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Introduction - Historical context of Light-by-Light scattering
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e [he story starts with in the early 30ies: -
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e Dirac’s theory developed and positrons discovered P2
e Evident that light could scatter off light via pair-production
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Introduction - Historical context of Light-by-Light scattering
p - — e e - S

e Farly experimental approach:
e Search for scattering of visible photons using focused sunlight

* No light was detected

[Hughes and Jauhcey, Phys. Rev. (36 1930), 773] e "Calculations show that if the photon has a cross

section, Its area must be less than 3x1020 cm?Z.”
A

A e Cross section for visible light actually is:
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Figure 3  Apparatus for a light-light scattering experiment:
The two lenses C and D focus sun light on the same spot 0 in

a light-tight box AB. The dark-adapted eye of an observer at
the point P serves as the detector for scattered light.
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>Overview of Light-by-Light scattering

e Several names known for Light-by-Light scattering % 5 rﬁ §

e Depending on number of virtual photons

ol <
* Photon - Photon scattering: 4 real photons | { B ;
* Pseudo-scalar meson production in S-channel =3 s

e Photons splitting : 1 virtual, 3 real photons

e Delbrick scattering [1933]: 2 virtual, 2 real photons 0
e Electron / Muon g-2: 3 virtual, 1 real photon > -"T-<
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Cross section box-diagram
e Broken down by particle type in loop
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e Cross section of elementary process: ~10 pb
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4

Ultra Peripheral Heavy lon Collisions - LHC as photon collider

e Relativistic nuclei are intense source of (quasi-real) photons

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

e Maximum photons energy:
e Emax <= y/R ~80 GeV

e Lorentz factor y up to 2800 @ LHC

Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation
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Ultra Peripheral Heavy lon Collisions - LHC as photon collider

— —_—— p— = e ——— —————— - = = — = ——

e Relativistic nuclei are intense source of (quasi-real) photons

e Equivalent photon flux scales with Z4 W
e PbPb collisions at LHC are a superb source of high energy photons!

e Maximum photons energy:
e Emax <= y/R ~80 GeV

§§§<T§>§§§

e L orentz factor y up to 2800 @ LHC

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

e \arious types of photon interactions possible

e Photon-Pomeron: e.g. exclusive J/Phi production

e Photons - Gluon: photo production of jets

e Photon - Photon: Light - by - Light scattering
e QED interaction
e Mediated via box-diagram
e Beam particles stay intact
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The LHC

}m — —_— s . e = —_—— —

e CERN’s accelerator complex

North Area -,

o . LHC
LHC: 2008 (27 km) G|F++
CENF
e Usually operates with proton @ ALICE LHCb
6.5 TeV beam energy + S
SPS
-
e ~1 month / per year:
e Lead ior{spins%/ead of protons HiRadMat -
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The LHC

e CERN’s accelerator complex e Proton onerat -
( roton operation:
|

e | HC: e Bunch crossings every 25ns (40 MHz)

e ~60 simultaneous pp collision per

e Usually operates with proton @ punch crossing

6.5 GeV beam energy

— P k A g, o P
e ~1 month / per year: : o

e Lead ions instead of protons _

| ® Heavy ion operation:

’ " X

Parton
(quark, gluon)

e Bunch crossings every 75ns (13 MHz) ! S

r <

e ~0.004 simultaneous PbPb collision
per bunch crossing
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/
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% jet
jet
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yThe ATLAS Detgctor

e Size of a 6 story building 44m

e 1T00M readout channels -

e 2 staged trigger system

-
______
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e | 1: hardware based [
e 40MHz -> 100kHzZ

o | 2: software based
e 100kHz -> 1kHz
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<% Tile calorimeters

A VAN | . LAr hadronic end-cap and
k O W\ A gl | r— forward calorimeters
..... | Pixel defector | S

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiafion tracker

Semiconductor tracker
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}The ATLAS Detector

e ~100M readout channels

e 100kHz readout (~1.5 MB/event) Spectrometer
e 1 kHz to disk

o ‘[extbook’ like multi purpose detector

e ATLAS coordinate system:
e n =-Intan(6/2), ¢

Hadronic
Calorimeter

.
f
]
L
.
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»

' Proton

{ Neutron | : The dashed tracks
) are invisible to
the detector

Electromagnetic
r-d-z cylindrical coordinates and © - visualization Calorimeter

Phaton
n=0 Solenoid magnet '~
Transition
L Radiation R > ATI AC
=90 —— | | §
/ Tracking Tracker o
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 How to measure the yy — yyprocess 2

- _ | _ _ ':*"*‘q
e Experimental signature: 2016: Nature Physics 13 (2017) 852
e 2 exclusive photons in the final state 2018: arXiv:1904.03536

e Photons are back - to - back in ¢
» Ay = 1-|4¢| / 1 < 0.01

e Cross section steeply falling with increasing energy
e | ooking for low energy photons: E > 3 GeV
e Challenging!

* \/ery unusual topology and energy range for a high
energy collider experiment /

e [nteresting challenae :-)
p,Pb p,Pb

T ATLAS

EXPERIMENT

Y A Run: 367321
Event: 755541675
v N 2018-12-01 08:30:26 CEST
p,Pb p,Pb
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https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html
https://arxiv.org/abs/1904.03536

o | ight-by-Light scattering candidate event

EXPERIMENT

Run: 331742
Event: 1873900334
2017-08-04 21:48:42 CEST

v

Run 169226, Event 379791 NN | | | |
Time 2010-11-16 02:53:54 CET &\ / e COmMmon

YT PoPb collision

N\ ATLAS

EXPERIMENT

Run: 367321
Event: 755541675
2018-12-01 08:30:26 CEST
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, How to measure the yy — yy process f

e ATLAS uses a 2-staged trigger system

ATLAS'
hE ?

l

e 1st Stage: Hardware Based, 40MHz input, 100kHz output

—

e Requirements (OR):
e >= 1 EM cluster with E7> 1 GeV && 4 GeV < total ET < 200 GeV
e >= 2 EM clusters with ET > 1 GeV && total Er < 50 GeV

O
»

I I | I I I | I I I | I I I | I I

Level-1 trigger efficiency
o
oo

Pb+Pb \(s,,=5.02 TeV

e 2nd Stage: PC-tarm, 100kHz input, 1kHz output §
® Data2018,1.7 nb

o
~

I | | I | | I | | I | | I |

e Requirements (AND): — Fit to data
e >E7 (forward calorimeter) < 3 GeV on both sides 0.2 Stat
e <= 15 hits in pixel detector - Stat ® syst
e Tagging of exclusive photon final state oot b
4 6 8 10 12 14

E_crluster1+Ef:rIuster2 [GeV]

e Jrigger efficiency determined using e+e- final states
e [riggered by independent support triggers

o Applied to simulated events to correct yield

2018: arXiv:1904.03536
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https://arxiv.org/abs/1904.03536

bHow to measure the yy — yy process

e Photon reconstruction:

e Using detault photon reconstruction algorithm
e Entries in calorimeter cells are grouped to clusters
e Track matching pertormed
= Electrons / Photons
e Some overlap allowed

EM shower for ¥ EM shower for 77°

Photon identification:

e Uses neural net, optimised for low ET photons

e Combination of EM calorimeter shower shape variables
e Discrimination between photons, pions, electrons,
noise

Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation
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How to measure the yy — yy process

e Photon reconstruction:

e Using detault photon reconstruction algorithm
e Entries in calorimeter cells are grouped to clusters
e Track matching pertormed
= Electrons / Photons
e Some overlap allowed

EM shower for ¥ EM shower for 17°

e Photon identification:

Photon reconstruction efficiency

e Uses neural net, optimised for low ET photons

e Combination of EM calorimeter shower shape variables
e Discrimination between photons, pions, electrons,
noise

o
©

0.8

0.5

0.4

0 2 4 6 8 10 12 14 16 18 20
e trk2
Er - p; " [GeV]

e Efficiency measurement:

e Using ete- events where a hard bremsstrahlung photon
was radiated

e cey final state selection:

e Exactly 1 electron pr > 4 GeV && 1 additional track
e Track ptr < 1.5 GeV

e Photon with Et > 2.5 GeV must be present in Event!

—
I

0.7F

0.6

-

Pb+Pb s, =5.02 TeV

eey (hard-brem) selection

e Data 2018, 1.7 nb’

0 yy—ee MC
||||||||||||
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0.75F

0.7
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Pb+Pb \s,,=5.02 TeV

- 1 yy = yy MC
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- e Data 2018, 1.7 nb”' FSR photons
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25

Photon E_ [GeV]

2018: arXiv:1904.03536
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bHow to measure the yy — yy process

e Detector must be in physics conditions
o [rigger

e Exactly 2 photons with Er > 3 GeV && || < 2.37
EXPERIMENT
EXC|UdIﬂg 137 < ‘7’]‘ < 152 Run: 367321

Event: 755541675
2018-12-01 08:30:26 CEST

e I[nvariant di-photon mass M,, > 6 GeV

e \/eto any extra particle activity within |g| < 2.5

e No reconstructed tracks (pt > 100 MeV)
e No reconstructed pixel tracks (pr > 50 MeV, |45 (y,track)| < 0.5)

nn = ete- -+ ey ey candidate event:

e Back-to-Back topology
e p1(yy) < 2 GeV (rejects cosmic muons)

e Reduced acoplanarity < 0.01 (Ay = 1- [4¢| / 1)

Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation 14



}How to measure the yy — yy process Background processes

p— — m— — ———

e What else has a similar signature?

Pb Pb(*)
e Central Exclusive Production of 2 photons (CEP): gg = yy ‘

e Coloured initial state: significant intrinsic transverse momentum!! = ; 5 Y
e Broader shape of Ay distribution = g —

e Control region defined to study CEP: aco > 0.01 = 1

e Shape of A, distribution taken from simulation (SuperChic v3.0) = N

= N g Y ‘
e Uncertainty estimated using simulation without secondary particle (O -
emission (absorptive effects) Ph PLH®

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

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

e Expected events in signal region: 4 + 1

Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation 15



>How to measure the yy — yy process Background processes

p— p— m— — ———

e What else has a similar signature?

Pb Pb(*)
e Central Exclusive Production of 2 photons (CEP): gg = yy ’

e Coloured initial state: significant intrinsic transverse momentum! = ’7) 5 \(
e Broader shape of Ay distribution = g —

e Control region defined to study CEP: aco > 0.01 g S 1

e Shape of A, distribution taken from simulation (SuperChic v3.0) = N

= N g Y 4
e Uncertainty estimated using simulation without secondary particle (O -
emission (absorptive effects) Ph PLH®

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

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

e Expected events in signal region: 4 + 1

e Pb™ dissociates, releasing neutrons detectable in the Zero Degree
Calorimeter

e Cross check of ZDC information for events in CEP control region:
e Good agreement with expectations :)

e + 140m from ATLAS IP
e 8.3 < |n| < inf

Vacuum Fluctuations at Nanoscale and Gravitation 15

Kristof Schmieden



Background processes

— Epe————_ . === = e — —— E— e ——— =SS = = —_—=

}How to measure the yy — yy process

e What else has a similar signature?

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

e Electrons bent in magnetic field
e Broader A, distribution compared to signal

e Background rate estimated from data
e 2 control regions:
e Signal region + requiring 1 or 2 associated pixel tracks
e Event yield from control regions extrapolated to signal region
e Using probabillity to miss pixel track if full track not

reconstructed pPemistag B0 ]

2 - —e-Data, 480 ub" ATLAS ] o B0
L . ~ [ yy—e'e MC 4 = - —e-Data, 480 ub” ATLAS .
* Demistag Measured requiring 1 full track and exactly 2 signal % 25 py—=yy MC x 10 TE+PD {8y =5.02 TeV - E s BCCUC ppn e 502 Tev
photons: (47 + 9)% = 18 f :
20 Ny =1 control region E ~ 20 N, = 2 control region ]
e Events in signal region: 7 + 3 ) i5 1 s -
statistics, pemistag, difference in CRs| E -
0 T T T T R : 012 O.|3 014 O.|5 0.6
0 0.1 0.2 0.3 0.4 0.5 0.6 Yy acoplanarity

vy acoplanarity
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Background processes 2018: arXiv:1904.03536 (@)
e B - — — - \ , . . - ._A,LAQ

— e e - — ——— e —————— —

}How to measure the yy — yy process

e What else has a similar signature? e Total background + signail:

e Other potential backgrounds found to be negligible:

*yy — QQ
e Exclusive di-meson production (pi0, eta, eta’) i SOpTrTT T T
e Also charged mesons considered S 45 ATLAS E
e Bottomonia: yy = no = yy (sigma ~1pb) e 405- Pb+Pb \sy, =5.02 TeV -
e Fake photons: Cosmic rays, calorimeter noise § - -
W 350 —e- Data 2018,1.7nb"' =
Signal (vy — vv) -
- CEP gg — vy .
250 By —ee E
R 20 Sys. unc 7
photon /<)+ hadrons - | e .
/\/\/\AM/ ,,,,, ; . 15 E
| 10 -
N RN ~ : :
| ) . hadrons ' ‘ =
photon ~J™ (= % 001 002 0.03 004 0.05 0.06 0.07 0.08
A
¢
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https://arxiv.org/abs/1904.03536

}Results on 2015 data

e \ery similar analysis, some optimisations missing

2016: Nature Physics 13 (2017) 852
e 480ub of PbPb data recorded in 2015
* First Evidence of Light-by-Light scattering released in 2016 by ATLAS > 12— 71— 1 DAL I
e Compatible result by CMS 5 | —*Data,480ub” ATLAS ]
N - yy—=yy MC 7
~ 10__ I vy —e*e MC Pb+Pb \/37NN=502 TeV 7
2 I CEP yy MC _
S o -
e 13 Events observed, Background: 2.6 + 0.7 L - _ _ -
- Signal selection -
e Cross section: 6_— —e— With Aco < 0.01 -
e Measured: 70 = 20 (stat) = 17 (sys) nb - —— -
* SM expectations: 49+ 5nb 4l _
e Significance: 4.4¢ (3.80 expected) 2:_ _
O_ | L1 | | _|_'—|"I_|—|—|—===—
0 5 10 15 20 25 30

m,. [GeV]
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https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html

>Results on 2018 data

e 2018 Data: 1.7 nb1 of PbPb data analysed ; 2018: arXiv:1904.03536

e 59 Events observed, Background: 12 + 3

® CI’OSS SeC“On > 18_ | T T 1 IR N A L L N B B T T T ]
e Measured: 78 + 13 (stat) + 8 (sys) nb S o ATLAS -
e SM expectations: 49+ 5nb @ Pb+Pb \S = 5.02 TeV
& 14 -
e Significance: 8.2¢ (6.20 expected) T LC
12— ® —eo— Data 2018, 1.7 nb —
N Signal (yy — vv) ’
10 ? CEP gg — vy __
8:— vy —ee B
P—— S— DIN———= - 25 Sys. unc. -
| 6|~ E
| » Light-by-Light scattering of GeV photons observed ; 4:_ E
| | i ]
| » Compatibility with prediction within 1.8 standara ’« o -
| deviations ‘ - ;0000 O SR ™ ‘ -
B | °”5 10 15 20 25 80

m,, [GeV]
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https://arxiv.org/abs/1904.03536

Interpretation - Search for new Axion Like Particles )

b e ——————————— — —

e Being interesting In it's own right, there’s more to learn from this result:

e Measurement can transformed into limit on specific models beyond the standard model

e Axion like particles:

* (pseudo-) scalar particles that are too heavy to solve strong CP problem Reinterpretation of ATLAS 2016 result
o Will couple to photons, may couple to anything else Knapen et al.: arXiv:1709.07110v1
e |dentical signature as Light-by-Light scattering | logl <| | 7 linear | a1|7 3 COlllpliﬂg
* Resonant behaviour - OPAL, 2. (g, 36.pb e of T '
103 REE B ATLAS, 24
Ze ] OPAL, 3~ :
Pb — Pb | |
! a0 | W/‘\ Y
a < -
_ s ATLAS, 2016
C\D/ 10—4 _ -
/y < 3 0/ ’,”’ _
= P > _ N ,a”
Ph 7. Ph - \ e
' o " pp+s=TTeV
Active field: 1075 == POEb Vs =55 TeV
e Phenomenological work: arxiv:160/7.06083, — | | ' ' '
e Latest CMS result: arXiv:1810.04602 NI 20m (égV) o080 100
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https://arxiv.org/abs/1607.06083

Interpretation - Search for new Axion Like Particles
y_m e

e Being interesting in it's own right, there’s more to learn from this result:

|
'
|
|

e Measurement can transformed into limit on specific models beyond the standard model

e Born - Infeld theory

e Nonlinear extension to QED
e Imposing an upper limit of the EM field strength

[Born and Infeld, Proc. R. Soc. A 144, 425 (1934)] Eﬁ_interplre;aéilf)q % g@L%%ZZO;g{?SUW
* More recently: connection to string theory s et al, ’ ( )
[Fradkin and Tseytlin, Infeld, Phys. Lett. 163B, 123 (1985)] 105 m,,>6GeV_, Pb+Pb (y7)—Pb{*)+Pb(*) vy
10*
e Differential Light-by-Light scattering cross section can be turned 103
Into [imit on mass scale appearing in B-| theory
Q 102
S
N : :
o 10% : |
o a
ol s
03— T2 %0
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Conclusions 2018: arXiv:1904.03536

— — —_— — —_—

»

18_ | | | | | | | | | | | | | | | |
- ATLAS ]
16— ]
- Pb+Pb \/SNN =5.02 TeV -
14— ]

e First direct observation of Light-by-Light scattering at the ATLAS experiment
e Hi collisions from the LHC used as photon collider

Events / GeV

12 ¢ —e- Data 2018, 1.7 nb™"

Signal (yy — vy ]

e Challenging measurement, very different from usual high energy analyses: 10r Soeres v -
e L Ow energy objects 8 -

e Very little activity in detector 6 -

e Difficult to trigger 4 ! -

1 at

5 10 15 20 55 30
m,, [GeV]

e 59 Events observed (12 background events expected)

e Measured fid. cross section form,, > 6 GeV. 6 =78 £ 15 nb

e Compatible with SM prediction

e Useful to constrain several models beyond the standard model, e.g.
e Axion like particles
e Born-Infeld theory
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Conclusions 2018: arXiv:1904.03536

b _ e -
g T amas E
e First direct observation of Light-by-Light scattering at the ATLAS experiment s Pb+Pb (S = 5.02 TeV -
e Hi collisions from the LHC used as photon collider g E
12— ) —e— Data 2018, 1.7 nb"  —
[_]Signal (yy — vv) .
e Challenging measurement, very different from usual high energy analyses: o =$Y319§: o
e | oW energy objects 85_ 7 Sys. unc. E
e \ery little activity in detector 6 E
e Difficult to trigger 4 t E
2 ]
SRR E
5 10 15 20 25 30
m,. [GeV]
e 59 Events observed (12 background events expected)
e Measured fid. cross section for m,, > 6 GeV: 6 =78 £ 15 nb \What's |left to do?
e Compatible with SM prediction e Refined measurement of differential distributions

e Derivation of improved limits on some BSM models

e Useful to constrain several models beyond the standard model, e.g. e Interpretations in the framework of effective couplings
e Axion like particles
e Born-Infeld theory
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BACKUP




Additional Kinematic Distributions

2018: arXiv:1904.03536 @

_ _ _ ) —;AZL‘Q

> 18_ I | I I I I I I I I | I I I I | I I I I I I I I ] > _I L T 1 T 1 T 1 T 1 | T 1 | T 1 | T 1 T 1 L I_ QO. - T 1T 1 | T T 1 | T T 1 | T T 1 | T T 1 T T 1 [ |
S I ATLAS . & o5 ATLAS - S o5l -e-Data 2018, 1.7 nb" ATLAS -
~ 16 B N[ ] @ [ []Signal (yy — yv) ]
*UE) 14: Pb+Pb \s, =5.02 TeV - c\: i Pb+Pb \/SNN =5.02 TeV = i CEP gg — 11 Pb+Pb VSNN =5.02 TeV ]
o — — - @ — > - ]
i N ] "cé') 20~ — L] 20— [lvyy —ee —
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Electron studies
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ZDC Cross check on CEP background

b. _— —_— = = = - —-
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Ultra Peripheral Heavy lon Collisions - LHC as photon collider

e Relativistic nuclei are intense source of (quasi-real) photons

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

e Maximum photons energy:
e Emax <= y/R ~80 GeV

e Lorentz factor y up to 2800 @ LHC

Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation
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Ultra Peripheral Heavy lon Collisions - LHC as photon collider
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e Relativistic nuclei are intense source of (quasi-real) photons

e Equivalent photon flux scales with Z4 W
e PbPb collisions at LHC are a superb source of high energy photons!

e Maximum photons energy:
e Emax <= y/R ~80 GeV

e L orentz factor y up to 2800 @ LHC
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e \arious types of photon interactions possible

A2 Q22022992
Q2 Q2 QQ Q29 Q
A Y

T

e Photon-Pomeron: e.g. exclusive J/Phi production

L—
N——T

e Photons - Gluon: photo production of jets

e Photon - Photon: Light - by - Light scattering

(N

S
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