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• Setting the stage: Axion Like Particles 

• Connection to heavy ions 

• Most recent results on ALPs  
• (ATLAS / CMS) 

• Challenges 
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• Axions:
• Postulated by Peccei & Quinn in 1977 to resolve the 
strong CP problem 

• Very light, scalar particles 
• Couple to photons  

• Well defined relation between coupling and mass 

3 112. Axions and Other Similar Particles

E/N = 0 if the electric charge of the new heavy quark is taken to vanish. In general, a broad
range of E/N values is possible [29, 30], as indicated by the diagonal yellow band in Fig. 112.1.
However, this band still does not exhaust all the possibilities. In fact, there exist classes of QCD
axion models whose photon couplings populate the entire still allowed region above the yellow band
in Fig. 112.1, motivating axion search e�orts over a wide range of masses and couplings [31,32].

The two-photon decay width is

≈Aæ““ =
g

2
A““m

3
A

64 fi
= 1.1 ◊ 10≠24 s≠1

3
mA

eV

45
. (112.6)

The second expression uses Eq. (112.5) with E/N = 0. Axions decay faster than the age of the
universe if mA & 20 eV. The interaction with fermions f has derivative form and is invariant

Figure 112.1: Exclusion plot for ALPs as described in the text.

under a shift „A æ „A + „0 as behooves a NG boson,
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Here, Œf is the fermion field, mf its mass, and Cf a model-dependent coe�cient. The dimensionless
combination gAff © Cf mf /fA plays the role of a Yukawa coupling and –Aff © g

2
Aff /4fi of a “fine-

structure constant.” The often-used pseudoscalar form LAff = ≠i (Cf mf /fA) Œ̄f “5Œf „A need not
be equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [33].

In the DFSZ model [26], the tree-level coupling coe�cient to electrons is [34]

Ce = sin2
—

3 , (112.8)

where tan — is the ratio of the vacuum expectation values of the two Higgs doublets giving masses
to the up- and down-type quarks, respectively: tan — = vu/vd.
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• If mass Couling relation is given up: 

• Axion Like Particles (ALPs):

• Any (psuedo) scalar, particle with similar couplings to SM 
particles 

• Motivations for heavy ALPs ( > MeV ): 
• Could be DM (preferably light ALPs) or DM mediators (also for heavier ALPs) 

• Matching the observed DM relic abundance from thermal freeze-out 
• DM event rates in direct detection experiments suppressed at tree level 

• Could explain the g-2 discrepancy  [Chang et al. hep-ph/0009292, Marciano et al., 1607.01022] 
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• Axion and ALP searches is very active field 

• Some experimental searches exploiting coupling to photons: 

• Resonant Microwave detection (ADMX, Haystack):  ~ 2µeV - 50µeV 
• Helioscopes (CAST, IAXO):          ~ neV - eV  

       (sensitive to QCD axion: meV - 1eV) 

between the scale ! and the relevant low-energy scale [92].
The resulting effective Lagrangian at the one-loop level is
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where new symbols for the coupling constants, gaii, have
been introduced for clarity. Note that, in principle, each of
these coefficients depends on all the coefficients defined at
the scale !, that is, gaii ! gaii#f!; fG; ff;!$.
In the following sections we consider simple cases in

which, at the high-energy scale !, only one of the couplings
is nonvanishing: that is, either f!1! " 0 (Sec. VII A), f!1f " 0

(Sec. VII B), or f!1G " 0 (Sec. VII C).

A. Benchmark A1: Photon dominance

Let us first consider the case in which the ALPs only
couple to photons at the high-energy scale !. At the low-
energy scale, the coupling to photons is simply given by
ga!! ! 1=f! , up toO#$$ corrections. Additionally, the ALP
obtains loop-induced couplings to all charged SM fermions
gaff #Q2

f$
2=f!. Since these couplings are suppressed by

$2, they typically have a negligible effect on the phenom-
enology of ALPs at FASER when compared to the
dominant diphoton coupling, and hence they can be
ignored in the following discussion. One can therefore
write an effective low-energy Lagrangian
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1
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for which the parameter space is spanned by the ALP mass,
ma, and its diphoton coupling ga!!.

Production.—ALPs with dominantly diphoton cou-
plings can be produced by photon fusion (see, e.g.,
Ref. [93]), rare decays of light mesons, and the
Primakoff process. For highly boosted ALPs in the
far-forward region of the LHC, the dominant pro-
duction mechanism is the Primakoff process, in
which high-energy, forward-going photons pro-
duced at the IP convert into ALPs when interacting
with matter. In particular, efficient conversion can
take place when the photons hit the neutral particle
absorber (TAN) about 140 m away from the IP [32].
The rate is proportional to g2a!!.

Decay and lifetime.—ALPs with dominantly diphoton
couplings mainly decay into a pair of photons; decays
into pairs of SM fermions are highly suppressed.
A subleading decay channel, in which one of the
photons is produced off shell and converts into an
electron-positron pair, has a branching fraction of
B#a ! !e"e!$ % B#%0 ! !e"e!$ # 1%. The total de-
cay width of the ALP is given by

"#a ! !!$ !
g2a!!m3

a

64%
: #27$

In the left panel of Fig. 15 we show the ALPs decay
length and its branching fractions to !! and !e"e! as a
function of ma.

FIG. 15. Benchmark model A1. The decay length (top left panel), decay branching fractions (bottom left panel) and FASER’s reach
(right panel) for ALPs with dominantly diphoton couplinga. The gray-shaded regions are excluded by current limits, and the colored
contours give the projected sensitivities of several other proposed experiments. See the text for details.

AKITAKA ARIGA et al. PHYS. REV. D 99, 095011 (2019)

095011-18

• Fixed Target / Beam Dump: NA62, NA64, SHIP, …:   ~ MeV - GeV 

• LHC:  

• FASER (the new one in town):        10 MeV - 100 MeV 

• ATLAS / CMS  
• proton-proton        

   (Higgs decays, associated production)  MeV - GeV 
• Heavy Ions:         

 (Photon collisions)            5GeV - 100 GeV (direct) 

(for LHCb: see next talk by M. S. Rangel) 
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Overview

2 close-by 
photons

arXiv:1708.00443

ALPs pseudo-scalar 
particles: mass 

range 0.1-10 GeV.

• Hidden sector search for pseudo-scalar portal 
(axions/ALPs) with photon couplings 

• Axion particle produced in association with a 
Z boson from Higgs decay 

• Signature with two leptons and two collimated 
photons (one if signal photons are collimated) 

• Main backgrounds from Z+jet and Zy

 2

m [GeV]

preferred parameter 
space where mu g-2 

anomaly can be 
explained

axion decay rate: 
    
                                           

by (⇤). Since the photon flux associated with each nucleus scales as /2, the LbyL cross section is strongly
enhanced relative to proton–proton (??) collisions.

In this measurement, the final-state signature of interest is the exclusive production of two photons, where
the diphoton final state is measured in the detector surrounding the Pb+Pb interaction region, and the
incoming Pb ions survive the EM interaction. Hence, one expects that two low-energy photons will be
detected with no further activity in the central detector. In particular, no reconstructed charged-particle
tracks originating from the Pb+Pb interaction point are expected.

The LbyL process has been proposed as a sensitive channel to study physics beyond the SM. Modifications of
the WW ! WW scattering rates can be induced by new exotic charged particles [7] and by the presence of extra
spatial dimensions [8]. The LbyL cross sections are also sensitive to Born–Infeld extensions of QED [9],
Lorentz-violating operators in electrodynamics [10], and the presence of space-time non-commutativity in
QED [11]. Additionally, new neutral particles, such as axion-like particles (ALP), can also contribute in
the form of narrow diphoton resonances [12], as shown in Figure 1. ALPs are relatively light, gauge-singlet
(pseudo-)scalar particles that appear in many theories with a spontaneously broken global symmetry. Their
masses and couplings to SM particles may range over many orders of magnitude. The previous ATLAS
searches involving ALP decays to photons are based on ?? collision data [13, 14].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in measurements of the
anomalous magnetic moment of the electron and muon [15, 16]. The WW ! WW reaction has been measured
in photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [17–20] and in the photon
splitting process [21]. A related process, in which initial photons fuse to form a pseudoscalar meson which
subsequently decays into a pair of photons, has been studied at electron–positron colliders [22–24].

The authors of Ref. [25] proposed to measure LbyL scattering by exploiting the large photon fluxes available
in heavy-ion collisions at the LHC. The first direct evidence of the LbyL process in Pb+Pb UPC at the
LHC was established by the ATLAS [26] and CMS [27] Collaborations. The evidence was obtained from
Pb+Pb data recorded in 2015 at a centre-of-mass energy of

p
BNN = 5.02 TeV with integrated luminosities

of 0.48 nb�1 (ATLAS) and 0.39 nb�1 (CMS). The CMS Collaboration also set upper limits on the cross
section for ALP production, WW ! 0 ! WW, over a mass range of 5–90 GeV. Exploiting a data sample of
Pb+Pb collisions collected in 2018 at the same centre-of-mass energy with an integrated luminosity of
1.73 nb�1, the ATLAS Collaboration observed LbyL scattering with a significance of 8.2f [28]. These two
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Figure 1: Schematic diagrams of (left) SM LbyL scattering and (right) axion-like particle production in Pb+Pb UPC.
A potential electromagnetic excitation of the outgoing Pb ions is denoted by (⇤).
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• In general ALPs can couple to :
• Electroweak gauge bosons (Z, gamma) 

• Gluons 

• SM Higgs  

• SM fermions 

• And any combination

• Observable processes
• 𝛾𝛾 → a → 𝛾𝛾, Z → a𝛾 → 𝛾𝛾𝛾 

• gg → a → 𝛾𝛾 

• h → aa → 4𝛾, h → Za → 2𝛾2l 

• ee → aa,  
Rare meson decays, muon final states 

1/21FIPs Workshop, CERN, Sept 2020                                                D. d'Enterria (CERN)

Feebly Interacting Particles (FIPs) WorkshopFeebly Interacting Particles (FIPs) Workshop

CERN, 3CERN, 3thth Sept. 2020 Sept. 2020

David d'Enterria (CERN)

Searches for axion-likeSearches for axion-like

particles (ALPs) at the LHCparticles (ALPs) at the LHC

Axion-like particles at accelerators
Felix Kahlhoefer    |    3 September 2020
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ALP decay length

● The best experimental strategy depends crucially on the ALP decay length

● For example, Belle II is ideally suited 
for exploring resolved regime (all 
three photons reconstructed)

● Discrimination from the dominant 
QED backgrounds can be achieved 
by searching for a peak in the di-
photon invariant mass

2/21FIPs Workshop, CERN, Sept 2020                                                D. d'Enterria (CERN)

  Axion-like particles (ALPs) motivationsAxion-like particles (ALPs) motivations

■ Elementary pseudoscalar suggested in many SM extensions:
   (1) Solve strong CP problem (with explicit m

a
 vs. SM-couplings proportionality).

   (2) Dark Matter candidate (for stable very light m
a
), or dark sector mediator.

   (3) Pseudo Nambu-Goldstone boson of new spontaneously broken global symmetries

        (�0-like) in high-energy SM extensions (for m
a
~GeV).

   (4) Solve (g-2)µ problem (over narrow SM coupling range):

dark sector mediator

pNGB from

composite models

[Andrea Thamm]

short-livedshort-lived

long-livedlong-lived

Contribution to (g-2)µ

 Photon final states!



Needed here is a photon collider!

by (⇤). Since the photon flux associated with each nucleus scales as /2, the LbyL cross section is strongly
enhanced relative to proton–proton (??) collisions.

In this measurement, the final-state signature of interest is the exclusive production of two photons, where
the diphoton final state is measured in the detector surrounding the Pb+Pb interaction region, and the
incoming Pb ions survive the EM interaction. Hence, one expects that two low-energy photons will be
detected with no further activity in the central detector. In particular, no reconstructed charged-particle
tracks originating from the Pb+Pb interaction point are expected.
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in photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [17–20] and in the photon
splitting process [21]. A related process, in which initial photons fuse to form a pseudoscalar meson which
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LHC was established by the ATLAS [26] and CMS [27] Collaborations. The evidence was obtained from
Pb+Pb data recorded in 2015 at a centre-of-mass energy of
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section for ALP production, WW ! 0 ! WW, over a mass range of 5–90 GeV. Exploiting a data sample of
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Figure 1: Schematic diagrams of (left) SM LbyL scattering and (right) axion-like particle production in Pb+Pb UPC.
A potential electromagnetic excitation of the outgoing Pb ions is denoted by (⇤).
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• Relativistic nuclei are intense source of (quasi-real) photons 

• Equivalent photon flux scales with Z4  
• PbPb beams at LHC are a superb source of high energy photons! 

• Maximum photons energy: 
• Emax <= 𝛾/R ~80 GeV 

• Lorentz factor 𝛾 up to 2700 @ LHC

Ultra Peripheral Heavy Ion Collisions - LHC as photon collider

6

[Fermi, Nuovo Cim. 2 (1925) 143]

Kristof Schmieden

• Various types of photon interactions possible 

• Photon-Pomeron: e.g. exclusive J/Psi production 

• Photons - Gluon: photo production of jets 

• Photon - Photon:  
• Producing fermion pairs (e.g. e+e-) 

• Light - by - Light scattering 
• QED interaction 
• Mediated via box-diagram 

• Or ALP
• Beam particles stay intact

by (⇤). Since the photon flux associated with each nucleus scales as /2, the LbyL cross section is strongly
enhanced relative to proton–proton (??) collisions.

In this measurement, the final-state signature of interest is the exclusive production of two photons, where
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in photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [17–20] and in the photon
splitting process [21]. A related process, in which initial photons fuse to form a pseudoscalar meson which
subsequently decays into a pair of photons, has been studied at electron–positron colliders [22–24].

The authors of Ref. [25] proposed to measure LbyL scattering by exploiting the large photon fluxes available
in heavy-ion collisions at the LHC. The first direct evidence of the LbyL process in Pb+Pb UPC at the
LHC was established by the ATLAS [26] and CMS [27] Collaborations. The evidence was obtained from
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[D. d’Enterria, G. G. da Silveira Phys. Rev. Lett. 111, 080405]
• First proposal to measure LbyL scattering at LHC in 2013:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.080405
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Ma. Laach, Sep. 2010 C.-E. Wulz 5 

Umfang: 27 km!

Proton - Proton!

Teilchenpakete: 2 x 2808 (zur Zeit 50)!
Protonen / Paket: 1.15 x 1011!

Strahlenergie: 2 x 7 TeV (z.Z. 2 x 3.5 TeV)!

Luminosität: 1034 cm-2s-1 (z.Z. >1031 cm-2s-1)!
Strahlkreuzungsintervall: 25 ns!

Kollisionsrate: bis zu O(109) pro Sekunde!

Flußdichte der Dipolmagnete: 8.33 T!

Anzahl der Dipolmagnete: 1232!

Schwerionen (Pb-Pb)!

Strahlenergie: !

5.5 TeV/Nukleonenpaar!

Luminosität: 1027 cm-2s-1!

Strahlkreuzungsintervall: 125 ns!

Parton!

Pakete!

Parameter des Large Hadron Collider!
• Proton operation:  

• Bunch crossings every 25ns (40 MHz) 

• ~60 simultaneous pp collision per 
bunch crossing  

• ‘Pileup'

• Heavy ion operation:  

• Bunch crossings every 75ns (13 MHz) 

• ~0.004 simultaneous PbPb collision 
per bunch crossing  

• Essentially no pileup at all

• Only EM interaction in most bunch 
crossings! (UPC events) 

• Used for photon physics

• Usually operates with proton @ 
6.5 TeV beam energy 

• ~1 month / per year:  
• Lead ions instead of protons 
@ 2.76 TeV / nucleon

Kristof Schmieden
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• Experimental signature: 

• 2 exclusive photons in the final state 
• Photons are back - to - back in 𝜙 
‣ A𝜙 = 1- |𝛥𝜙| / π < 0.01 

• Cross section steeply falling with increasing energy 
• Min photon energy: ET > 2.5 GeV 

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process

8Kristof Schmieden

CRACOVIAN
THEORETICAL

RESULTS FOR UPC

EPA
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The one-loop W box diagram - LoopTools.

We have compared our results with:
I Jikia et al. (1993),
I Bern et al. (2001),
I Bardin et al. (2009).

Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop

fermionic contributions in the ultrarelativistic limit

(ŝ, |̂t|, |û| � m
2
f

). The corrections are quite small

numerically.

CRACOVIAN THEORETICAL RESULTS FOR UPC KRAKÓW, DECEMBER 1, 2017 9 / 40

 Accessible @ ATALS
• Very unusual topology and energy range for a 
high energy collider experiment 

• Interesting challenge :-)
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process

9

• Light-by-Light scattering candidate event

• pp collision

• PbPb 
collision

Kristof Schmieden
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• Trigger 

• Exactly 2 photons with ET > 2.5 GeV && |𝜂| < 2.37  
            Excluding 1.37 < |𝜂| < 1.52 

• Invariant di-photon mass M𝛾𝛾 > 5 GeV 

• Veto any extra particle activity within |𝜂| < 2.5 
• No reconstructed tracks (pT > 100 MeV) 
• No reconstructed pixel tracks (pT > 50 MeV, |𝛥𝜂 (𝛾,track)| < 0.5) 

• Back-to-Back topology 
• pT(𝛾𝛾) < 2 GeV (rejects cosmic muons) 
• Reduced acoplanarity < 0.01 (A𝜙 = 1- |𝛥𝜙| / π )

10

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Event Selection

 𝜂𝜂 ⇾ e+e- ⇾ e𝛾 e𝛾 candidate event:

Kristof Schmieden

Numbers for the ATLAS measurement
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• What else has a similar signature?
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background to photon photon scattering

• Central Exclusive Production of 2 photons (CEP): gg ⇾ 𝛾𝛾  
• Coloured initial state: significant intrinsic transverse momentum! 

• Broader shape of A𝜙 distribution  
• Control region defined to study CEP: aco > 0.01

Kristof Schmieden

• Exclusive production of e+e- electron pairs 
• Both electrons misidentified as photons 

• Electrons bent in magnetic field 
• Broader A𝜙 distribution compared to signal

• Other potential backgrounds found to be negligible: 
• 𝛾𝛾 → qq 
• Exclusive di-meson production (pi0, eta, eta’) 

• Also charged mesons considered 
• Bottomonia: 𝛾𝛾 → 𝜂b → 𝛾𝛾 (𝜎 ~1 pb) 
• Fake photons: Cosmic rays, calorimeter noise

0 0.02 0.04 0.06 0.08 0.1 0.12
 acoplanarityγγ

0

10

20

30

40

50

60

70

80

Ev
en

ts
 / 

0.
00

5

 PreliminaryATLAS

 = 5.02 TeVNNsPb+Pb 

-1Data, 2.2 nb
)γγ → γγSignal (

γγ →CEP gg 
 ee→ γγ

Syst. uncertainty

Signal region

No background produces  
peak in mass distribution!



Heavy Ions and New Physics - 18/05/2021

A brief history of the experimental results
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ATLAS: Nature Physics 13 (2017) 852

ATLAS: Phys.Rev.Lett. 123 (2019)

• 2015 data, 0.39 nb-1: 14 candidate events,   σ = 120 ± 46 (stat.) ± 30 (syst.) nb 
(ET > 2 GeV).              (3.8 background events) 

• 2015 data, 0.48 nb-1: 13 candidate events,   σ = 70 ± 24 (stat.) ± 17 (syst.) nb 
(ET > 3 GeV)               (2.6 background events) 

• 2018 data, 1.73 nb-1: 59 candidate events,   σ = 78 ± 13 (stat.) ±. 7 (syst.) ± 3 (lumi.) nb 
(ET > 3 GeV) 

ATLAS: JHEP 03 (2021) 243
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• 2015 + 2018 data, 2.2 nb-1reanalysed with  ET > 2.5 GeV:  

• 97 candidate events,     σ = 120 ± 17 (stat.) ±. 13 (syst.) ± 4 (lumi.) nb 
• Expected background: 27 ± 5 

• Cross section:  
• Measured:    120 ± 17 (stat) ± 13 (sys) ± 4 (lumi) nb 
• SM expectations:   78 ± 8 nb (from SuperChic3.0) 

• Ratio data / MC: 1.5

CMS  Phys.Lett.B 797 (2019) 134826

https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html
https://arxiv.org/abs/1904.03536
https://link.springer.com/article/10.1007/JHEP03(2021)243
https://www.sciencedirect.com/science/article/pii/S0370269319305404?via=ihub
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Interpretation - Search for Axion Like Particles: 

13

• ALP signal simulated using Starlight MC  

• SM background: LbyL + CEP + ee  

• Extracting limit on the coupling to ALPs 1/Λa
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Current Limits on ALPs from HI (and also pp) collisions
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Assuming a 100% ALP decay branching fraction into photons, the derived constraints on the ALP mass and
its coupling to photons are compared in Figure 10 with those obtained from various experiments [27, 69–72].
The exclusion limits from this analysis are the strongest so far for the mass range of 6 < <0 < 100 GeV.
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Figure 9: The 95% CL upper limit on the ALP cross section fWW!0!WW (left) and ALP coupling 1/⇤0 (right) for
the WW ! 0 ! WW process as a function of ALP mass <0. The observed upper limit is shown as a solid black line
and the expected upper limit is shown by the dashed black line with its ±1 and ±2 standard deviation bands. The
discontinuity at <0 = 70 GeV is caused by the increase of the mass-bin width which brings an increase in signal
acceptance.
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Figure 10: Compilation of exclusion limits at 95% CL in the ALP–photon coupling (1/⇤0) versus ALP mass (<0)
plane obtained by di�erent experiments. The existing limits, derived from Refs. [27, 69–72] are compared with the
limits extracted from this measurement. The exclusion limits labelled “LHC (??)” are based on ?? collision data
from ATLAS and CMS. All measurements assume a 100% ALP decay branching fraction into photons. The plot on
the right is a zoomed-in version covering the range 1 < <0 < 120 GeV.

21

CMS, 36 pb�1

ATLAS, 3�

1 nb
�1

10 nb
�1

OPAL, 3�

ATLAS, 2016

5 20 40 60 80 100
ma (GeV)

10�5

10�4

10�3

1/
�

(G
eV

�
1 )

ATLAS, 2�

B
eam

D
u
m

p

OPAL, 2�

aF eF coupling

10
0

10
�1

10
�2

��!��log linear

p-p
p

s = 7 TeV

Pb-Pb
p

sNN = 5.5 TeV

Fig. 2: Left: We show 95% exclusion limits on the operator 1
4

1
⇤aF F̃ using recent ATLAS results on heavy-ion

UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb�1 (10 nb�1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb�1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2�, 3�) [22] and from the LHC (ATLAS
2�, 3�) [23, 24] (see [1] for details). Right: The corresponding results for the operator 1

4 cos2 ✓W

1
⇤aBB̃. The LEP

I, 2� (teal shaded) limit was obtained from [14].

large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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• First limits on ALPs from LHC • Most recent limits on ALPs

 Lower ET threshold
 More statistics

Knapen et. al.: arXiv:1607.06083 



Experimental Challenges 
- or - 

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process
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Triggering
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• Trigger efficiency determined using e+e- final states 
• Triggered by independent support triggers 

Kristof Schmieden

• L1 requirements 
• Dedicated trigger for  2018 run (OR):  

• ≥ 1 EM cluster with   ET(𝛾) > 1 GeV && 4 GeV < total ET < 200 GeV 
• ≥ 2 EM clusters with ET(𝛾) > 1 GeV &&                total ET < 50 GeV 

        (Note: Cluster Noise just below 1 GeV) 

• HLT Requirements (AND): 
• no forward activity:     ΣET (FCal) < 3 GeV on both sides   
• No tracks:       ≤ 15 hits in pixel detector 

• Tagging of exclusive photon final state
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Triggering - Possible improvements

Kristof Schmieden

• L1 requirements 
• Dedicated trigger for  2018 run (OR):  

• ≥ 1 EM cluster with   ET(𝛾) > 1 GeV && 4 GeV < total ET < 200 GeV 
• ≥ 2 EM clusters with ET(𝛾) > 1 GeV &&                total ET < 50 GeV 

        (Note: Cluster Noise just below 1 GeV) 

• Usage of topological trigger: 2 back-to-back clusters 
• Would allow slightly lower thresholds 

• Not big steps towards lower mass …  
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• Photon reconstruction: 

• Using default photon reconstruction algorithm 
• Entries in calorimeter cells are grouped to clusters 
• Track matching performed  
➡ Electrons / Photons 
• Some overlap allowed

18

Photon reconstruction and identification

M. Dyndal17 Mar 2019 Light-by-light scattering in ATLAS and CMS in Run2

▪ Photons 
▪ ET > 3 GeV (ATLAS),  
ET > 2 GeV (CMS) 

▪ Standard photon reconstruction/  
identification schemes  
re-optimized for low-ET case  

▪ Veto extra particle activity 
▪ Requiring no tracks 
(pT > 100 MeV, |η| < 2.5) 

▪ CMS: no activity in calorimeters,  
above noise thresholds  

▪ Selecting back-to-back topology 
▪ pT

γγ < 2 GeV (1 GeV CMS) 

▪ Acoplanarity < 0.01

Event and object selections

 6

- Different sets of cuts are used to deliver a very good separation 
between e/γ and fake signature of QCD

- 3 (2) main operating point with increasing background rejection 
power have been defined for electrons (photons)
- e: loose, medium, tight
- γ: loose, tight

Electron/Photon Identification

11

An example of γ/π0: 
cut on strip variable 

reject the π0
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γγ → ee(γγ) background event candidate

EM shower for EM shower for

• Photon identification: 

• Uses neural net (Keras), trained for low ET photons 
• Combination of EM calorimeter shower shape variables 

• Discrimination between photons, pions, electrons, 
noise 

• Efficiency measurement: 

• Using e+e- events where a hard bremsstrahlung photon 
was radiated 

• ee𝛾 final state selection: 
• Exactly 1 electron pT > 4 GeV && 1 additional track 
• Track pT < 1.5 GeV 

• Photon with ET > 2.5 GeV must be present in Event!
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• Lower masses: 

• Events can be longitudinally boosted! 
• Cut on cluster energy instead of transverse photon energy:  

• Reaching down to lower transverse energies of photons  
 => lower axion masses (with reduces acceptance) 

• Within |η| < 2.5 and E > 1 GeV 
• Minv > ~ 1 GeV 

   

19

Further improvements

• Lower couplings:

• Run-3 will bring 5 times more stats

• Increase in trigger / reco efficiency:  
• Most optimistically factor 2 close to threshold

Kristof Schmieden
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• pp collisions complementary : 

• Large ALP masses > 100 GeV, photon final states 
• Utilising forward proton taggers, can use full pp stats 

• Couplings to Higgs or Z Bosons 
• Final states can be tagged in pp pileup environment 
• Several analyses ongoing, targeting axion masses from MeV - 62 GeV  

   

20

A word on pp

Kristof Schmieden
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Figure 16: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! Za ! `+`���. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

Zh|/⇤ = 0.72 TeV�1 (solid), 0.1 TeV�1 (dashed) and 0.015 TeV�1 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! Z� (shaded in
dark green), where we assume |Ce↵

Zh|/⇤ = 0.72 TeV�1.

for which the e↵ective branching ratio has been defined in the first line of (50). In this case
we require that

Nsignal = LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! Za ! `
+
`
� + ��)

���
e↵

> 100 . (63)

The green shaded regions in the left panel of Figure 16 show the parameter space which
can be probed in Run-2 for di↵erent values of the relevant Wilson ALP–Higgs coupling.
The three lines limiting these regions correspond to |C

e↵

Zh|/⇤ = 0.72TeV�1 (solid contour),
0.1TeV�1 (dashed contour) and 0.015TeV�1 (dotted contour), taking into account the model-
independent upper bound from h ! BSM derived in (56). Note that the dotted line roughly
corresponds to a TeV-scale coupling suppressed by a loop factor. With 300 fb�1 of luminosity
it is possible to extend the search to slightly smaller couplings, but reaching sensitivity to
couplings smaller than |C

e↵

Zh|/⇤ < 0.01TeV�1 would require a larger luminosity. To draw the
contours in the figure we have assumed that Br(a ! ��) = 1; however, it is important to
realize that their shape is essentially independent of the value of the a ! �� branching ratio as
long as this quantity is larger than a certain critical value, which is set by the required number
of signal events (and as long as the ALP mass is not too close to the kinematic limit). These
limiting values are Br(a ! ��) > 3 · 10�4 (solid), 0.011 (dashed) and 0.46 (solid). Impor-
tantly, it is thus possible to probe the ALP–photon coupling even if the ALP predominantly

33

Bauer et al., arXiv:1708.00443 
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• LHC is a superb photon collider considering HI UPC events 

• Well suited environment to study ALPs

• CMS and ATLAS published results within Mass range: 5 - 100 GeV
• Most stringent limits to date

Conclusion

21

• Refined analyses & more Data: 

• Lower mass threshold 
• Improved limits

What’s left to do?

Kristof Schmieden
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Assuming a 100% ALP decay branching fraction into photons, the derived constraints on the ALP mass and
its coupling to photons are compared in Figure 10 with those obtained from various experiments [27, 69–72].
The exclusion limits from this analysis are the strongest so far for the mass range of 6 < <0 < 100 GeV.

6 7 8 9 10 20 30 40 50 60 70 210
 [GeV]am

1

10

210

) [
nb

]
γγ

→a 
→γγ(

σ
95

%
 C

Ls
 lim

it 
on

 

Expected Limit
Observed

 unc.σ2
 unc.σ1

ATLAS
-1 = 5.02 TeV, 2.2 nbNNsPb+Pb 

6 7 8 9 10 20 30 40 50 60 70 210
 [GeV]am

4−10

]-1
 [G

eV
a

Λ
95

%
 C

Ls
 lim

it 
on

 1
/ Expected Limit

Observed
 unc.σ2
 unc.σ1

ATLAS Internal
-1 = 5.02 TeV, 2.2 nbNNsPb+Pb 

Figure 9: The 95% CL upper limit on the ALP cross section fWW!0!WW (left) and ALP coupling 1/⇤0 (right) for
the WW ! 0 ! WW process as a function of ALP mass <0. The observed upper limit is shown as a solid black line
and the expected upper limit is shown by the dashed black line with its ±1 and ±2 standard deviation bands. The
discontinuity at <0 = 70 GeV is caused by the increase of the mass-bin width which brings an increase in signal
acceptance.
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Figure 10: Compilation of exclusion limits at 95% CL in the ALP–photon coupling (1/⇤0) versus ALP mass (<0)
plane obtained by di�erent experiments. The existing limits, derived from Refs. [27, 69–72] are compared with the
limits extracted from this measurement. The exclusion limits labelled “LHC (??)” are based on ?? collision data
from ATLAS and CMS. All measurements assume a 100% ALP decay branching fraction into photons. The plot on
the right is a zoomed-in version covering the range 1 < <0 < 120 GeV.

21



BACKUP



Background estimation & systematics



Heavy Ions and New Physics - 18/05/2021

• What else has a similar signature?

24

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Central Exclusive Production of 2 photons (CEP): gg ⇾ 𝛾𝛾  
• Coloured initial state: significant intrinsic transverse momentum! 

• Broader shape of A𝜙 distribution  
• Control region defined to study CEP: aco > 0.01 

• Shape of A𝜙 distribution taken from simulation (SuperChic v3.0) 
• Uncertainty estimated using simulation without secondary particle 
emission (absorptive effects) 

• Normalisation measured in control region  
• Dominating uncertainty form limited statistics (17%) 

• Overall uncertainty of CEP background in signal region: 25% 

• Expected events in signal region: 12 ± 3

• Pb* dissociates, releasing neutrons detectable in the Zero Degree 
Calorimeter 

• Cross check of ZDC information for events in CEP control region: 
• Good agreement with expectations :) • ± 140m from ATLAS IP 

• 8.3 < |𝜂| < inf
Kristof Schmieden
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ZDC cross check on CEP background

25

• More quantitatively 

• Expected that all CEP events have a signal in ZDC 
• 20% of yy and ee final states 
• Can calculated expected ratio of events with / without ZDC activity 

M. Dyndal17 Mar 2019 Light-by-light scattering in ATLAS and CMS in Run2

▪ Installed at ±140 m from the ATLAS IP 
(where the beam pipe splits)  

▪ Detect very forward (8.3 < |η|< +inf)  
neutral particles (incl. neutrons) 

▪ Usually used in HI collisions to provide  
a measurement of the centrality  
(correlated to the number of  
forward neutrons) 

▪ Very useful to tag the ultra-peripheral  
events (e.g. 0nXn or XnXn topologies)

Zero Degree Calorimeters

 26

3

At a center of mass energy of
!

sNN = 200 GeV per nu-
cleon pair, the production cross section is expected to be
33,000 b, or 4,400 times the hadronic cross section [1, 2].

The electromagnetic fields are strong enough, with cou-
pling Z! " 0.6, (Z is the nuclear charge and ! " 1/137
the fine-structure constant), that conventional perturba-
tive calculations of the process are questionable. Many
groups have studied higher-order calculations of pair pro-
duction. Some early coupled-channel calculations pre-
dicted huge (order-of-magnitude) enhancements in the
cross section [3] compared to lowest-order perturbative
calculations.

Ivanov, Schiller and Serbo [4] followed the Bethe-
Maximon approach [5], and found that at RHIC,
Coulomb corrections to account for pair production in the
electromagnetic potential of the ions reduce the cross sec-
tion 25% below the lowest-order result. For high-energy
real photons incident on a heavy atom, these Coulomb
corrections are independent of the photon energy and
depend only weakly on the pair mass [5]. However, for
intermediate-energy photons, there is a pair-mass depen-
dence, and also a di!erence between the e+ and e! spec-
tra due to interference between di!erent order terms [6].

In contrast, initial all-orders calculations based on solv-
ing the Dirac equation exactly in the ultra-relativistic
limit [7] found results that match the lowest-order per-
turbative result [8]. However, improved all-orders calcu-
lations have agreed with the Coulomb corrected calcula-
tion [9]. These all-orders calculations do not predict the
kinematic distributions of the produced pairs.

Any higher-order corrections should be the largest
close to the nuclei, where the photon densities are largest.
These high-density regions have the largest overlap at
small ion-ion impact parameters, b. Small-b collisions can
be selected by choosing events where the nuclei undergo
Coulomb excitation, followed by dissociation. The disso-
ciation also provides a convenient experimental trigger.
Pair production accompanied by mutual Coulomb exci-
tation should occur at smaller b, and have larger higher-
order corrections than for unaccompanied pairs.

Previous measurements of e+e! pair production were
at much lower energies [10, 11]. The cross sections, pair
masses, angular and pT distributions generally agreed
with the leading-order QED perturbative calculations.
These studies did not require that the nuclei break up,
and so covered a wide range of impact parameters.

This letter reports on electromagnetic production of
e+e! pairs accompanied by Coulomb nuclear breakup
in

!
sNN = 200 GeV per nucleon pair Au-Au collisions

[12], as is shown in Fig. 1. An e+e! pair is produced
from two photons, while the nuclei exchange additional,
independent photons, which break up the nuclei. We
require that there be no hadronic interactions, which is
roughly equivalent to setting the minimum impact pa-
rameter bmin at twice the nuclear radius, RA, i.e. about
13 fm. The Coulomb nuclear breakup requirement selects

Au

e

Au*
Au

e

+

Au*

−

FIG. 1: Schematic QED lowest-order diagram for e+e! pro-
duction accompanied by mutual Coulomb excitation. The
dashed line shows the factorization into mutual Coulomb ex-
citation and e+e! production.

moderate impact parameter collisions (2RA < b <" 30
fm) [13, 14]. Except for the common impact parameter,
the mutual Coulomb dissociation is independent of the
e+e! production [15, 16]. The cross section is

"(AuAu # Au"Au"e+e!) =

!
d2bPee(b)P2EXC(b) (1)

where Pee(b) and P2EXC(b) are the probabilities of e+e!

production and mutual excitation, respectively at im-
pact parameter b. The decay of the excited nucleus usu-
ally involves neutron emission. P2EXC(b) is based on
experimental studies of neutron emission in photodisso-
ciation [17]. For small b, a leading-order calculation of
P2EXC(b) may exceed 1. A unitarization procedure is
used to correct P2EXC(b) to account for multiple inter-
actions [14, 17].

The most common excitation is a giant dipole reso-
nance (GDR). GDRs usually decay by single neutron
emission. Other resonances decay to final states with
higher neutron multiplicities. In mutual Coulomb disso-
ciation, each nucleus emits a photon which dissociates the
other nucleus. The neutrons are a distinctive signature
for nuclear breakup.

We consider two di!erent pair production calculations
for Pee(b). The first uses the equivalent photon approach
(EPA) [1], which is commonly used to study photopro-
duction. The photon flux from each nucleus is calculated
using the Weizsäcker-Williams method. The photons are
treated as if they were real [2]. The e+e! pair produc-
tion is then calculated using the lowest-order diagram
[18]. The photon pT spectrum for a photon with energy
k is given by [19, 20]

dN

dpT
"

F 2(k2/#2 + p2
T )p2

T

$2(k2/#2 + p2
T )2

(2)

where F is the nuclear form factor and # is the Lorentz
boost of a nucleus in the laboratory frame. This calcula-
tion uses a Woods-Saxon distribution with a gold radius

Pb

Pb

Pb*

Pb*

• ZDC energy deposits 

• Single neutron peaks clearly visible 

ATLAS DRAFT

ATLAS using zero-degree calorimeters (ZDC). Therefore, to check the modelling of the CEP background,502

an analysis of energy deposits in ZDC is performed. The events are categorised for the signal (Aco < 0.01)503

and the CEP-enhanced (Aco > 0.01) regions.504

O�ine ZDC analysis505

In the o�ine analysis, to separate the ZDC signal from the noise of electronic modules, a calibrated ZDC506

energy greater than 20% of the single neutron peak is required.507

In the signal region, 70% of events with no ZDC signal (30% of events with ZDC signal) are observed in508

data for both 2.5 GeV and 3 GeV selections. Energy distributions in ZDC for events in the signal region are509

presented in Fig. 28. Energy deposits corresponding to single- and double-neutron emissions are clearly510

visible.511
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Figure 28: ZDC energy distributions for events satisfying signal region selection for 2.5 GeV (left) and 3 GeV (right)
photon selections. Energy deposits in ZDC side-A are shown as black solid line, whereas deposits in ZDC side-C are
shown as red dashed line.

Assuming that either one or both ions break up for 100% of CEP events and for 20% of signal and e+e�512

events (due to possible extra Coulomb interactions), the ratio of events with ZDC signal to the events513

without ZDC signal in the Aco > 0.01 CR can be predicted from the expected CEP and (signal+ee) event514

yields:515

rpred
ZDC/noZDC ⇡

CEP + 0.2 ⇤ (signal + ee)
0.8 ⇤ (signal + ee)

(10)

For 2.5 GeV case, it is found that rpred = 2.1± 0.7 where the uncertainty is due to ee background variations.516

In the CEP-enhanced region and 2.5 GeV selection, 40% of events with no ZDC signal (60% of events with517

ZDC signal) are observed in data. Therefore rmeas = 1.5.518

For 3 GeV selection, rpred = 1.0 ± 0.5, to be compared with rmeas = 0.8.519

In order to cover the di�erences in event rates with/without ZCD signal, the expected ee background yield520

needs to be increased by 30% for 2.5 GeV case and by 20% for 3 GeV case, which is within the total ee521

background uncertainty of about 40–50%.522
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• For ET > 3 GeV: 
• r(pred.) = 1.5(0.5), r(meas) = 0.8 

• To compensate difference: 
• Raise in the ee background yield of 20% needed 
• Well covered by uncertainty of 40% 
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• What else has a similar signature?

26

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Exclusive production of e+e- electron pairs 
• Both electrons misidentified as photons 

• Electrons bent in magnetic field 
• Broader A𝜙 distribution compared to signal 

• Background rate estimated from data 
• 2 control regions:  

• Signal region + requiring 1 or 2 associated pixel tracks 
• Event yield from control regions extrapolated to signal region  

• Needed: probability to miss pixel track if full track is not 
reconstructed pemistag 

• pemistag measured requiring 1 full track and exactly 2 signal 
photons: (47 ± 9)% 

• Events in signal region: 15 ± 7

statistics, pemistag, difference in CRs
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• What else has a similar signature?

27

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Other potential backgrounds found to be negligible: 

• 𝛾𝛾 → qq 
• Exclusive di-meson production (pi0, eta, eta’) 

• Also charged mesons considered 
• Bottomonia: 𝛾𝛾 → 𝜂b → 𝛾𝛾 (𝜎 ~1 pb) 
• Fake photons: Cosmic rays, calorimeter noise
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Systematic Uncertainties

28

• Reco & PID SFs: 
• SFs derived in dependence of eta instead of pT 

• Impact on measured C-factor taken as systematic unc. 
• 4% (Reco) 2% (PID) 

• Photon energy scale & resolution 
• Taken from EGamma-group recommendations 

• 1% and 2 % impact on MC yields, for scale & resolution

• Angular resolution (in phi) 
• Comparing electron tracks to cluster in yy->ee events 
• Additional single cluster smearing in MC: 

• Impact on CEP background: 1%
• Impact on SFs: 2% (taken as systematic)

ATLAS DRAFT

The electrons from the �� ! e+e� reaction are well balanced in their transverse momenta, with very small597

initial (truth) smearing �MCtruth
�e1��e2 < 0.001, much smaller than the expected angular resolution of the cluster.598

By measuring (|�cluster1
� �trk1

| � |�cluster2
� �trk2

|) distributions in �� ! e+e� events and assuming that599

tracking angular resolution is much smaller than the calorimeter angular resolution, one can extract ��cluster600

that follows the formula:601

��cluster ⇡
(|�cluster1

� �trk1
| � |�cluster2

� �trk2
|)

p
2

. (13)

Figure 32 shows the ( |�cluster1
� �trk1

| � |�cluster2
� �trk2

|)/
p

2 distributions in di�erent electron ET bins.602

At low electron ET, extra tails are visible, which are due to hard-bremsstrahlung emissions. After fitting603

to the central peak of the spectrum (which should correspond to the ”proper” electron cluster without604

hard-bremstrahlung emissions) the single-electron cluster phi resolution is �e cluster
� ⇡ 0.011 � 0.013 in605

data and �e cluster
� ⇡ 0.010 � 0.011 in MC. When subtracting these numbers of quadrature, this translates606

into extra �� ⇡ 0.006 single-cluster smearing which is needed in ee MC to describe the data.607

After applying the extra �� ⇡ 0.006 smearing to photons in signal MC, the detector correction factor608

changes by 2%, which is taken as systematic uncertainty. The impact of this variation on CEP acoplanarity609

shape is minor, resulting in a 1% variation of the expected CEP event yield in the signal region.610

7.5 Alternative signal MC sample611

The uncertainty due to the choice of signal MC generator is estimated by using alternative signal MC612

sample, as detailed in Section 3. A di�erence in the C-factor value between these samples is 1%, which is613

taken as systematic uncertainty.614

8 Results615

8.1 Kinematic distributions616

Photon kinematic distributions for events satisfying all selection criteria are shown in Fig. 33. In total, 59617

events were observed in data where 30 signal events and 12 background events are expected.618

Other control distributions in the signal region can be found in Appendix G.619

8.2 Cross section measurement620

The cross section for the �� ! �� process is measured in a fiducial phase space, defined by the following621

requirements on the diphoton final state, reflecting the selection at reconstruction level: Both photons have622

to be within |⌘ | < 2.4 with a transverse energy of ET > 3 GeV. The invariant mass of the di-photon system623

has to be m�� > 6 GeV with a transverse momentum of p��T < 1 GeV. In addition, the photons must be624

10th March 2019 – 22:15 41

ATLAS DRAFT

The electrons from the �� ! e+e� reaction are well balanced in their transverse momenta, with very small597

initial (truth) smearing �MCtruth
�e1��e2 < 0.001, much smaller than the expected angular resolution of the cluster.598

By measuring (|�cluster1
� �trk1

| � |�cluster2
� �trk2

|) distributions in �� ! e+e� events and assuming that599

tracking angular resolution is much smaller than the calorimeter angular resolution, one can extract ��cluster600

that follows the formula:601

��cluster ⇡
(|�cluster1

� �trk1
| � |�cluster2

� �trk2
|)

p
2

. (13)

Figure 32 shows the ( |�cluster1
� �trk1

| � |�cluster2
� �trk2

|)/
p

2 distributions in di�erent electron ET bins.602

At low electron ET, extra tails are visible, which are due to hard-bremsstrahlung emissions. After fitting603

to the central peak of the spectrum (which should correspond to the ”proper” electron cluster without604

hard-bremstrahlung emissions) the single-electron cluster phi resolution is �e cluster
� ⇡ 0.011 � 0.013 in605

data and �e cluster
� ⇡ 0.010 � 0.011 in MC. When subtracting these numbers of quadrature, this translates606

into extra �� ⇡ 0.006 single-cluster smearing which is needed in ee MC to describe the data.607

After applying the extra �� ⇡ 0.006 smearing to photons in signal MC, the detector correction factor608

changes by 2%, which is taken as systematic uncertainty. The impact of this variation on CEP acoplanarity609

shape is minor, resulting in a 1% variation of the expected CEP event yield in the signal region.610

7.5 Alternative signal MC sample611

The uncertainty due to the choice of signal MC generator is estimated by using alternative signal MC612

sample, as detailed in Section 3. A di�erence in the C-factor value between these samples is 1%, which is613

taken as systematic uncertainty.614

8 Results615

8.1 Kinematic distributions616

Photon kinematic distributions for events satisfying all selection criteria are shown in Fig. 33. In total, 59617

events were observed in data where 30 signal events and 12 background events are expected.618

Other control distributions in the signal region can be found in Appendix G.619

8.2 Cross section measurement620

The cross section for the �� ! �� process is measured in a fiducial phase space, defined by the following621

requirements on the diphoton final state, reflecting the selection at reconstruction level: Both photons have622

to be within |⌘ | < 2.4 with a transverse energy of ET > 3 GeV. The invariant mass of the di-photon system623

has to be m�� > 6 GeV with a transverse momentum of p��T < 1 GeV. In addition, the photons must be624

10th March 2019 – 22:15 41

• Trigger 
• Three ee event selection criteria defined: loose, nominal, tight 

• Difference between those taken as systematic unc.  
• Max. Uncertainty: +10% -4% @ ET(cluster sum) 5 GeV 
• Overall: 5%

• Alternative LbyL signal sample 
• Starlight instead of SuperChic 

• 1% impact on C 
• Signal MC stats: 

• 1%

• Uncertainty on detector correction factor C: 8% 

• Uncertainty on total background: 28%

Source of uncertainty Detector correction (C)

0.263± 0.021
Trigger e�ciency 5%
Photon reco. e�ciency 4%
Photon PID e�ciency 2%
Photon energy scale 1%
Photon energy resolution 2%
Photon angular resolution 2%
Alternative signal MC 1%
Signal MC statistics 1%
Total 8%
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