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Introductlon Hlstorlcal context of nght by nght scattering

P3
P1
it

e The story starts in the early 30ies: Y

-
e Dirac’s theory developed and positrons discovered . \\1 / \‘\‘\\

e Evident that light could scatter off light via pair-production

® Heisenberg, EUler, KOCke| ‘]O—SOCI’nZ T TTTTI T T TTTTT] T TTTTIm] T TTTTTh

e Using effective Lagrangian to calculate cross section 10“-%- I I . _;H;\P(/)\l- E
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e ~ 1070cm?2 for visible light, 10-30cm2 for y-radiation E N2 — AsM -
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e Exact calculation: loop calculation needed © 10 ? -
e Box diagram involving charged termions and W-Boson =
10" B
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Introduction - Historical context of Light-by-Light scattering
p - — e 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, 1ts area must be less than 3x1020 cm?Z.”
A

A e Cross section for visible light actually is:

\ F NI']S I Ho | e 10-60cm?!
I

M i |

AVAVA
E
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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Outline
e Observing Light-byLight scattering at the LHC
e The ATLAS measurement
e \What's next? T T g T
10-3 L k. ATLAS, 27 |
e Sensitivity to axion-like particles & other BSM models L
%10—4—
* |deas for measurement anomalous magnetic moment of the tau lepton . -f?{?f;_;ﬁ_m |
10-5 L == Pb-Pb /sy =55 TeV |
@ @ @5 20 40 60 80 100
mg (GeV)
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Overview of Light-by-Light scattering

bm — = - e e ————— ———_ _—______ L = - = —

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

e Depending on number of virtual photons

* Photon - Photon scattering: 4 real photons | { A
* Pseudo-scalar meson production in S-channel L s

e Photons splitting : 1 virtual, 3 real photons

e Delbrick scattering [1933]: 2 virtual, 2 real photons > 0 <:

e | epton g-2. 3 virtual, 1 real photon

10’

o 10°F | -
& n _
o 10° N E
10° < ' '
: : ~ ® Cross section box-diagram
107 N T otal e Broken down by particle type in loop
103 Bt S N - H— | . leptons. .. _
= AN |  quarks = . |
e A N W-bosons e Cross section of elementary process: ~10 pb
= N e E
S B S N AcceSS|b|e @ ATALS
B _ o R NN e Source of photons?
\\
10! T S S \ """"""""""
- o\
I o e Y B S A\ -
: B 1 Klusek-Gawenda et al.,
10—3 | IIIIIII| | IIIIIII| | IIIIIII| L 11 ?IIII| | IIIIIII| \I | IIII_I

PRC 93 (2016) 044907
107 107 107! 1 10 102 10°
\'s (GeV)
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»UItra 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 beams 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 2700 @ LHC

Kristof Schmieden
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Ultra Peripheral Heavy lon Collisions - LHC as photon collider
}——m - e —————————————————————— et - I -
e Relativistic nuclei are intense source of (quasi-real) photons

e Equivalent photon flux scales with Z4
e PbPb beams 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 2700 @ LHC

§§§<T§>§§§

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

e \arious types of photon interactions possible

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

photon e
%/

Y

M\N
photon

e Photons - Gluon: photo production of jets

| e Photon - Photon:
‘ e Producing fermion pairs (e.g. ete’)

|

:

|

i e | ight - by - Light scattering
e QED interaction

* Mediated via box-diagram

e Beam particles stay intact
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The LHC

}—m — R e e N e — ————  — — — S = e e e - — =—

e Proton operation:
|

e Bunch crossings every 25ns (40 MHz)

e Usually operates with proton @ __~—"

6.5 TeV beam energy e ~00 simultaneous pp collision per

bunch crossing
* ‘Pileup’

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

~~~—,  * Heavy ion operation:

e Bunch crossings every 75ns (13 MHz) | «I.T.?.‘.I,‘;{.ﬂ.., &
! e ~0.004 simultaneous PbPb collision | -
per bunch crossing | ; ‘ o
e Essentially no pileup at all e ‘/ . - o

i

‘\

’\ e Only EM interaction in most bunch ‘
l crossings! (UPC events) )
|

o Ued for photon physic

e —_—— —_—
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 How to measure the yy » yyprocess 2

e | _ _ ':"“‘q
e Experimental signature: 2016: Nature Physics 13 (2017) 852
e 2 exclusive photons in the final state 2019: Phys.Rev.L ett. 123 (2019)

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: Et > 3 GeV

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

energy collider experiment /
* [nteresting challenge :-)
p.’b p,Pb
\W/ o)
o ATLAS
b« § EXPERIMENT
v A Run: 367321
Event: 755541675
& o & 2018-12-01 08:30:26 CEST
y
/’/&\ L
p,Pb b.Pb
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https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html
https://arxiv.org/abs/1904.03536

, How to measure the yy = yy

* pp collision

o | ight-by-Light scattering candidate event

ATLAS

EXPERIMENT

Run: 331742
went: 1873900334
9] . 7 . « AC

e POPDh
collision

ATLAS

EXPERIMENT

Run: 367321
Event: 755541675
2018-12-01 08:30:26 CEST

EXPERIMENT

Run: 365512
Event: 110420355
2018-11-09 06:27:05 CEST
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»How to measure the yy - yy process

e |1 requirements (OR):
e > 1 EM cluster with E1(y) > 1 GeV && 4 GeV < total Er < 200 GeV

e > 2 EM clusters with Et(y) > 1 GeV && total Er < 50 GeV

e HLT Requirements (AND):
e >E7(FCal) < 3 GeV on both sides
e < 15 hits in pixel detector
e Tagging of exclusive photon final state

e Support Triggers:

e SUM ET < 50 GeV & FCal Veto & < 15 tracks & > 2 tracks
e HLT_mb_sptrk_exclusiveloose_vetosp1500_L1VTEZ20

Kristof Schmieden 10



Iriggering

 How to measure the yy » yyprocess ' - o B2

ATLAS'
hE ?

l

e |1 requirements (OR):
e > 1 EM cluster with E1(y) > 1 GeV && 4 GeV < total Er < 200 GeV

e > 2 EM clusters with Et(y) > 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

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

04 e Data2018,1.7 nb’
e HLT Requirements (AND): — Fit to data
e >E7(FCal) < 3 GeV on both sides 0.2F Stat
e < 15 hits in pixel detector I Stat ® syst
e Tagging of exclusive photon final state N R A S S
4 6 8 10 12 14

E_crluster1+Ef:rIuster2 [GeV]

e Support Triggers:

* Trigger efficiency determined using e+e- final states

e Sum ET < 50 GeV & FCal Veto & < 15 tracks & > 2 tracks e Triggered by independent support triggers

e HLT_mb_sptrk_exclusiveloose_vetosp1500_L1VTEZ20
o Applied to simulated events to correct yield

Kristof Schmieden 10



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 110

e Photon identification:

e Uses neural net (Keras), trained for low Et photons

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

Kristof Schmieden 11



bHow to measure the yy - yy process

e Photon reconstruction: e Efficiency measurement:
e Using detault photon reconstruction algorithm e Using ete- events where a hard bremsstrahlung photon
e Entries in calorimeter cells are grouped to clusters was radiated
e Track matching pertormed
= Electrons / Photons e cey final state selection:
* Some overlap allowed e Exactly 1 electron prt > 4 GeV && 1 additional track
e Track ptr < 1.5 GeV
RSB EBEBEBEBBEDEDDBDEwDNDENNSSSSS e Photon with Et > 2.5 GeV must be present in Event!

EM shower for y EM shower for T7°

e Photon identification:

N

c>)\ : [ | T 1 | I I | I L>)..1-05_ I I I I | I I I I I

c 11— ATLAS — - - ATLAS

2 N ] L qE °

@) = - ®)

S 0.9 Lad u E = ik

o YL ﬁ N )

2 o8 ° . oo ¢+

S - - ] S 0.9 i
@ 070 S . 0

S - . < 0.85 i
S o

o

-

e

o

i -

o

0.8
C O Pb+Pb \5,,=5.02 TeV - .
e Uses neural net (Keras), trained for low Et photons 0.5 eey (hard-brem) selection - 0.75-  Pb+Pb \s=5.02 TeV -
e Combination of EM calorimeter shower shape variables - e Data 2018, 1.7 b’ - o, ©® Data 2018, 1.7 nb" FSR photons -
e Discrimination between photons, pions, electrons, - 0 yy—ee MC : -y vy MC
' _III|III|III|III|III|III|III|III|III|III_ 0.65IIII|IIII|IIII|IIII|IIII
NoISE 0O 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25
Er, - ptTrk2 [GeV] Photon E [GeV]
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bHOW to measure the yy — yy process Event Selection

* Trigger

e Exactly 2 photons with Er > 3 GeV && || < 2.37
Excluding 1.37 < || < 1.52

EXPERIMENT

Run: 367321
Event: 755541675

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, |4 (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- [A¢| / 1)

Kristof Schmieden 12



, 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 Yy
e Broader shape of A, distribution > 7L .

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

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

- > g Y 5
e Uncertainty estimated using simulation without secondary particle (O -
emission (absorptive effects) PL PL®

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

e Overall uncertainty of CEP background in signal region: 20%

e Expected events in signal region: 5 + 1

Kristof Schmieden

13



>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 Y
e Broader shape of A, distribution = g —

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

e Shape of Ay distribution taken from simulation (SuperChic v3.0) = W

= > g Y
e Uncertainty estimated using simulation without secondary particle () -
emission (absorptive effects) Ph PL®

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

e Overall uncertainty of CEP background in signal region: 20%

e Expected events in signal region: 5 + 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

¢ 8.3 < |n| < inf
Kristof Schmieden 13



ZDC cross check on CEP background

e — ——— e = = = = —

»

* ZDC energy deposits  More quantitatively

* Single neutron peaks clearly visible e Expected that all CEP events have a signal in ZDC
e 20% of yy and ee final states
e Can calculated expected ratio of events with / without ZDC activity

pred ~ CEP + 0.2 = (signal + ee)
ZDC/noZDC 0.8 x (signal + ee)

ATLAS Preliminary
Pb+Pb |s,,=5.02 TeV

0.8 ub™

Arbﬂra(g units
(@)
()
(@)
(@)

20000

o For Er > 3 GeV:
e r(pred.) = 1.5(0.5), r((meas) = 0.8

10000

e Jo compensate difference:
e Raise in the ee background yield of 20% needed
e \Well covered by uncertainty of 40%
EZDC_C/<E )

o
Wl—lllllllllllllllT
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Background processes

- p— ——— = = = —

}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
* Needed: probability to miss pixel track if full track is not

reconstructed pPémistag T
g - —e-Data, 480 ub” ATLAS 1o B0 -
. . - I vy —ete MC 1 = - —e-Data, 480 ub” ATLAS .
* Demistag Measured requiring 1 full track and exactly 2 signal £ 25 py—yy MG x 10 P¥PE [S=5.02TeV4 = £ B w MO o bt (502 ToV
1 € - —vy MC x 10 ) -
photons: (47 + 9)% 2 . - e :
N, = 1 control region ] 20 N, = 2 control region —
e Events in signal region: 7 + 3 5 i -

RTINS A N AU S A N AT S N |-+-| L 10 |:
N T T . 0.2 0.3 0.4 0.5 0.6
0.1 0.2 0.3 0.4 0.5 0.6 Yy acoplanarity

vy acoplanarity
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Background processes

— - E— e e —————— — — = E =S = —— . R —

}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 7 Q@
e Exclusive di-meson production (piO, eta, eta’) o e R R A A LR AR R RN
* Also charged mesons considered S 45t ATLAS E
e Bottomonia: yy = no = yy (sigma ~1pb) Pn 405- Pb+Pb \sy, =5.02 TeV -
e Fake photons: Cosmic rays, calorimeter noise § - -
W 350 —e- Data 2018,1.7nb"' =
Signal (vy — vv) -
255_ CEP gg — vy E
- vy —ee -
R 20 Sys. unc _
photon /<)+ hadrons - | e .
%‘/\/L/ ----- ; - 15/ E
, 10F- E
Y . _ :
| ) . hadrons ' ‘ =
photon ~J™ (= % 001 002 0.03 004 0.05 0.06 0.07 0.08
A
¢
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Systematic Uncertainties

S e _— P — e == === = ———— —

4

e Reco & PID SFs:
e SFs derived in dependence of eta instead of pr
e Impact on measured C-factor taken as systematic unc.

e 4% (Reco) 2% (PID)

e Photon energy scale & resolution
e Taken from EGamma-group recommendations
e 2% impact on MC vyields, for both scale & resolution

e Angular resolution (in phi)
e Comparing electron tracks to cluster in yy->ee events
e Additional single cluster smearing in MC: o =~ 0.006
e Impact on CEP background: 1%
e Impact on SFs: 2% (taken as systematic)

N (l ¢cluster1 . ¢trk1| . | ¢cluster2 _ ¢trk2|)

g ¢cluster ~
V2

o [rigger
e Three ee event selection criteria defined: loose, nominal, tight
e Difference between those taken as systematic unc.
e Max. Uncertainty: +10% -4% @ E+(cluster sum) 5 GeV
e Overall: 2%

Kristof Schmieden
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o Alternative LbyL signal sample
e Starlight instead of SuperChic
e 1% impact on C
e Signal MC stats:
°* 1%

e Total: 7% on the detector correction factor C

17



Systematic Uncertainties

) e —
* Reco & PID SFs: | e Alternative LbyL signal sample
* Sks derived in dependence of eta instead of pr e Starlight instead of SuperChic
* Impact on measured C-factor taken as systematic unc. e 1% impact on C
* 4% (Reco) 2% (PID) e Signal MC stats:
° 1%
* Photon energy scale & resolution e Total: 7% on the detector correction factor C

e Taken from EGamma-group recommendations
e 2% impact on MC yields, for both scale & resolution

e Uncertainty on total background: 21%

e Angular resolution (in phi)

e Comparing electron tracks to cluster in yy->ee events Source of uncertainty Variation
e Additional single cluster smearing in MC: o4 = 0.006 CEP Aco > 0.01 CR stat uncertainty +0.06
e Impact on CEP background: 1% CEP Superchic2 vs Superchic3 uncertainty +0.09
e Impact on SFs: 2% (taken as systematic) ee CR stat uncertainty +0.12
ee CR variation uncertainty +0.11

(l ¢cluster1 . ¢trk1| . | ¢cluster2 . ¢trk2|) T — e S
T pelusir R €€ Phistag Variation uncertainty +0.07

V2 EG scale uncertainty +0.005
EG resolution uncertainty +0.01

e Trigger ih'oton angulir .retsolutlon uncertainty f0060014
 Three ee event selection criteria defined: loose, nominal, tight Irllgtger aneeriat ty . 0,007
e Difference between those taken as systematic unc. photon ;eco uncerta_mty - 0.00]
e Max. Uncertainty: +10% -4% @ Et(cluster sum) 5 GeV }'} i’{m Hncerainty — 1

ota +0.

e Overall: 2%
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Results on 2015 data 2016: Nature Physics 13 (2017) 852

b—,—,—*—m — — = — = e e e —

e \ery similar analysis, some optimisations missing

e 480ub-1 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 i
™ - yy—=>yy MC -
2 10 gy oeemc Pb+Pb {s=5.02 TeV —
2 I CEP yy MC i
S o -
e 13 Events observed, Background: 2.6 + 0.7 L - | | -
- Signal selection -
e Cross section: 6_— —¢— Wwith Aco < 0.01 -
e Measured: 70 = 20 (stat) = 17 (sys) nb - —e— -
e SM expectations: 49+ 5nb 4l _
e Significance: 4.4¢ (3.80 expected) 2:_ _
O_ I | | I | | fl—'_'-| '_|_|_E==—
0 5 10 15 20 25 30
m,. [GeV]

Kristof Schmieden 18


https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html

Results on 2018 data 2019: Phys.Rev.l ett. 2_ 2019) E

}m — = — S e e = — = ——

e 2018 Data: 1.7 nb-1 of PbPb data analysed

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 o . F ATLAS -

e SM expectations: 49 + 5nb o Pb+Pb Sy = 5.02 TeV -

& 14 . -

e Significance: 8.2¢ (6.20 expected) T LC

12— o —o— Data 2018, 1.7 nb" —

i Signal (yy — vv) ’

101~ ? CEP gg — vy E

8:— vy —ee E

—— _ ) —— - - 5] Sys. unc. -

t. 6~ =

| » Light-by-Light scattering of GeV photons observed ‘ 41_ -

| | i ]

| » Compatibility with SM prediction within 1.8 ,« ok -

| standard deviations | C % 1 %i -
- B o 0= 10 15 20 25 30

- + —— 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 be transtormed into limits on specitic 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 log <| | 7 linear | a1|7 3 COUllplng
 Resonant behaviour  lopaL, 24/ s, 36 PO '
031 ATLAS, 2y
Ze | OPAL, 3y
Pb — Ph | it
! a0 | W/‘\ Y
a < -
_ o ATLAS, 2016
= 104 =
= l § 0/ a””” |
Pb T Pb s \ @}‘@i .-
' o " pp+s=TTeV
Active field: 1075 - == PO V=55 TeV
e Phenomenological work: arxiv:160/7.06083, — | | ' ' '
e | atest CMS result: Phys.Lett. B/797 (2019) S 20m (ég\/) o
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https://arxiv.org/abs/1607.06083
https://arxiv.org/abs/1810.04602

Interpretation - Search for new Axion Like Particles: CMS ~ Phys.lett. B797 (2019)
p - — e e — — - — .
* 0.39 nb!, Er > 2 GeV,m > 5 GeV

PbPb 390 ub™ (5.02 TeV)

3 | | | | | | | | | | | | |
E 10° = —— Observed CMS E
e pT (YY) < 1 GeV, |etal < 2.4 => similar to ATLAS selection < 4 Expected -
m i [ 68% expected _
e 14 events observed, 4 background events expected 2 i 95% expected ]
. i |
<
0
c 10°F E
o . o © - -
e ALP limits statistically limited £ i -
e Factor 4 difference in statistics o i ]
Q.
> [ _
e Expect ~2 times lower limits from ATLAS soon O o | _—
©]
o bb 390 Lb (5 09 Tay % 5 6 78 10 20 30 40 5060
/>'\ 25 u ( . e ) > 18_ I I I I I I I I I | I I I I | I I I I I I I I ] ma (Gev)
- —m— Dat o [ 1
o i e CMS (\5 16— ATLAS ] CMS < log| linear scale —
O b EdtblyyoyyMo o f Pb+Pb |s = 5.02 TeV ] | =
Cu\l)' 20~ | CEP (gg — v 7) + other bkg S 14— NN 7 =2y (AL 7 L Pp—2y (CMS
u . - > B ]
> - QED vy —e'e (MC) - Jof l e Data 2018, 1.7 nb" . e*e'—>3y (OPAL) pp—>2y (ATLAS) ..
£ o - Signal (yy — yv) . ZLO |
= - 10 CEP gg — vy B L
LLI - —— B ? vy —ee _ &
10¢ 8:_ Sys. unc. - ﬁj
- 6 - S
5 - . e
I 4 . 2
i 5 ] <
0_11|111|1 """""""""""""" e L 2__ ] 1_10—4_ |
0 2 4 6 8 10 12 14 16 18 20 - 2 1 11 %+ ’ Zg’fr?]rgs i ———— PDbPb (5.02 TeV) — vy, observed
Diphoton Invariant Mass (GeV) 0—5 10 20 o5 30 | I e F’bF’lo| (5-02|TeV>|—> v expefted
7 |||||||||||||||||||||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
m,, [GeV. 102 107 1 10 20 30 40 50 60 70 80 90 100
m, (GeV)
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https://arxiv.org/abs/1810.04602

Interpretation - Other Models

e Measurement can be transformed into limit on specitic 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)]

* More recently: connection to string theory

[Fradkin and Tsevtlin, Infeld, Phys. Lett. 163B, 123 (1985)]

e Differential Light-by-Light scattering cross section can be turned

Into [imit on mass scale appearing in B-| theory

Kristof Schmieden

Reinterpretation of ATLAS 2016 result:
Ellis et al, PRL 118, 261802 (2017)

- m.,>6 GeV_, Pb+Pb (y7)—=Pb(*) +Pbl*) vy
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PTau anomalous magnetic moment :yy = 77

b = Ze Pbi e Electromagnetic interaction - yr
70
L £=170" (4,55 —id F
Y " — 57TLO Ar 5 14 r7Y5 | TRL v
T U+
Y
Sar N VL a®*P = —0.018 (17)
= ¢ a?" %, = 0.001 17721 (5)
Pb 4 Pb 7, 5M

e yy = 77 Sensitive to electric & magnetic moments of tau!
e 2, : anomalous magnetic moment
e d,: electric diplome moment

e Usage of UPC PbPb collisions suggest in 1991

Phys.| ett. B271 (1991) 256-260

e Sensitivity estimation at LHC brand new (Beresford & Liu)
e 3x smaller uncertainties compared to LEP measurement

arxiv:1908.05180

Kristof Schmieden
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https://arxiv.org/abs/1908.05180
http://inspirehep.net/record/319026

PTau anomalous magnetic moment : yy = 77

Pb Pb
- ze i+
N T _ 0
Vr
T U+
! Oar W
— /
Pb Ze Pb

e yy = 77 Sensitive to electric & magnetic moments of tau!
e 2, : anomalous magnetic moment
e d,: electric diplome moment

e Usage of UPC PbPb collisions suggest in 1991

Phys.| ett. B271 (1991) 256-260

e Sensitivity estimation at LHC brand new (Beresford & Liu)
e 3x smaller uncertainties compared to LEP measurement

arxiv:1908.05180
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idTVS) TRF,UJ/

—0.018 (17)
aP"$y = 0.001 17721 (5)

Beresford & Liu |

lo 20

== Existi t
a, Harvard06 (error bar x 10%) - FHBHIG THEASITEHICH ; _
Theoretical prediction

a, BNILO6 (error bar x 106> | = PbPb — Pb(yy — 77)Pb (this work) N
LHC /sny = 5.02 TeV

. DELPHI04 |

a. 2nb "t 10% syst e — |

ar 2nb ', 5% syst - S -

ar 20 nb~t, 5% syst E—— _

S a0 {enor b x 107) | ]

A’: 140 GeV A= 200 GeV

SMEFT aP®d, Cp=—1|

lllllllll|llll|llllllllllllllllllllllll

—0.06 —0.05 —0.04 —0.03 —0.02 —0.01 0.00 0.01 0.02
ap = (ge—2)/2
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PTau anomalous magnetic moment:yy > 7z

Pb

- Z
= ¢ ot B(t= — n%v, + neutral pions)
N T _ 0 = 45.6%
Vr
T Vr
e N e Bt = ) = 35%
Pb € Pb

e Challenges:
e [rigger:
e Similar triggers as used in Light-by-Light scattering analysis

e Reconstruction:
e Rely on lepton and tracks reconstruction
e Track reach down to 0.5 GeV is standard

e Selection
e 2 leptons with different flavour (very clean)
e 1 lepton + 1 or 3 tracks

e Difficult to tag photon initial state without requirement on A¢

Kristof Schmieden
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»Tau anomalous magnetic moment:yy > 7z

Pb Ze Pb
= m*  B(r* — 7% v, 4 neutral pions)
N T _ 0 = 45.6%
Vs
T U+
e N e Bt = ) = 35%
Pb : Pb

e Challenges:
e [rigger:
e Similar triggers as used in Light-by-Light scattering analysis

e Reconstruction:
e Rely on lepton and tracks reconstruction
e Track reach down to 0.5 GeV is standard

e Selection
e 2 leptons with different flavour (very clean)
e 1 lepton + 1 or 3 tracks

e Difficult to tag photon initial state without requirement on A¢

Kristof Schmieden

S—

_—

e \Why are the tau-EM moments interesting”

e 3, POOrly measureo

e Sensitive to BSM physics:
e [ests lepton compositeness

e SUSY at scale Ms => éaj ~ mi2 / Ms?
e T WAy more sensitive than p

e Impact of BSM effects modelled in EFT vial 2
dim-6 operators:

700000

650000

600000

oyt [

550000

500000

450000

arxXiv:1908.05180

+

log

LB JL
SM + BSM interference
LEP 95% CL limit

MadGraph + SMEFTsim
A/ SNN — 5.02 TeV

—— linear +— log

—0.1 —-0.01 —

0.001 0 0.001 0.01 0.1

0a.,
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»Ongoing analysis in ATLAS

e

e Combine 2015 + 2018 data => 2.2 nb-1
e | ower Et threshold to 2.5 GeV

e Expect ~90 events

e Unfold measured distributions
o ALP limits

e | imits on EFT operators

Kristof Schmieden
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Ongoing analysis in ATLAS

Where could we potentially go!?

S — ——— =————" P — Epe————_— . === — — — — —— — e —

e [ owering Et threshold:

e Calorimeter cluster noise: 1 GeV

- _ _ e Exploit longitudinal boost
o 201 201 => 2.2 npb-’
Combine 2015 + 2018 data => nb S Cuton E (not En), [n] < 2.5
e Lower Et threshold to 2.5 GeV * Minv ~ 1 GeV
e Expect ~90 events * Trigger?

e Difficult, even including topological requirements

e pp collisions (~fb of data):

e Challenge: tagging of photon initial state
e ALP limits * Dedicated low pileup runs
e Proton tagging

e Unfold measured distributions

e | imits on EFT operators

e Proton tagging
e Forward detectors in ATLAS: AFP
e Different kKinematic region:
* Miny > 350 GeV

Kristof Schmieden 25



Summary

b

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

e | epton final states sensitive to:
e 3-2 (tau) measurement

Kristof Schmieden 20



Summary

—_— —— - — —

b

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™"
N [_]Signal (yy — vv) §

[ JCEPgg — vy ]

e Challenging measurement, very different from usual high energy analyses: 100

: - Eyy —ee -
e | oW energy objects 8 FE Sys. unc
e \ery little activity in detector 61 E
e Difficult to trigger 45 ¢ =
i EEERE
5 10 15 20 25 30
m,. [GeV]
e 59 Events observed (12 background events expected) — —
e Measured fid. cross section form,, > 6 GeV: 6 =78 £ 15 nb What's |left to do”?
e Compatible with SM prediction e Refined measurement of differential distributions

e Combination of 2015 & 2018 data => 2.1nb-"

| e Derivation of improved limits on some BSM models
e Useful to constrain several models beyond the standard model, e.g.

e Axion like particles e |[nterpretations in the framework of effective couplings
e Born-Infeld theory

e | epton final states sensitive to:
e 3-2 (tau) measurement

Kristof Schmieden 20
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Additional Kinematic Distributions

> 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 [ |
> o ATLAS E G 25F ATLAS - 2 o5f- -e-Data2018,1.7nb" ATLAS —
@ L Pb+Pb |s,, = 5.02 TeV ] S Pb+Pb s =5.02 TeV £ UIsionally =) o gy Sy = 5.02 TeV
5 14_ N | C\) i ® NN == ] g) B CEP gg — vy NN — % -
S o - i _ i _
i N ] "cé') 20~ — L] 20— [lvyy —ee —
12 ¢ ~e-Data 2018, 1.7nb" 20 ~e-Data 2018, 1.7nb" - - [ESys. unc. :
- Signal (yy — yvy) - . Signal (yy — yv) - . -
10 CEP gg — vy ] 15 CEP gg — vy - 191~ B
8:— By —ee B i vy —ee 2 - l ¢ 2
- £ Sys. unc. - . k55 Sys. unc. - . -
6l - 10 ~ 10 ~
4 ! ] i _ i _
- - S ~ S ~
2:— —: - WW * . - .
u $ o9 O ¢ ¢ i — i i |

O— -_-____&ﬁ i ) A n O Tt O R A

5 10 15 20 25 30 0O 02 04 06 08 1 12 14 16 1.8 2 -3 3

m,., [GeV] vav [GeV] Yoy
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Electron studies 2018: arXiv:1904.03536
}-, . ~

Pb+Pb \s,, =5.02 TeV =

Events / 2 GeV
2,
| IIIIIII|

ee selection E

\N/\/

RS

. S » KK
08! 1305 Sele K%y &

NN BP0 202202622222 %% 020202 " 2e%e% 20 o%! o2 pede

PR R ARSI RRIKIKHKRER K IR IPIRLLRKXKEKS IRKEXRRSEIY SXRRIXKIK IRKKE

Data / MC
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Details on peMistag

} _ — - —
e Pixel tracks badly modelled in MC e Nominal selection + 1 reconstructed
e Chance to miss a pixel track if the track matched to a photon cluster:
track I1s not reconstructed: e Selects ee events
e Data: 47%, MC: 10%
e Check how often one or two PIX tracks
are reconstructed => Pemistag
g _| T 1 | T | T 1 | T 1 | T 1 | T | T 1 | T 1 | T I I_
£ 12— —e- Data 2018 ATLAS Internal — 5
S - - pevent _ (pe‘ )
kS : . ee MC | Npix=0 mistag
'TE 1:_ Nry =1CR _: P}a’\}/ent_o
= o i S R — Nevents + Nevents ] Pix =
z 08 E expected = (Neg (Npiyra=t) * Ner (Vo= ] — pevent
- - Npix=0
0.6 —
0.4 —
i ] B0 1
0of i S | -eData 480w’ ATLAS 1 o 30T
2 — - I vy —e*e” MC S - -e-Data, 480 ub”’ ATLAS -
- - Pb+P =5.02TeV-| 2 | e :
- - % 25 11—y MC x 10 T PFPP (S o @ 250 E'xew o Pb+Pb |5,=5.02 TeV -
O | || \:‘4 L 1 | L 1 1 | L 1 1 | L 1 1 | L 1 1 | L 1 1 | L 1 Lﬁ . : GC) B ]
0O 2 4 6 8 10 12 14 16 N18 20 Ny = 1 control region — T N, =2 control region =
PixTrk i s
15 - .
E ..I....I....I...+.I....:
T T B R I : 0.2 0.3 0.4 0.5 0.6
0.2 0.3 0.4 0.5 0.6 Yy acoplanarity

vy acoplanarity
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ZDC Cross check on CEP background

b— - ————— e e - S

o CEP control region: Ay > 0.01
* Additionally require energy deposit in ZDC o 2015 data Set

- — 10 -
corresponding to at least 1 neutron S CFT | :
S O  -e-Data,n, >1 ATLAS N
e Simulation normalised from control region compatible with data 2 goF O Pb+Pb sy = 5.02 TeV-
e But very limited statistics 5 o E
6
5
4 E
e /DC energy deposits aF E
* Single neutron peaks clearly visible of E
g T Tttt + -
% : : O: | D] L Tt e -
:530000_ ATLAS Preliminary _ 0.02 0.04 0.06 0.08 0.1 9.12

= i Pb+Pb |[5,,=5.02 TeV ! YY acoplanarity

Z I 0.8 ub™ _

20000~ =

10000} -

O_ I L L :&

1 10
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-— S - B
/N 107 E I I I I I I I I | I I I I | I I I I E
L - Yy — VY, lcostl <0.6 :
B = fermionic contributionss
® - — — leptons
100K | | ----- quarks
——— mesonic contributions
----- scalars
Lebiedowicz et al. 103 S pseudoscalars
— — tensors

Phys. Lett. B 772 (2017) 330-335
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}The LHC

e CERN’s accelerator complex

o | HC:

e Usually operates with proton @
0.5 TeV beam energy

ALICE

TI2 \
e ~1 month / per year:

e Lead ions instead of protons R ——

o IO

/

LHC
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" Ry
f’ A
>5 A
—' A
t‘ b
- N
-7 \
-7 \
/' b}
=7 e
l’ -
A "
/’ ”
a7 ’/
\ g
\ -
\ L
-
-
2016 o
.
-
-
-
-
\ 2%
. - I
\ -
= =
N e - 4
y

SPS

LHCb

120 )

AWAKE

TT2 A

P p (protons) P ions

Kristof Schmieden

ATLAS
TT66
[ m———
AD ELENA
1999 (182 m) | 2016 (31 m) ISOLDE
BOOSTER
1972 (157 m). m
RiBs REX/HIE
- 2001/2015 B T
I IRRAHARM
/.;_l PS _______________________________________________
1959 (628 m)
LINAC 2 [ ) y CTF3
S O e
oo/ [T L
lons _)

https://cds.cern.ch/record/2197559

P RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) P e (electrons)

33



The ATLAS Detgctor

y-
e Size of a 6 story building

e 100M readout channels
e 2 staged trigger system

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

o | 2: software based
e 100kHz -> 1kHz

e 100 kHz readout
e 1kHzto disk
(~1.5 MB/event)  25m

Kristof Schmieden

<% Tile calorimeters

. LAr hadronic end-cap and
i forwqrd calorimeters

' Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiafion tracker

Semiconductor tracker
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4

The ATLAS Detector

e ~100M readout channels

e 100kHz readout (~1.5 MB/event)

e 1 kHz to disk

o ‘[extbook’ like multi purpose detector

e ATLAS coordinate system:

e n =-Intan(6/2), ¢

r-d-z cylindrical coordinates and © - visualization
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