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Light-by-light scattering @ LHC
Electric field around LHC beam proton is regarded as photons
→ Use LHC as a 𝜸𝜸 collider
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SM 𝜸𝜸 → 𝜸𝜸 observed in lead ion collisions
In 𝒑𝒑 collisions, SM 𝜸𝜸 → 𝜸𝜸 has 
too small cross section…
But BSM can enhance it!

e.g. Axion-like particle (ALP)
(assumed for signal modeling)
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AFP detector
In the 𝜸𝜸 → 𝜸𝜸 event, final state proton can be intact (not broken)
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AFP detector
In the 𝜸𝜸 → 𝜸𝜸 event, final state proton can be intact (not broken)
→ Use ATLAS forward proton (AFP) detectors
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AFP detector
In the 𝜸𝜸 → 𝜸𝜸 event, final state proton can be intact (not broken)
→ Use ATLAS forward proton (AFP) detectors
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Purpose and main strategy
Diphoton resonance search using AFP (Data is 14.6 fb-1 from runs in 2017)

Select events where 𝝃𝐀𝐅𝐏 is close to 𝝃𝜸𝜸: matching
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Event selection
1. Require diphoton to be back-to-back

Acoplanarity 𝑨𝝓
𝜸𝜸 ≡ 𝚫𝝓 /𝝅 < 𝟎. 𝟎𝟏

2. Require 𝝃𝐀𝐅𝐏 in the high acceptance range
𝟎. 𝟎𝟑𝟓 < 𝝃𝐀𝐅𝐏 < 𝟎. 𝟎𝟖 → 𝝃𝜸𝜸 range is also limited

3. At least one matching
𝚫𝝃 ≡ 𝝃𝐀𝐅𝐏 − 𝝃𝜸𝜸 < 𝟎. 𝟎𝟎𝟒 + 𝟎. 𝟏𝝃𝜸𝜸
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Data Signal MC (𝒎𝑿 = 𝟑𝟎𝟎 GeV)

Generated using SuperChic 4



Statistical modeling
s+b unbinned maximum likelihood fit to the 𝒎𝜸𝜸 distribution
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Signal PDF Signal yield BG PDF BG yield

ℱ 𝑚11; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂 = 𝑓2 𝑚11; 𝒙2 𝑚2 𝑁2 𝝈2 𝜇 ;𝑚2 + 𝑓3 𝑚11, 𝒂 𝑁3

Double-sided crystal ball
(DSCB) function
Natural width neglected
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Signal yield modeling
s+b unbinned maximum likelihood fit to the 𝒎𝜸𝜸 distribution
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Efficiency × acceptance

Signal PDF Signal yield BG PDF BG yield

ℱ 𝑚11; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂 = 𝑓2 𝑚11; 𝒙2 𝑚2 𝑁2 𝝈2 𝜇 ;𝑚2 + 𝑓3 𝑚11, 𝒂 𝑁3
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Signal yield modeling
s+b unbinned maximum likelihood fit to the 𝒎𝜸𝜸 distribution
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Signal PDF Signal yield BG PDF BG yield

Efficiency × acceptance Cross section Signal yield

× =

(𝒇!𝟏 = 𝟎. 𝟎𝟓 TeV-1)
(𝒇!𝟏 = 𝟎. 𝟎𝟓 TeV-1)

ℱ 𝑚11; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂 = 𝑓2 𝑚11; 𝒙2 𝑚2 𝑁2 𝝈2 𝜇 ;𝑚2 + 𝑓3 𝑚11, 𝒂 𝑁3
Signal strength 𝝁 = 𝟏



Background modeling
s+b unbinned maximum likelihood fit to the 𝒎𝜸𝜸 distribution
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Combinatorial BG
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pileup proton from another vertex

AFP

𝜸

Coincident 
matching

AFP
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𝒂 ≡ (𝑎", 𝑏)
Empirical PDF: 

To
• determine parameters 𝒂
• validate this form
• evaluate uncertainty on signal sterngth 𝜇
including
• actual detector response
• fake photons,

Create fully data-driven 
combinatorial BG sample



Photons and protons are recorded for each event

Background sample generation 12
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Background sample generation
Photons and protons are recorded for each event
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Reassignment of 
protons to diphotons

• Reproduce the coincident matching 
between 𝜸𝜸 and proton

• Suppress the single-vertex BG and 
signal-contamination in data

→ Pure combinatorial BG sample 



Background sample generation
Photons and protons are recorded for each event

14

200 400 600 800 1000 1200 1400 1600
 [GeV]
γγ

Diphoton mass m

1−10

1

10

210

Ev
en

ts
 / 

29
.4

 [G
eV

]

-1 = 13 TeV, 14.6 fbs

Matched events

Event 1

Event 2

Event 3

Event N-1

Event N

…

𝝃𝐀𝐅𝐏
(𝟏)

𝝃𝐀𝐅𝐏
(𝟐)

𝝃𝐀𝐅𝐏
(𝟑)

𝝃𝐀𝐅𝐏
(𝑵!𝟏)

𝝃𝐀𝐅𝐏
(𝑵)

…

𝝃𝜸𝜸
(𝟏)

𝝃𝜸𝜸
(𝟐)

𝝃𝜸𝜸
(𝟑)

𝝃𝜸𝜸
(𝑵!𝟏)

𝝃𝜸𝜸
(𝑵)

…

𝒎𝜸𝜸 [GeV]

Significant BG reduction
→ large BG uncertainty

~400 events
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Background sample generation
Try other combination of the reassignment
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As smooth as 
before matching
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BG PDF initial parameters are determined

~4000 events



441 events observed

No excess from the BG-only hypothesis
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𝒁 = 2.51 @ 454 GeV

Beam

AFP

𝜎$ ≈ 300 𝜇m
𝑑 ≈ 2 − 3 mm

No double matching

Dominant sys. unc.:
AFP global alignment
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100% ALP → 𝜸𝜸 branching ratio is assumed
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Excluded
Excluded
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Excluded
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Excluded

“At least one” matching enhances the mass acceptance



Summary
• Search for diphoton resonance in light-by-light scattering
• ATLAS Run 2 experiment (14.6 fb-1) with AFP detector

First search for BSM with AFP
• Matching between 𝜸𝜸 and proton
• ”At least one” matching requirement enhances the acceptance
• No excess was observed
• Exclusion limits are set on cross section and coupling constant
• CONF note: ATLAS-CONF-2023-002
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Thank you for listening!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-002/


Backup slides
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Statistical modeling
• Likelihood

𝐿 𝜇, 𝝂;𝑚2, 𝑚11,> = 𝑒" ?!(A)(?" H
>CD

E

ℱ(𝑚11,>; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂, 𝜽) H
F∈𝜽

𝑒"F#/J

• PDF
ℱ 𝑚11; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂, 𝜽
= 𝑓2 𝑚11; 𝒙2 𝑚2, 𝜽KL 𝑁2 𝝈2 𝜇 ;𝑚2, 𝜽?! + 𝑓3 𝑚11, 𝒂 𝑁3

• Signal yield
𝑁2 𝝈2 𝜇 ;𝑚2, 𝜽?!
= 𝐿MNO L

>∈{QR,ST,TT}

𝜇𝜎VOW
> 𝑚2 𝜀> 𝑚2 𝐾X> 𝑚2, 𝜃X> 𝐾Y#>(𝜃Y#>) H

Z∈Y$

𝐾Z(𝜃Z) + 𝛿L[ 𝑚2 𝜃L[

• 𝜇: Signal strength (unit: 𝑓"D = 0.05 TeV"D)
• 𝜽: nuisance parameter (NP)
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Extended PDF SystematicsData

Signal PDF Signal yield BG yieldBG PDF



Signal PDF modeling
s+b unbinned maximum likelihood fit to the 𝒎𝜸𝜸 distribution
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Double-sided crystal ball (DSCB) function
• ALP natural width is negligible
• 6 parameters (𝒙2)
• Each of them is parametrized as a function of 𝒎2 using signal MC
→ Modelled signal shape continuously varies with 𝒎2

𝒎6200 GeV

Width~2 GeV

Signal PDF Signal yield BG PDF BG yield

ℱ 𝑚11; 𝝈2 𝜇 ,𝑚2, 𝑁3, 𝒂 = 𝑓2 𝑚11; 𝒙2 𝑚2 𝑁2 𝝈2 𝜇 ;𝑚2 + 𝑓3 𝑚11, 𝒂 𝑁3

1600 GeV

14 GeV7 GeV

800 GeV
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Exclusive SD
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Mixed-data sample 
FD smoothing

For backgroud modeling study
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500 GeV signal contam.
Background unc.
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Background modeling uncertainty
Evaluate the flexibility of BG function
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Smooth the BG sample by
functional decomposition (FD)

Regard as true BG distribution

s+b fit
to this line
for each 𝒎𝑿

Signal
yield

Ideally 0, but actually non-zero
(spurious signal)
→ Its envelope is taken as 

BG modeling uncertainty
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Exclusion limit
Stronger limits than CMS-TOTEM in wide range of mass
though ATLAS has 7 times lower luminosity − difference is:

• “at least one” matching
• narrow peak width
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