary muon py. For B-meson induced processes in
heavy-ion collisions we assume a trigger threshold of
3 GeV, which roughly corresponds to the kinematic limits
dictated by the magnetic bending and the geometry of
tracking detectors.

The production of heavy neutrinos in B-meson decays
cannot be simulated in the same way as described in
Sec. VA. A detailed simulation of N production from B
mesons and their decay is technically challenging and goes
beyond the scope of this work, the main purpose of which is
to estimate the order of magnitude of the sensitivity that can
be reached in heavy-ion runs. Therefore, we resort to a
modification of the simplified detector model (12) to
determine the number of events. If the masses of all
final-state particles were negligible, we could express
o, =op/9, where op is the total B-meson production
cross section and the factor 1/9 accounts for the branching
ratio of the decay into final states including neutrinos.
There is a wide range of SM two and three body decays into
neutrinos, in all of which the SM neutrino could be replaced
by an N. In the two body decay B* — u*N the heavy
neutrino mass can be taken into account by multiplying by
a simple phase space factor,

Lo M2
Nobs = —£ <1 - ) Uﬁ(e—lo/ﬂ/v - e_ll/ﬂN)fcut- (16)

2
9 my

While this decay is helicity suppressed in the SM, this is not
the case for the decay into heavy neutrinos.
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(b) Discovery with 5.

Sensitivity of the CMS detector for heavy neutrinos produced in W decays, as a function of the heavy neutrino mass M and

mixing U2, in PbPb (solid red lines), ArAr (green hashed band), and pp (dashed blue lines) collisions at 5.5, 6.3, and 14 TeV,
respectively. The luminosities are indicated in the plot and roughly correspond to equal running times of one month. (a) and
(b) correspond to exclusion (four events) and discovery (nine events), respectively. We expect a comparable result for the ATLAS
detector. The results are based on a simulation of W induced processes using MadGraph5_amMc @NLO with the parameters described in
Sec. VA. The green band reflects the current uncertainty in the beam intensity that can be achieved in ArAr collisions. The gray areas
represent the exclusion limits of former experiments NuTeV [114], CHARM [115], DELPHI [116], and CMS [117]. We do not display a
constraint on the mixing angle from the requirement to generate the light neutrino masses because light neutrino oscillation data only
imposes a lower bound on the mixing of an individual heavy neutrino species if one makes additional model-dependent

assumptions [118].

1. Matching the simplified detector model to simulations

We determine the parameters [y, /;, and f, in the model
(16) by fitting the simplified detector model (12) to the
results of our simulations for N production in W decays
shown in Fig. 5. This corresponds to modeling the LHC
detectors ATLAS or CMS as spherical, which turns out to
be a good estimate up to factors of 2 to 3, see Fig. 8. For the
neutrino production cross section ¢, in W-boson decays we
use the results from MadGraph5_aMC@NLO, i.e., 1.12 X
10* pb for proton collisions at 14 TeV and 407 x
4898 pb and 208 x 4228 pb for Ar at 6.3 TeV and Pb
at 5.5 TeV, respectively.

In order to account for the Lorentz factor fy for each
choice of M, we compute the N momentum in the
laboratory frame as a function of the W-boson momentum
and the angle between the spacial W and N momenta. We
then average Eq. (12) over W momenta, using a distribution
which we have generated simulating the process pp - W
with up to two jets using MadGraph5_aMC@NLO with sub-
sequent hadronization and matching with soft jets via
PYTHIA. With [, = 2 cm and /; = 20 cm we can reproduce
the results of our simulation shown in 5 in good

approximation if we set the overall effective efficiency
to fou = 0.1.

The fitted parameter values can be understood in
terms of physical arguments. The choice [, =2 cm is
qualitatively in good agreement with what one would
expect from the geometrical cuts 0.5 and 10 cm on the
minimal displacement in transversal and longitudinal
direction that were used in the simulation. /; =20 cm
indicates a typical distance at which one can still
reconstruct the displaced vertex. In the simulation we
assumed that the vertex reconstruction efficiency lin-
early drops from 100% to zero between a displacement
of 5 mm and 55 cm, hence 20 cm is a reasonable value.
The fact that all of the parameter values can be under-
stood physically provides a strong self-consistency
check for our approach. In Fig. 8 we show the ratio
between the simplified detector model (12) and the
results of the simulation described in Sec. VA 1 within
the region where Eq. (12) predicts more than 0.1 events.
Given the nonlinear dependence of the function (12) on
the parameters and the fact that N, changes over 6
orders of magnitude within this region, it is absolutely
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FIG. 6. (a) Parton level differential cross section do3*/dp; of B mesons per nucleon (including theoretical uncertainties) expected in

collisions of the ions indicated in the plot. (b) Comparison between the differential cross sections of the B mesons and those of the
leading muons produced in their decay, each normalized to the respective integrated cross section. The estimates are based on proton
collisions with the collision energy per nucleon +/s in heavy-ion collisions 14 TeV (dotted blue lines) for pp, 7 TeV (dashed green lines)
for ArAr, and 5.5 TeV (solid red lines) for PbPb. As shown in Fig. 7 the nuclear modification effects in good approximation only lead to
an overall rescaling of the cross section, which has little effect on the comparison of event numbers for different p; cuts described in
Sec. V B 2. All processes correspond to central collisions with |57| < 4. The predictions have been derived with the FONLL framework
[21-23] at NLO + NLL, using for the b-quark fragmentation fraction a value of f(b — B") = 0.403 [119] and the CTEQ 6.6 NLO
parton distribution functions [120]. The dotted and dashed vertical lines at 25 and 3 GeV correspond to the single muon trigger

thresholds in proton and heavy-ion collisions, respectively.

nontrivial that the simplified model reproduces the
simulation up to a factor 2 to 3 within that region.

2. Computing the number of events

In order to determine op in the model (16) we first
compute the differential cross section dog/dp; for B
mesons produced at different collision energies at NLO
and next-to-leading log (NLL) within the FONLL frame-
work [21-23], in the range p; € [0,300] GeV using
f(b - B*) =0.403 for the b-quark fragmentation fraction
[119] and the CTEQ 6.6 NLO parton distribution functions
[120], accepting events with a pseudorapidity || < 4. The
results are shown in Fig. 6(a). We validate the predictions
against experimental results [121], noticing that the data are
mostly centered on the upper side of the theoretical
uncertainty band, see Fig. 7. By using central value
predictions we are thus underestimating the differential
cross section, and the derived results can be interpreted as
being conservative.

We fix the value of o by integrating over dog/dp; =
A%do%X /dpr, where the integration limits have to be fixed
by the pr cuts. We can incorporate the lower pr cut in

heavy-ion collisions compared to proton collisions, point
(iii), by computing oz as an integral over dog/dp; with
different lower integration limits that reflect the different
pr cuts on the primary muon. The p; distribution of the
primary muons depends on M and should be determined
in a simulation. We take a much simpler approach that
gives a very conservative estimate of the discovery
potential in heavy-ion collisions. The B-meson p; dis-
tribution is a good proxy for the p; distribution of the
leading muon if the heavy neutrino has a mass compa-
rable to the B meson, since in this case the muon will be
soft in the B-meson rest frame. For smaller M the two
distributions can differ considerably due to the muon
momentum in the B rest frame. The modification is most
extreme for M = 0, in which case the kinematics is the
same as if the N in the final state is replaced by a SM
neutrino. One can thus determine the muon p; distribu-
tion in the extreme cases M =myp and M =0 by
computing the p7 distribution of the B mesons themselves
as well as that of muons produced in their decay Bt —
#*v, X, as shown in Fig. 6(b). In the second case the
distribution peaks at considerably lower py.

055002-10



NEW LONG-LIVED PARTICLE SEARCHES IN HEAVY-ION ...

PHYS. REV. D 101, 055002 (2020)

T
106E E
—_ ; s
Q
&‘ & 10° 3
%bca &
Sl 0
1045 E
== FONLL
—t—pp
1% | PbPb CMS 2017
E I I I 1]
6 7 8910 20 30 40 50
pr [GeV]
FIG. 7. Comparison between the theoretical differential pro-

duction cross sections for pp — BT + X at /s = 5.03 TeV
using |5| < 2.5 computed with FONLL [21-23] as described in
the caption of Fig. 6 (red band) and the experimental measure-
ments for proton and lead collisions at /s = 5.02 TeV (red and
gray data points, respectively) [121]. The difference of 1 GeV
between the experimental and the theoretical center-of-mass
energy is caused by a technical limitation of FONLL and the
resulting uncertainty is negligible in comparison to the theoretical
and experimental errors.

To keep the analysis simple and conservative, we directly
apply the experimental p; cut on the leading muon to
the pr distribution of the B meson when computing op
from doy/dpy. For op in proton collisions we use
25 GeV < pr <300 GeV, in heavy-ions collisions we
use 3 GeV < pr <300 GeV. pr values below 3 GeV
are very hard to access even in heavy-ion collisions because
the CMS magnetic field prevents particles with such low
momentum from reaching the detector in most of the solid
angle range where it is sensitive.” If we had applied the
same cuts to the muon distribution in B* — x*v, X decays
the predicted number of events in heavy-ion collisions
would improve by more than an order of magnitude
compared to our conservative estimate. The actual value
of op lies in between these extreme cases. All other cuts and
efficiencies are summarized in f, and should be similar
for proton and heavy-ion collisions, except for a

°In principle one should consider an #-dependent p threshold.
Realistic numbers for CMS in the same heavy-ion environment
and a similar muon kinematics can be found in a recent paper
based on PbPb data collected in 2015 [121], where it is stated that
the muon thresholds are p; > 3.5 GeV for |g| < 1.2, pr >
1.8 GeV for 2.1 < || < 2.4, and linearly interpolated in the
intermediate |57| region. In order to keep things simple and less
specific to the geometry of a specific detector, we use the
conservative estimate 3 GeV.

subdominant change due to the fact that the momentum
distributions in heavy-ion collisions are slightly different.
Therefore, we adapt the value f., = 0.1 obtained from
fitting the simplified detector model (12) to the simulation.

We finally take account of the Lorentz factor in the
model (16) by expressing fy for each choice of M in terms
of the B-meson momentum in the laboratory frame and the
angle between this momentum and the N momentum. We
average Eq. (16) over both, using a flat prior for the angle in
the B rest frame, and adopt B-meson spectra that we have
determined by generating the process pp — bb with up to
one additional jet using MadGraph5_aMC@NLO with sub-
sequent hadronization and matching of soft jets with
PYTHIA.

3. Results

We present the results of our computation in Fig. 9,
where we compare the sensitivity that can be achieved in
proton and heavy-ion collisions for equal running time
using the luminosities as in Sec. V A. The results show that
data from PbPb collisions could improve existing bounds
on the properties of heavy neutrinos by more than an order
of magnitude. Furthermore, for ArAr collisions, the com-
bined enhancement due to the larger number of nucleons,
point (i), and the lower cut in py, point (iii), can over-
compensate for the effect of the lower instantaneous
luminosity compared to proton collisions, and one can
achieve a better sensitivity per unit of running time. Here
we have not taken advantage of the absence of pileup at all,
ie., point (ii), and we recall that we made a very
conservative estimate of the effective 6. This suggests
that, in the range 2 GeV < M < 5 GeV and using the
sensitivities estimated by CERN’s Physics Beyond
Colliders Working Group [9], ArAr collisions with L =
5 pb™! could achieve a higher sensitivity than FASER2
with L = 3 ab~! and a comparable sensitivity as CODEX-
b [16] with L =300 fb~!, while MATHUSLA [13-15]
with L = 3 ab™! would be more than an order of magnitude
more sensitive. Also the SHiP experiment [137,138] with
2 x 10%° protons on target could achieve a higher sensi-
tivity. However, no decision has been made so far about the
construction of these proposed future detectors. For FASER
the first phase has been approved, which is almost an order
of magnitude less sensitive than FASER2 [139].

VI. DISCUSSION

We propose to search for LLPs via displaced vertex
searches in heavy-ion collisions at the LHC. In the context
of LLP searches heavy-ion collisions provide four main
advantages in comparison to p p collisions: (i) The number
of parton level interactions per hadron-hadron collision is
larger, (ii) there is no pileup, which, e.g., renders the
probability of misidentifying the primary vertex practically
negligible, (iii) the lower instantaneous luminosity makes it
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FIG. 8. Ratio between the simplified detector model (12) and the number of events predicted by the simulations performed in Sec. VA,
for PbPb, ArAr (pessimistic and optimistic), and pp at 5.5, 6.3, and 14 TeV, respectively. The displayed region in the plane of heavy
neutrino mass M and mixing Uﬁ corresponds to parameter values where the model (12) predicts more than 0.1 events.

possible to considerably loosen the triggers used in the
main detectors, and (iv) there are new production mech-
anisms The track multiplicity, which is traditionally con-
sidered to be a reason that speaks against new physics
searches in heavy-ion collisions, is not considerably higher
than in high pileup pp collisions, leaving the lower
instantaneous luminosity as the main disadvantage.

A. Summary of the main results

In the present work, we focus on points (i) and (iii), using
the specific case of heavy neutrinos with masses in the GeV
range as an illustrative example. We consider two

DELPHI
(long-lived)

DELPHI
(short-lived)

—— PbPb 5.5

% ArAr 6.3

5/nb
0.5/pb
5/pb
50/fb

----pp U4

M; [GeV]

(a) Exclusion with 26.

production mechanisms of heavy neutrinos, production
in W-boson decay and in B-meson decay. If the same cuts
are applied as in pp collisions we find that the limitations
on the instantaneous luminosity for PbPb suppress the
observable number of events per unit of run-time by almost
2 orders of magnitude. This suppression can be reduced to
less than 1 order of magnitude for lighter nuclei, the use of
those is currently explored by the heavy-ion community for
other reasons [47] such as the longer beam lifetime.

For the production in W-boson decays this means that
heavy-ion collisions in general do not offer a competitive
alternative to searches in proton collisions, though the

DELPHI
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PbPb 5.5 5/nb
0.5/pb
5/pb

50/fb
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v

----pp__ 14
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(b) Discovery with 50.

FIG. 9. Sensitivity for heavy neutrinos produced in B decays with the same conventions as in Fig. 5. (a) and (b) correspond to
exclusion (four events) and discovery (nine events), respectively. The results were obtained from the simplified detector model (16) as

described in Sec. V B.
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integrated luminosity of the HL-LHC in ArAr collisions
would be sufficient to push the sensitivity far beyond
current experimental limits, see Fig. 5. Loosening the
triggers for N produced in W decays only leads to a
marginal improvement. The situation is much more prom-
ising when considering the production in B-meson decays,
which leads to a larger number of events, but signatures
with much lower py. The results shown in Fig. 9 are
remarkable in several ways.

First, data from the complete PbPb run could improve the
sensitivity of searches for heavy neutrinos by more than an
order of magnitude in comparison to current bounds. For a
small range of masses over 4 GeV the improvement would
amount to 2 orders of magnitude. If the LHC’s heavy-ion
runs were performed with Ar instead, the improvement
would be up to 3 orders of magnitude.

Second, the sensitivity that could be achieved in a given
unit of running time is actually larger in ArAr collisions
than in proton collisions due to the lower cuts on p; that
can be imposed. This is not sufficient to entirely compen-
sate for the longer scheduled running time for proton
collisions. However, we did not take advantage of the
absence of pileup, point (ii), in the present analysis. This
suggests that for models where pileup poses a serious
problem for the extraction of signatures, see, e.g., Fig. 1,
heavy-ion collisions could actually be more sensitive than
proton collisions.

Finally, heavy-ion collisions would allow one to study
the properties of long-lived particles in a very different
environment than proton collisions. This can be particularly
interesting for cosmologically motivated LLPs because this
environment roughly resembles the primordial plasma that
filled the early Universe. The properties of some new
particles, such as axionlike particles, are expected to
change qualitatively during the transition from QGP to
hadronic matter. Others, e.g., sexaquarks, would be
primarily produced during this transition in the early
Universe, hence the production in heavy-ion collisions
would resemble the mechanism that generated them cos-
mologically [10]. For the specific case of heavy neutrinos
in the y/MSM considered here, a study of the heavy neutrino
properties in the QGP could help to shed light on their
potential impact on dark matter production, as discussed in
Sec. VIC.

B. Complementary approaches

Heavy-ion collisions are not the only way to search for
low py events in the LHC main detectors. Another
opportunity is offered by the so-called “B parking” data
of CMS, pioneered at the end of Run 2 [140,141]. The
parking concept consists of storing for later processing
(during a long shutdown) a fraction of the data passing
mild thresholds. With the data parked in 2018, CMS is
expected to add 10'° events with low p; B mesons [142]
that did not pass the standard trigger paths. The same order

of magnitude is ex6pected to be achievable by CMS at the
end of each run.” This should be compared with our
estimation of the p p yearly dataset in HL-LHC, amounting
to around 7 x 10'% B mesons passing standard triggers. We
are not considering in our study any additional contribution
from parking, as there are no firm plans for parking in
future LHC runs, and future storage capacities are difficult
to estimate. We remark, though, that there is no funda-
mental limitation preventing the same concept to be used
also for heavy-ion runs, which in the context of our
proposal may mean enlarging the dataset with further
trigger paths, allowing one to consider additional signatures
(e.g., an electron and a muon, or a muon and a fully
reconstructed hadronic final state). We do not elaborate
further, as that would crucially depend on the details of
future implementations of the parking concept.

Alternatively, as proposed in [143], the recorded pileup
events could be exploited to discover light new physics.
The number of additional useful events can be written as
Npy = (PU)wtr, where (PU) is the average pileup, w is the
trigger bandwidth, 7 is the running time, and r = 65" /o}
indicates the ratio of cross sections between B-meson
production and the total inelastic pp cross section. For
pp runs at the HL-LHC we assume (PU) ~ 200 and use for
w the stated goal to record 7.5 kHz on tape [144]. Based on
past experience, we assume a running time of = 107 s
each year. Finally, we calculated 65" ~ 1.2 x 108 pb for B
mesons produced with py >3 GeV (see Sec. VB ?2),
which divided by off ~80 mb [145] yields r~
1.5 x 1073, Hence, pileup results in Npy ~2.25 x 10'°
additional B mesons that could be exploited in the future
to enhance the useful statistics of the pp data for our
purposes. While this additional statistics is not insignifi-
cant, it is still affected by all limitations of high-luminosity
pp runs that are of relevance for our proposal (but not
addressed quantitatively in this study) due to the ambiguity
to associate the final state to its original production vertex.

Finally, one may wonder whether asymmetric collisions
between protons and heavy ions may offer advantages for
LLP searches. Compared to PbPb collisions, a much larger
luminosity and nucleon center-of-mass energy can be
achieved in pPb collisions [24], while maintaining the
advantage of being free of pileup. However, the cross
section is also reduced as the multiplicative factor in
partonic cross section only scales as A instead of A2
Therefore, we estimate that a search in pPb collisions
would not be more sensitive than one in PbPb collisions.
We have checked that the increase in center-of-mass energy
has only a marginal effect on the processes we have
considered.

®As the parked data can only be processed during a long
shutdown, parked triggers are expected to be executed only
during the last year of each run.
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C. Model-dependent remarks

We have used the example of heavy neutrinos to
illustrate the potential of heavy-ion collisions to search
for new particles. We chose this model for two reasons.
First, its phenomenology is very well known, and some of
us have studied similar signatures as the ones considered
here in proton collisions [76]. This has the advantage that
we are in a good position to isolate the specific effects of
heavy-ion collisions from other uncertainties in the study.
Second, the choice of the model is conservative with
respect to the comparison between proton and heavy-ion
collisions because it only takes advantage of two out of the
four benefits (1)—(iv).

Since the heavy neutrinos here only act as an illustrative
example, we refrain from going into too much detail about
the model itself and its phenomenology. We only summa-
rize the most relevant information needed to put the
sensitivity lines in Fig. 9 into context and refer the
interested reader to Ref. [109] as well as the more recent
reviews cited in footnote 1.

Light neutrino oscillation data and the baryon asymme-
try of the Universe can be explained in the entire white part
of the plots in Figs. 5 and 9 if there are at least three flavors
of heavy neutrinos [146].” Heavy neutrinos in the mass
range considered here can indirectly affect the production
of sterile neutrino dark matter by generating chemical
potentials that trigger a resonant enhancement of the dark
matter production [151], but current studies suggest that the
required magnitude of these potentials [152—154] can only
be generated for mixing angles that are too small to be
accessed by the searches we propose [107,108,155].

In addition to an improved sensitivity in the GeV mass
region, heavy-ion collisions can also help to shed light on
the role of heavy neutrinos in cosmology because they offer
an opportunity to study their properties in a dense plasma
that roughly resembles the early Universe. The generation
of lepton asymmetries at temperatures below the electro-
weak scale is highly sensitive to their mass splitting
[107,108,155,156], which is subject to thermal corrections.
These late time asymmetries would not affect the baryon
asymmetry of the Universe, but can lead to the aforemen-
tioned resonant production of dark matter [151,152] that
manifests itself in observable modifications of the matter

"For two heavy neutrinos baryogenesis requires roughly
(U*/1073)(M/GeV) < 1 [97,147,148] and is only possible for
specific flavor mixing patterns [97,149,150]. These restrictions
are lifted for three or more right-handed neutrino flavors [146].

power spectrum, see [66,67] and references therein. Hence,
heavy-ion collisions at least in principle can offer a indirect
probe of the dark matter production mechanism in the
vMSM, though it should be added that it is not clear
whether the in-medium properties of the heavy neutrinos
could be probed at a sufficient accuracy to draw any
definite conclusions in the foreseeable future.

VII. CONCLUSION

In summary, we find that heavy-ion collisions provide a
promising way to explore regions of the parameter space of
hidden sector models that are hard to probe in proton
collisions. We show this explicitly for heavy neutrino
searches in the vMSM. For this study we only take
advantage of the fact that the LHC main detectors can
be operated with looser triggers in heavy-ion collisions than
in high intensity proton collisions, which improves the
sensitivity to LLPs that decay into particles with low py.
Another advantage of heavy-ion collisions is the absence of
pileup, which, e.g., entirely avoids the problem of vertex
misidentification, i.e., eliminates a systematic limitation in
LLP searches with nontrivial event topology. We postpone
a more detailed study of this aspect to future work. In
addition to this, it is well known that heavy-ion collisions
can offer entirely new production mechanisms that are
absent in proton collisions. In combination, this provides
strong motivation to include potential new physics searches
in the discussion of the future of the heavy-ion program at
CERN [10].
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