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Light-by-Light scattering
• In SM interaction does not exist at LO, 

mediated via box diagram
• Any charged particle can appear in 

the box  
→ precision measurement of cross-
section also probes new physics 
contributions 

• So far only observed in heavy ion 
collisions
• ATLAS result: arxiv:1702.01625 

• Fundamentally interesting to also 
observe it in pp!
• High statistics is of importance
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Figure 3: Kinematic distributions for �� ! �� event candidates. (a) Diphoton acoplanarity before applying Aco <
0.01 requirement. (b) Diphoton invariant mass after applying Aco < 0.01 requirement. Data (points) are compared
to MC predictions (histograms). The statistical uncertainties on the data are shown as vertical bars.

To quantify an excess of events over the background expectation, a test statistic based on the profile
likelihood ratio [47] is used. The p-value for the background-only hypothesis, defined as the probability
for the background to fluctuate and give an excess of events as large or larger than that observed in the
data, is found to be 5⇥ 10�6. The p-value can be expressed in terms of Gaussian tail probabilities, which,
given in units of standard deviation (�), corresponds to a significance of 4.4�. The expected p-value and
significance (obtained before the fit of the signal-plus-background hypothesis to the data and using SM
predictions from Ref. [29]) are 8 ⇥ 10�5 and 3.8�, respectively.

The cross section for the Pb+Pb (��) ! Pb(⇤)+Pb(⇤) �� process is measured in a fiducial phase space
defined by the photon transverse energy ET > 3 GeV, photon absolute pseudorapidity |⌘| < 2.4, dipho-
ton invariant mass greater than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton
acoplanarity below 0.01. Experimentally, the fiducial cross section is given by

�fid =
Ndata � Nbkg

C ⇥ R Ldt
, (1)

where Ndata is the number of selected events in data, Nbkg is the expected number of background events
and
R

Ldt is the integrated luminosity. The factor C is used to correct for the net e↵ect of the trigger
e�ciency, the diphoton reconstruction and PID e�ciencies, as well as the impact of photon energy and
angular resolution. It is defined as the ratio of the number of generated signal events satisfying the
selection criteria after particle reconstruction and detector simulation to the number of generated events
satisfying the fiducial criteria before reconstruction. The value of C and its total uncertainty is determined
to be 0.31 ± 0.07. The dominant systematic uncertainties come from the uncertainties on the photon
reconstruction and identification e�ciencies. Other minor sources of uncertainty are the photon energy
scale and resolution uncertainties and trigger e�ciency uncertainty. In order to check for a potential
model dependence, calculations from Ref. [29] are compared with predictions from Ref. [21], and a
negligible impact on the C-factor uncertainty is found. Table 2 lists the separate contributions to the
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FIG. 2. The dominant backgrounds to the ALP signal are
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� production where both electrons fake a pho-
ton.

isolated activity in the calorimeters, e.g. [24]. Given the
absence of pile-up at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal e�ciency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m

��

. The second background comes from photon fakes
due to electrons.

Due to the Z

4 enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calcu-
lated for heavy ion collisions in [26]. This is shown on the
left-hand side of Fig. 2. We have computed the rate for
LBL in the equivalent photon approximation using the
one-loop matrix element for massless fermions [27] and
find reasonably good agreement with detailed calcula-
tions in [26, 28, 29]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production (CEP) of photons. For p-p
collisions, this process has been calculated [30–32] and
constrained experimentally at 7 TeV with CMS [25]. To
the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
One could make a simplistic estimate of this contribution
in Pb-Pb collisions by rescaling the p-p prediction with
⇠ A

2/3 (by reason that only the outermost nucleons con-
tribute) which would render this background negligible;
however, we note that there is a large theoretical uncer-
tainty in the expected scaling with A. Nevertheless, even
without an accurate prediction for the rate, this back-
ground can be experimentally controlled with the cut of
|�� � ⇡| < 0.04 applied to the photon pair [26].

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡

0

⇡

0 production
as an example process in this category. Using the to-
tal rate computed in [33], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved

FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section for ma = 15 GeV
and ⇤ = 17 TeV (ma = 40 GeV and ⇤ = 8 TeV), taking an
energy resolution of 0.5 GeV.

as a single photon.

An important reducible background could come from
e

+

e

� pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e

+

e

� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e

+

e

� production [39] (bremsstrahlung photons
from the ions themselves only have p

T

. 1/R

A

⇠ 60
MeV). Events where the e

+

e

� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section
for �� ! e

+

e

�
�� for fixed

p
ŝ with MadGraph [40] and

subsequently reweight the cross section with the Pb-Pb
photon luminosity function, as discussed in Section II.
We hereby require the e

+

e

� to either have high rapidity
|⌘| > 2.5 or low p

T

< 100 MeV, while the photons must
pass the cuts specified above. Even though the total rate
for this process is rather high, we find the fiducial rate
to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m

��

& 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.
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Axion-like particles
• “Original” Peccei-Quinn axion must be very light (sub-GeV) → 

more general: axion-like particle (ALP)
• (Pseudo-)scalar, not necessarily light,  

does not have to solve strong CP problem 
• Many possible origins for ALPs 

• Pseudo-Nambu-Goldstone bosons of  
spontaneously broken symmetries 

• Mixing with Higgs sector 
• Messenger to dark matter - could even be dark matter! 

• Must couple to photons  
→ Focus on di-photon initial and final state
• May couple to fermions / EWK bosons as well,  

depending on model details 
• Lots of interest in theory and phenomenology,  

no dedicated analysis at LHC so far
•  E.g. arxiv:1607.06083, arxiv:1509.00476, …
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FIG. 2. The dominant backgrounds to the ALP signal are
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� production where both electrons fake a pho-
ton.

isolated activity in the calorimeters, e.g. [24]. Given the
absence of pile-up at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal e�ciency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m

��

. The second background comes from photon fakes
due to electrons.

Due to the Z

4 enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calcu-
lated for heavy ion collisions in [26]. This is shown on the
left-hand side of Fig. 2. We have computed the rate for
LBL in the equivalent photon approximation using the
one-loop matrix element for massless fermions [27] and
find reasonably good agreement with detailed calcula-
tions in [26, 28, 29]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production (CEP) of photons. For p-p
collisions, this process has been calculated [30–32] and
constrained experimentally at 7 TeV with CMS [25]. To
the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
One could make a simplistic estimate of this contribution
in Pb-Pb collisions by rescaling the p-p prediction with
⇠ A

2/3 (by reason that only the outermost nucleons con-
tribute) which would render this background negligible;
however, we note that there is a large theoretical uncer-
tainty in the expected scaling with A. Nevertheless, even
without an accurate prediction for the rate, this back-
ground can be experimentally controlled with the cut of
|�� � ⇡| < 0.04 applied to the photon pair [26].

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡

0

⇡

0 production
as an example process in this category. Using the to-
tal rate computed in [33], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved

FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section for ma = 15 GeV
and ⇤ = 17 TeV (ma = 40 GeV and ⇤ = 8 TeV), taking an
energy resolution of 0.5 GeV.

as a single photon.

An important reducible background could come from
e

+

e

� pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e

+

e

� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e

+

e

� production [39] (bremsstrahlung photons
from the ions themselves only have p

T

. 1/R

A

⇠ 60
MeV). Events where the e

+

e

� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section
for �� ! e

+

e

�
�� for fixed

p
ŝ with MadGraph [40] and

subsequently reweight the cross section with the Pb-Pb
photon luminosity function, as discussed in Section II.
We hereby require the e

+

e

� to either have high rapidity
|⌘| > 2.5 or low p

T

< 100 MeV, while the photons must
pass the cuts specified above. Even though the total rate
for this process is rather high, we find the fiducial rate
to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m

��

& 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.
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We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1

/year, with an eventual
center-of-mass energy per nucleon of

p
s

NN

= 5.5 TeV.
With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z

4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews.) Such exclusive processes are char-
acterized by a lack of additional detector activity and a
large rapidity gap between the produced particles and
outgoing beams. This allows very e�cient background re-
jection of non-exclusive interactions and provides a clean
environment to search for new particles. One particu-
larly fascinating early proposal was a search for the SM
Higgs boson in photon fusion [6–8]. Although the rate for
this process is too small for the planned luminosity at the
LHC [9], it is nevertheless a very instructive benchmark
for the study of exclusive particle production in UPCs.

Other proposals include searches for e.g. supersymmetry
[10] or extra dimensions [11], but have not been compet-
itive with the analogous searches with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. (See [12–14] for early proposals re-
lated to MeV-scale particles in low energy heavy ion col-
lisions.) Relatively light pseudoscalar bosons are natural
ingredients in a large class of models which invoke the
breaking of approximate symmetries. The ⇡

0 and ⌘ are
known examples in the SM. In extensions of the SM,
such particles can couple to the electromagnetic sector
through a Lagrangian of the form

L
a

=
1

2
(@a)2 � 1

2
m

2

a

a

2 � 1

4

a

⇤
F

e
F , (1)

where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃

µ⌫ ⌘ 1

2

✏

µ⌫⇢�

F

⇢�

, m

a

is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider an ALP coupling to hypercharge,
through the operator � 1

4 cos

2
✓W

a

⇤

B

e
B. Although we take

a pseudoscalar as a benchmark, our conclusions apply
for scalars as well, upon substituting F̃ (B̃) with F (B) in
Eq. (1).

For UPCs, the total cross section for ALP production
in the narrow width approximation is given by

�

a

=
8⇡

2

m

a

�(a ! ��)L
��

(m2

a

), (2)

where �(a ! ��) = 1

64⇡

m

3
a

⇤

2 is the decay width of the

a
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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Exclusive di-photon final state
• Initial-state photons from high electromagnetic field around 

colliding particles  
• Initial state protons / ions stay intact  

(HI: “ultra-peripheral collisions”) 
• Exclusively 2 photons in final state, no other activity
• Need to tag forward protons/ions and/or veto all other event 

activity 
 → Analysis requires no/very low pile-up!
• Benefit from all available tracking and timing detectors 

to tag intact protons/ions and to discriminate from pileup  
• Go as low as possible in di-photon mass / photon ET

• Challenging for reconstruction, ID, … 
• Backgrounds  

• CEP (gg → gamma gamma) 
• Mis-identified electrons
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FIG. 2. The dominant backgrounds to the ALP signal are
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� production where both electrons fake a pho-
ton.

isolated activity in the calorimeters, e.g. [24]. Given the
absence of pile-up at Pb-Pb collisions, we do not expect
such a veto to significantly degrade the signal e�ciency
(see also [25]).

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m

��

. The second background comes from photon fakes
due to electrons.

Due to the Z

4 enhancement of the photon flux, the
dominant irreducible background comes from light-by-
light scattering (LBL), a process which was first calcu-
lated for heavy ion collisions in [26]. This is shown on the
left-hand side of Fig. 2. We have computed the rate for
LBL in the equivalent photon approximation using the
one-loop matrix element for massless fermions [27] and
find reasonably good agreement with detailed calcula-
tions in [26, 28, 29]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
central exclusive production (CEP) of photons. For p-p
collisions, this process has been calculated [30–32] and
constrained experimentally at 7 TeV with CMS [25]. To
the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
One could make a simplistic estimate of this contribution
in Pb-Pb collisions by rescaling the p-p prediction with
⇠ A

2/3 (by reason that only the outermost nucleons con-
tribute) which would render this background negligible;
however, we note that there is a large theoretical uncer-
tainty in the expected scaling with A. Nevertheless, even
without an accurate prediction for the rate, this back-
ground can be experimentally controlled with the cut of
|�� � ⇡| < 0.04 applied to the photon pair [26].

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡

0

⇡

0 production
as an example process in this category. Using the to-
tal rate computed in [33], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved

FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section for ma = 15 GeV
and ⇤ = 17 TeV (ma = 40 GeV and ⇤ = 8 TeV), taking an
energy resolution of 0.5 GeV.

as a single photon.

An important reducible background could come from
e

+

e

� pair production [34], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e

+

e

� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e

+

e

� production [39] (bremsstrahlung photons
from the ions themselves only have p

T

. 1/R

A

⇠ 60
MeV). Events where the e

+

e

� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section
for �� ! e

+

e

�
�� for fixed

p
ŝ with MadGraph [40] and

subsequently reweight the cross section with the Pb-Pb
photon luminosity function, as discussed in Section II.
We hereby require the e

+

e

� to either have high rapidity
|⌘| > 2.5 or low p

T

< 100 MeV, while the photons must
pass the cuts specified above. Even though the total rate
for this process is rather high, we find the fiducial rate
to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m

��

& 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.
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Figure 3: Kinematic distributions for �� ! �� event candidates. (a) Diphoton acoplanarity before applying Aco <
0.01 requirement. (b) Diphoton invariant mass after applying Aco < 0.01 requirement. Data (points) are compared
to MC predictions (histograms). The statistical uncertainties on the data are shown as vertical bars.

To quantify an excess of events over the background expectation, a test statistic based on the profile
likelihood ratio [47] is used. The p-value for the background-only hypothesis, defined as the probability
for the background to fluctuate and give an excess of events as large or larger than that observed in the
data, is found to be 5⇥ 10�6. The p-value can be expressed in terms of Gaussian tail probabilities, which,
given in units of standard deviation (�), corresponds to a significance of 4.4�. The expected p-value and
significance (obtained before the fit of the signal-plus-background hypothesis to the data and using SM
predictions from Ref. [29]) are 8 ⇥ 10�5 and 3.8�, respectively.

The cross section for the Pb+Pb (��) ! Pb(⇤)+Pb(⇤) �� process is measured in a fiducial phase space
defined by the photon transverse energy ET > 3 GeV, photon absolute pseudorapidity |⌘| < 2.4, dipho-
ton invariant mass greater than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton
acoplanarity below 0.01. Experimentally, the fiducial cross section is given by

�fid =
Ndata � Nbkg

C ⇥ R Ldt
, (1)

where Ndata is the number of selected events in data, Nbkg is the expected number of background events
and
R

Ldt is the integrated luminosity. The factor C is used to correct for the net e↵ect of the trigger
e�ciency, the diphoton reconstruction and PID e�ciencies, as well as the impact of photon energy and
angular resolution. It is defined as the ratio of the number of generated signal events satisfying the
selection criteria after particle reconstruction and detector simulation to the number of generated events
satisfying the fiducial criteria before reconstruction. The value of C and its total uncertainty is determined
to be 0.31 ± 0.07. The dominant systematic uncertainties come from the uncertainties on the photon
reconstruction and identification e�ciencies. Other minor sources of uncertainty are the photon energy
scale and resolution uncertainties and trigger e�ciency uncertainty. In order to check for a potential
model dependence, calculations from Ref. [29] are compared with predictions from Ref. [21], and a
negligible impact on the C-factor uncertainty is found. Table 2 lists the separate contributions to the
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 Using pp or Pb-Pb collisions?
• Photon flux scales with Z4  
→ huge gain for PbPb (45e6 compared to pp)

• But: photons from pp more energetic 
• change in production xsec, advantage for heavier ALP resonances 

• → 500 µb-1 PbPb (taken in 2015)  equivalent to ~ 1 fb-1 pp

• Low-mu pp:
• 2017: collected in total 300 pb-1 @ <µ>=2 (5 TeV & 13 TeV)  

+ 25h @ <µ> = 0.5 
• 2018: ~200 pb-1 low µ run scheduled 

• → Worth looking also at pp data as well as pPb!

5
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HE/HL-LHC
• Both HE-LHC and HL-LHC might be interesting

• Main question: is such an analysis at all feasible with significant pilup? 
• Exploiting detector upgrade for pile-up suppression 

• Pileup suppression using HGTD (high granularity timing detector) 
• Use converted photons for vertexing → profit from ITK 

• If approach works: significant improvement of light-by-light cross section 
precision, improvement of ALP limits

• Small, challenging analysis project 
• Using ATLAS for low ET photon physics, not exactly what it was made for… 

• ALPs are active field in Theory / Phenomenology! 
• Could have a significant impact! Complementary to results from Z+γ like analyses  

(larger ALP masses) and other experiments like NA62 (lower ALP masses) 
• Study in initial stage, person power 2x30% FTE → more contributors welcome! 

• Next: need MC with moderate and high pile up to check sensitivity to light-by-light

6


