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The strongly interacting system formed in ultrarelativistic heavy-ion collisions emits electromag-11

netic radiation that can be detected using different probes: real direct photons or virtual photons mea-12

surable via dilepton pairs. Direct photons can be split into prompt photons, emitted by the partons of13

colliding nuclei during their inter-penetration, and thermal photons, emitted by the almost thermalized14

hot system. For dileptons these contributions are called Drell-Yan and thermal, respectively. In contrast15

to real photons, dileptons carry a mass and thus can be used to study the decay of massive particles, such16

as the in-medium modified spectral shape of vector mesons, the r meson being the most prominent one,17

and the search for particles beyond the Standard Model, e.g., dark photons. In this section, we outline18

the measurement of photons via calorimetry and the so-called photon conversion method, as well as19

dielectron (e+e�), and dimuon (µ+µ�) pairs in AA collisions in the ALICE detector at the LHC. More-20

over, the photoproduction of dilepton pairs in peripheral collisions and the expected sensitivity for the21

search of dark photons is discussed in subsections 1.2 and 1.3, respectively. We begin with a short review22

of previous experimental results together with a summary of the basic theoretical models employed to23

describe these data.24

1.1 Thermal radiation25

Electromagnetic radiation from the hot and dense system formed in ultrarelativistic heavy-ion collisions26

was measured for the first time at the SPS in the form of real photons by WA98 [1]. The direct photon27

spectrum measured in Pb–Pb collisions at psNN = 17.3 GeV showed an excess above the extrapolated28

prompt photon signal based on measurements in proton induced reactions. The excess is described by29

large variety of hydrodynamic and cascade models (see [2] for review), most of them assume creation of30

QGP phase. Also at the SPS, a modification of low-mass dilepton pairs in S–Au and Pb–Au collisions31

relative to the expectation of in-vacuum hadron decays was observed by CERES [3–7] and studied with32

high precision by NA60 in In–In collisions [8–11]. The data are consistent with a modified r spectral33

function that is melting and degenerating with qq radiation via the coupling to baryons in the dense34

medium, in which chiral symmetry is at least partially restored [12–16]. On the other hand, the data35

cannot be described with a dropping mass scenario, in which the r mass drops to zero as chiral symmetry36

is restored [17]. Beyond the issue of chiral symmetry restoration, NA60 measured an excess of prompt37

dimuons in the intermediate mass region between the f and the J/y masses [9,10]. Contrary to transverse-38

mass spectra of the dimuon continuum at lower masses, this excess shows no increase of the exponential39

inverse slope with mass, i.e., blue shift, that is typical for radial flow. This suggests that the source of this40

enhancement is from the earliest phase of the collision, before significant radial flow has built up. This41

supports the idea that the inverse slope of the invariant mass spectrum is insensitive to the expansion42

of the medium and therefore a true measure of the average temperature. NA60 measured a value of43

T = 205 ± 12 MeV [11], which significantly exceeds the temperature of 154 ± 9 MeV, above which44

the formation of a Quark–Gluon Plasma (QGP) has been predicted [18, 19].45

At RHIC energies, PHENIX and STAR have measured an enhancement of e+e� pairs in the46

low mass region in Au–Au collisions [20–23] that can be described with the same model of collisional47

broadening as used at the SPS. STAR measured that the enhancement above the hadron decay back-48
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•  Excess of dilepton pairs with low pT in (peripheral) heavy ion collisions 
•  STAR sees J/ψ + a mass continuum (arXiv:1806.02295)  
•  ALICE sees only J/ψ  

•  Rate and kinematics are consistent with expectations from coherent 
photoproduction and γγ-> l+l- (S. Klein, Phys. Rev. C97, 054903 (2018)) 
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electrons (like-sign pairs) in the same event. Due to dead
areas of the detector and the di↵erent bending directions
of positively and negatively charged particle tracks in
the transverse plane, the unlike-sign and like-sign pair
acceptances are not identical. A mixed-event technique
is used to correct for the acceptance di↵erence as a func-
tion of pair invariant mass (Mee) and pT . The raw signal,
obtained by subtracting the background from the unlike-
sign distribution, is corrected for the detector ine�ciency.

The e�ciency is factorized into TPC tracking, match-
ing with TOF, and particle identification as described
in detail elsewhere [5]. The TPC tracking e�ciency is
evaluated via a well-established STAR embedding tech-
nique [27]. Simulated electrons, passed through the
STAR detector GEANT3 model [28] and detector re-
sponse algorithms, are embedded into raw minimum-bias
triggered events. The e�ciency is determined by the
rate at which the simulated electrons are found when
the events are processed using the standard STAR re-
construction procedure. The TOF matching and particle
identification e�ciencies are evaluated using a pure elec-
tron sample, as described in Ref. [5]. Finally, the electron
pair e�ciency is determined by convoluting the single
electron e�ciency as a function of peT , ⌘

e, and �

e with
the decay kinematics. For the measurements in Au+Au
collisions, the e�ciency-corrected spectra are obtained
separately for 2010 and 2011 data sets, and then com-
bined using the respective statistical errors as weights.

The systematic uncertainties for the raw e

+
e

� signal
extraction include: (a) the uncertainty in correcting the
acceptance di↵erence between unlike-sign and like-sign
distributions, which is 1-8% depending on the pair pT and
mass; (b) hadron contamination in the electron sample
resulting in an uncertainty of less than 4%. The uncer-
tainties on the detector e�ciency correction are 13% [5]
and 10% for Au+Au and U+U measurements, respec-
tively. The total systematic uncertainty is determined
via the quadratic sum of each component.

A Monte Carlo (MC) simulation is performed to ac-
count for the contributions from known hadronic sources
at late freeze out, also referred to as the hadronic cocktail.
The simulation includes the e+e� pair contributions from
direct or Dalitz decays of ⇡0

, ⌘, ⌘

0
, !, �, J/ ,  

0
, cc̄, bb̄,

and Drell-Yan production. In Au+Au collisions, the
cocktail components are the same as those in Ref. [5]
except for ⌘, while the ⌘ component is the same as that
in Ref. [29]. In Au+Au collisions, the input cross sections
of hadronic cocktail components agree with the measured
experimental data [5, 30]. So far, there are no existing
measurements of light hadron spectra in U+U collisions
at

p
sNN = 193 GeV. However, given that the energy

density reached in U+U collisions at
p
sNN = 193 GeV

is only about 20% higher than that in Au+Au collisions
at

p
sNN = 200 GeV [31], the same Tsallis Blast-Wave

(TBW) parametrized pT spectra used in Au+Au colli-
sions [5, 32] are used as inputs to the U+U cocktail sim-

ulations. The meson yields (dN/dy) in U+U collisions
are derived from those in Au+Au collisions. Specifically,
the ⇡0 yield [(⇡++⇡�)/2] in Au+Au collisions [27] scaled
by half of the number of participating nucleons (Npart/2)
as a function of Npart, is fitted with a linear function.
The ⇡0 yields in U+U collisions are then determined by
this function at given Npart values for various centrality
bins. For other mesons (except J/ and  

0), the ra-
tios of their yields to the ⇡0 in U+U collisions are taken
to be the same as that in minimum-bias Au+Au colli-
sions, while the J/ and  0 yields per number of binary
nucleon-nucleon collisions are assumed to be the same for
U+U and Au+Au collisions. The systematic uncertain-
ties on the cocktail are dominated by the experimental
uncertainties on the measured particle yields and spec-
tra. Due to lack of measurements, the pT spectra of the
cocktail inputs for pT < 0.15 GeV/c rely on the TBW
extrapolation.
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FIG. 1. (a) The centrality dependence of e+e� invariant mass
spectra within the STAR acceptance from Au+Au collisions
and U+U collisions for pair pT < 0.15 GeV/c. The verti-
cal bars on data points depict the statistical uncertainties
while the systematic uncertainties are shown as grey boxes.
The hadronic cocktail yields from U+U collisions are ⇠5-12%
higher than those from Au+Au collisions in given centrality
bins, thus only cocktails for Au+Au collisions are shown here
as solid lines with shaded bands representing the systematic
uncertainties for clarity. (b) The corresponding ratios of data
over cocktail.

In Fig. 1(a), the e�ciency-corrected e

+
e

� invariant
mass spectra in Au+Au and U+U collisions for pair pT <

0.15 GeV/c are shown for di↵erent centrality bins within
the STAR acceptance (peT > 0.2 GeV/c, |⌘e| < 1, and
|yee| < 1). The corresponding enhancement factors, ex-

functions were fixed using Monte Carlo (MC) simulations
for both hadronic [8] and photoproduction hypotheses [15].
Depending on the pT range and centrality class under study,
two or three functional forms were used to describe the
background under the J=ψ signal peak. In addition, the fit
range was varied. It has also been checked that changing
the invariant mass bin width does not significantly modify
the results. Figure 2 shows typical fits in the pT range
0–0.3 GeV=c for the 0%–10% and 70%–90% centrality
classes. The extracted J=ψ signals are the average of the
results obtained making all the combinations of signal
shapes, background shapes, and fitting ranges, while the
systematic uncertainties are given by the rms of the results.
The extracted J=ψ signals and the corresponding statistical
and systematic uncertainties are quoted in the second
column of Table I for the very low pT range.

In each centrality class and pT range, the RAA was
obtained from the measured number of J=ψ (NJ=ψ

AA )
corrected for acceptance and efficiency—ðA × ϵÞhJ=ψAA —
(assuming pure hadroproduction with no polarization),
branching ratio (BRJ=ψ→lþl−), and normalized to the equiv-
alent number of MB events (Nevents), average nuclear
overlap function (hTAAi), and proton-proton inclusive
J=ψ production cross section (σhJ=ψpp ), as detailed in
Ref. [8] and shown in Eq. (1):

RhJ=ψ
AA ¼ NJ=ψ

AA

BRJ=ψ→lþl− ×Nevents×ðA×ϵÞhJ=ψAA ×hTAAi×σhJ=ψpp
:

ð1Þ

In the pT range 1–8 GeV=c, the J=ψ cross section in pp
collisions at

ffiffiffi
s

p
¼ 2.76 TeV was directly extracted from

the ALICE measurement [26], while in the pT ranges 0–0.3
and 0.3–1 GeV=c, due to limited statistics, it was obtained
by fitting the measured pT distribution with the following
parametrization [31]:

d2σhJ=ψpp

dpTdy
¼

c × σJ=ψ × pT

1.5 × hpTi2

"
1þ a2

"
pT

hpTi

#
2
#−n

; ð2Þ

where a ¼ Γð3=2ÞΓðn − 3=2Þ=Γðn − 1Þ, c ¼ 2a2ðn − 1Þ,
and σJ=ψ , hpTi and n are free parameters of the fit. A Lévy-
Tsallis function [32,33] and UA1 function [34] were also
used to fit the data in order to assess systematic uncer-
tainties. In addition, the validity of the procedure was
confirmed using the J=ψ data sample in pp collisions at
7 TeV [23], where the larger statistics at very low pT allow
for a direct measurement of the cross sections: the values
obtained with this procedure in the pT ranges 0–0.3 and
0.3–1 GeV=c agree within 11% (1.2σ) and 4% (0.6σ),
respectively, with the measured cross sections.
The procedures for the determination of the various

systematic uncertainties are the same as those followed in
Ref. [8], apart from the reference pp cross section in the pT
ranges 0–0.3 and 0.3–1 GeV=c, which incorporate the
uncertainties of the fitting procedure described above. In
Fig. 3, systematic uncertainties were separated into four

TABLE I. Raw number of J=ψ (NJ=ψ
AA ), expected raw number of hadronic J=ψ (NhJ=ψ

AA ), and measured excess in the number of J=ψ
(NexcessJ=ψ

AA ), all three numbers in the pT range (0–0.3) GeV=c, and J=ψ coherent photoproduction cross section in Pb-Pb collisons atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, with their statistical and uncorrelated systematic uncertainties. A correlated systematic uncertainty also applies to
the cross section. In the most central classes, an upper limit (95% C.L.) on the J=ψ yield excess and on the cross section is given.

Cent. (%) NJ=ψ
AA NhJ=ψ

AA NexcessJ=ψ
AA dσcohJ=ψ=dy (μb)

0–10 339% 85% 78 406% 14% 55 < 251 < 318
10–30 373% 87% 75 397% 10% 61 < 237 < 290
30–50 187% 37% 15 126% 4% 15 62% 37% 21 73% 44þ26

−27 % 10

50–70 89% 13% 2 39% 2% 5 50% 14% 5 58% 16þ8
−10 % 8

70–90 59% 9% 3 8% 1% 1 51% 9% 3 59% 11þ7
−10 % 8
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FIG. 3. J=ψ RAA as a function of hNparti for 3 pT ranges in
Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV. See text for details on
uncertainties. When assuming full transverse polarization of the
J=ψ in Pb-Pb collisions, as expected if J=ψ are coherently
photoproduced, the RAA values increase by about 21% in the
range 0 < pT < 0.3 GeV=c.

PRL 116, 222301 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
3 JUNE 2016
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PHOTON MEDIATED DILEPTON PRODUCTION 
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•  Excess of dilepton pairs with low pT in (peripheral) heavy ion collisions 
•  STAR sees J/ψ + a mass continuum (arXiv:1806.02295)  
•  ALICE sees only J/ψ  

•  Rate and kinematics are consistent with expectations from coherent 
photoproduction and γγ-> l+l- (S. Klein, Phys. Rev. C97, 054903 (2018)) 

•  ATLAS results on two-photon production of dimuons, evidence for an in-
medium effect? 

Spencer Klein 



RUN3 EXPECTATION (ATLAS ACCEPTANCE) 
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Fig. 7: Acoplanarity (↵, top) and lepton energy imbalance (A, bottom) as a function of centrality, for
dimuon pairs with pair mass above 10 GeV/c2, observed in the ATLAS detector. From Ref. [72].
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Fig. 8: Expected dimuon yield in ATLAS acceptance (both muons with p

T

> 4 GeV/c and |⌘| < 2.4), for
40–80% centrality Pb–Pb collisions and the expected Run3/4 integrated luminosity of 13 nb�1. Masses
up to 100 GeV/c2 are accessible. The effective 8 GeV/c2 minimum mass is because of the nearly back-
to-back topology and the 4 GeV/c minimum muon p

T

cut. This was calculated using STARlight [81,85].

process is similar to the two-photon case, but the dipole-nucleons scattering happens at the same time as410

the hadronic interaction, introducing several complications to the calculations. This immediately raises411

several questions: What happens to the coherence if a target nucleon is involved in an interaction? Does412

the dipole-nucleon interaction occur before or after the nuclear collisions? If the hadronic interaction413

occurs first, the target nucleon will have lost energy, so the photon-nucleon cross-section will be smaller.414

A detailed calculation should consider both possibilities. There is also destructive interference between415

photoproduction from the two possible target nuclei [87]; this interference extends to higher p
T

for more416

central collisions, and should reduce the cross-section for the region where nuclear collisions occur.417

At b = 0, we expect complete destructive interference. Ref. [79] makes predictions for a variety of418

coherence conditions, and as Fig. 9 shows, finds that the ALICE and STAR data likely lie below the419

region where there is complete coherence for both photon emission and scattering, but probably above420

that where coherence is limited to only the spectator nucleons. This is not surprising, but there is at421

least one element missing from this calculation. The lifetime of J/y particles is of the order 10�20 s, far422

shorter than the expanding Quark–Gluon Plasma. Coherently photoproduced J/y have p
T

⇠ 100 MeV/c,423

so, near mid-rapidity, are moving at a small fraction of the speed of light. Particularly for more central424

collisions, one would expect many of them to be engulfed by the expanded QGP, before they have a425

20

Spencer Klein 



DARK PHOTONS 
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Taku Gunji 

ALI-SIMUL-309974ALI-DER-312124

Existing world data 2021+ 

Limits on coupling strength g as a function of mass  



OUTLOOK 
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•  Limitations: 
•  Statistical limitation for more differential analyses, e.g., 

•  Virtual photon polarization 
•  Two-photon correlations (HBT) 

•  Measurements at very low pT: O(MeV) 
 

•  ALICE-ITS3 upgrade 
•  Reduction of material budget 
•  Better standalone tracking 
•  Improvement of pointing resolution 

•  Lighter collision systems:  
•  Study trade-off between reduction of signal, but also background 

T (GQP) Stat. error  Syst. (BG) Syst. (Charm) 
Improvement 
with ITS3 

Reduced by 
factor 1.5 

Reduced by 
factor 1.3 

Reduced by 
factor 2 
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1 Electromagnetic radiation1

Coordinators: Michael Weber (Stefan Meyer Institute Vienna, Austrian Academy of Sciences)2

Contributors: Raphaelle Bailhache (Goethe-University Frankfurt), Rupa Chatterjee (VECC Calcutta),3

Torsten Dahms (Excellence Cluster Universe, Technical University Munich), Taku Gunji (Center for4

Nuclear Study, Graduate School of Science, the University of Tokyo), Min He (Nanjing University of5

Science and Technology), Spencer Klein (Lawrence Berkeley National Laboratory), Ana Marin (GSI6

Darmstadt), Dmitri Peresunko (National Research Centre Kurchatov Institute, Moscow), Ralf Rapp7

(Texas A&M University), Klaus Reygers (Heidelberg University), Taesoo Song (University of Gießen),8

Antonio Uras (Université de Lyon, CNRS/IN2P3, IPN-Lyon), Gojko Vujanovic (Ohio State University9

and Wayne State University)10

The strongly interacting system formed in ultrarelativistic heavy-ion collisions emits electromag-11

netic radiation that can be detected using different probes: real direct photons or virtual photons mea-12

surable via dilepton pairs. Direct photons can be split into prompt photons, emitted by the partons of13

colliding nuclei during their inter-penetration, and thermal photons, emitted by the almost thermalized14

hot system. For dileptons these contributions are called Drell-Yan and thermal, respectively. In contrast15

to real photons, dileptons carry a mass and thus can be used to study the decay of massive particles, such16

as the in-medium modified spectral shape of vector mesons, the r meson being the most prominent one,17

and the search for particles beyond the Standard Model, e.g., dark photons. In this section, we outline18

the measurement of photons via calorimetry and the so-called photon conversion method, as well as19

dielectron (e+e�), and dimuon (µ+µ�) pairs in AA collisions in the ALICE detector at the LHC. More-20

over, the photoproduction of dilepton pairs in peripheral collisions and the expected sensitivity for the21

search of dark photons is discussed in subsections 1.2 and 1.3, respectively. We begin with a short review22

of previous experimental results together with a summary of the basic theoretical models employed to23

describe these data.24

1.1 Thermal radiation25

Electromagnetic radiation from the hot and dense system formed in ultrarelativistic heavy-ion collisions26

was measured for the first time at the SPS in the form of real photons by WA98 [1]. The direct photon27

spectrum measured in Pb–Pb collisions at psNN = 17.3 GeV showed an excess above the extrapolated28

prompt photon signal based on measurements in proton induced reactions. The excess is described by29

large variety of hydrodynamic and cascade models (see [2] for review), most of them assume creation of30

QGP phase. Also at the SPS, a modification of low-mass dilepton pairs in S–Au and Pb–Au collisions31

relative to the expectation of in-vacuum hadron decays was observed by CERES [3–7] and studied with32

high precision by NA60 in In–In collisions [8–11]. The data are consistent with a modified r spectral33

function that is melting and degenerating with qq radiation via the coupling to baryons in the dense34

medium, in which chiral symmetry is at least partially restored [12–16]. On the other hand, the data35

cannot be described with a dropping mass scenario, in which the r mass drops to zero as chiral symmetry36

is restored [17]. Beyond the issue of chiral symmetry restoration, NA60 measured an excess of prompt37

dimuons in the intermediate mass region between the f and the J/y masses [9,10]. Contrary to transverse-38

mass spectra of the dimuon continuum at lower masses, this excess shows no increase of the exponential39

inverse slope with mass, i.e., blue shift, that is typical for radial flow. This suggests that the source of this40

enhancement is from the earliest phase of the collision, before significant radial flow has built up. This41

supports the idea that the inverse slope of the invariant mass spectrum is insensitive to the expansion42

of the medium and therefore a true measure of the average temperature. NA60 measured a value of43

T = 205 ± 12 MeV [11], which significantly exceeds the temperature of 154 ± 9 MeV, above which44

the formation of a Quark–Gluon Plasma (QGP) has been predicted [18, 19].45

At RHIC energies, PHENIX and STAR have measured an enhancement of e+e� pairs in the46

low mass region in Au–Au collisions [20–23] that can be described with the same model of collisional47

broadening as used at the SPS. STAR measured that the enhancement above the hadron decay back-48

1

Overleaf: https://www.overleaf.com/17973257zjnpjnhccgky#/68100198/ 
GIT: https://gitlab.cern.ch/miweber/HLLHC-WG5-photons-dileptons 

Mailing list: hllhc-wg5-photons-dileptons@cern.ch 
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OTHER OBSERVABLES 

HL/HE-LHC WG5 general meeting | 30.10.2018 | Michael Weber (SMI) 18 

Elliptic flow: 
•  Sensitivity to shear and bulk 

viscosity (together with hadronic 
observables) 

•  1% absolute uncertainty 

  Vujanovic et al., arXiv:1703.06164 [nucl-th] 

are again uniform, as are those for cos! (not shown, since
hardly distinguishable from Fig. 3). The resulting fit pa-
rameters for " and # (taking account again of "! $") are
included in Table I. As expected, the errors are smaller than
for the other two methods, but the values of " and # are still
close to zero, within errors.

Figures 3 and 4 also contain the systematic errors at-
tached to the individual data points. They mainly arise
from two sources. The subtraction of the combinatorial
background, with relative uncertainties of 1% [1–3], leads
to errors of 2%–3% of the net data for the kinematic
selection used here. The subtraction of the meson decay
sources causes (correlated) errors for the excess and the
vector mesons ! and %. With respect to the excess, they
range from 4%–6% up to 10%–15% in the low-populated
cos!"% matrix bins. This variation is well visible for the
overall errors plotted in Figs. 3 and 4. Assuming, very
conservatively, these errors to be uncorrelated from point
to point, the (statistical) fit errors for " and # quoted in
Table I would increase by 15%–20% if the systematic
errors would be added in quadrature. Further confidence
into the stability of the results is obtained from their
independence of the methods and the bin widths used.

As a completely independent check of the sensitivity of
the NA60 set-up to polarization, the & Dalitz decay has
also been investigated. Restricting this to the inclusive
distributon in cos!, " ¼ "0:34! 0:05 is found. This per-
fectly agrees with the value of " ¼ "0:33! 0:05 deter-
mined by a Monte Carlo simulation, taking account of the
kinematic distributions of the & inM and pT and assuming
a (1þ cos2!) distribution in the internal decay frame.
The global outcome from our analysis of the excess-

dimuon angular distributions is straightforward: the struc-
ture function parameters ", ' and # are all zero within the
statistical and systematic errors, and the projected distri-
butions in polar and azimuth angle are all uniform. This
applies not only for the excess dileptons as anticipated if of
thermal origin, but also for the vector mesons ! and %.
While there may be a rather direct connection between the
two findings in nuclear collisions, it is of interest to note
that the result of " ¼ 0 has been reported before for ( and
! production in p" p [16] and )" " C [17].
We conclude, following the primary motivation of this

study, that the absence of any polarization is fully consis-
tent with the interpretation of the observed excess dimuons
as thermal radiation from a randomized system. While this
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FIG. 3 (color online). Polar angle distributions of excess dileptons and of the vector mesons ! and %.

PRL 102, 222301 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
5 JUNE 2009

222301-4

NA60, PRL 102, 222301 (2009) 

Photon polarization: 
•  Sensitive to photon source 

polarization (thermalization, gluon 
anisotropy, Drell-Yan,…) 

•  No estimate for ALICE (NA60 
used ~50k excess pairs) 



LIGHT IONS (SOME SIMPLE SCALINGS) 
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16O8+ 40Ar18+ 40Ca20+ 78Kr36+ 129Xe54+ 208Pb82+

� 3760. 3390. 3760. 3470. 3150. 2960.p
sNN/TeV 7. 6.3 7. 6.46 5.86 5.52

�had/b 1.41 2.6 2.6 4.06 5.67 7.8

�BFPP/b 2.36⇥ 10�5 0.00688 0.0144 0.88 15. 280.

�EMD/b 0.0738 1.24 1.57 12.2 51.8 220.

�tot/b 1.48 3.85 4.18 17.1 72.5 508.

Nb 1.58⇥ 1010 3.39⇥ 109 2.77⇥ 109 9.08⇥ 108 4.2⇥ 108 1.9⇥ 108

✏xn/µm 2. 1.8 2. 1.85 1.67 1.58

fIBS/(m Hz) 0.168 0.164 0.184 0.18 0.17 0.167

Wb/MJ 175. 84.3 76.6 45.2 31.4 21.5

LAA0/cm�2

s

�1 9.43⇥ 1031 4.33⇥ 1030 2.9⇥ 1030 3.11⇥ 1029 6.66⇥ 1028 1.36⇥ 1028

LNN0/cm�2

s

�1 2.41⇥ 1034 6.93⇥ 1033 4.64⇥ 1033 1.89⇥ 1033 1.11⇥ 1033 5.88⇥ 1032

PBFPP/W 0.0199 0.601 0.935 11. 60.6 350.

PEMD1/W 32. 55.6 52.2 78.3 107. 141.

⌧L0/h 6.45 11.6 13.1 9.74 4.96 1.57

Topt/h 5.68 7.62 8.08 6.98 4.98 2.8

hLAAi cm�2s�1 4.54⇥ 1031 2.45⇥ 1030 1.69⇥ 1030 1.68⇥ 1029 2.95⇥ 1028 3.8⇥ 1027

hLNNi cm�2s�1 1.16⇥ 1034 3.93⇥ 1033 2.71⇥ 1033 1.02⇥ 1033 4.91⇥ 1032 1.64⇥ 1032R
month LAA dt/nb�1 5.89⇥ 104 3180. 2190. 218. 38.2 4.92R
month LNN dt/pb�1 1.51⇥ 104 5090. 3510. 1330. 636. 213.

Rhad/kHz 1.33⇥ 105 1.12⇥ 104 7540. 1260. 378. 106.

µ 10.6 0.893 0.598 0.1 0.03 0.00842

Table 4: Parameters and performance for a range of light nuclei with an optimistic value of the scaling
parameter p = 1.9 in (5).

species scaling to HL-LHC in Section 2.5.616
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x7.8 x44 x646   
Luminosity 

Signal 
(~Nch

1.4~A1.4)  

Ncoll (~A4/3) 

BG (~Nch
2~A2) 

51% 25% 10%   

53% 27% 11%   

38% 14% 4%   

To be checked in simulations 

Optimistic  
Scenario      
(p=1.9) 


