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The Large Hadron Collider
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Probably no need to introduce ...

e Hadron-hadron collider (p-p, PbPb, ...
Particles colliding in bunches

e Center-of-mass from 900 GeV up to 13.6 TeV,
today:

o 13 TeV forp-p
o  5.02 for Pb-Pb

e 4 major experiments




The ATLAS

i Multi-purpose detector able to measure
wide range of final states

-> for this talk tracker most important,
‘/ detecting charged particles, reconstructing vertices

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor tracker

Transition radiation fracker



ATLAS Physics program

i i Status: June 2024
Standard Model Production Cross Section Measurements ot

Measurements over several orders of magnitudes
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Typical collision on ATLAS - what we look for

We are usually looking for some fundamental process, hard scattering

examples: Drell-Yan, Higgs production, ttbar ...

q i

Z/v*

... quarks and gluons in the
initial state
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Typical collision on ATLAS - what we get

Large particle activity! On top of hard scattering:

e Hadronization

e  Multi-parton interactions of the protons
e Beam remnants

e Nucleon-nucleon interactions in PbPb




proton-proton

EXPERIMENT
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Rare processes

Among the rare processes ATLAS measures, one stands out ...
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PhOtOH

The Large Hacdron Collider

... but! Protons/heavy ions are charged particles:
boosted EM field behaves as field of quasi-real photons

/ Clear? y}/ — yy-event in,Pb+Pb

Regular LHC event = large activity from strong interaction




Photon-photon processes

Photons do not have charge
— cannot interact directly!

Can interact via charged mediator,

e.g lepton, W boson... Characteristics:

e No color exchange

%/ — low particle activity

e Photons quasi-real = small momentum transfer
— low transverse momentum of the system

e In coherent production, protons stay intact

M\M\‘l\ e Photon flux is relatively small

= low cross-section — low yield

10



ATLAS measurements

Back when | started there were only 2-3 measurements,
now the yy—X program is really diverse!

yy—ee/uu Standard candle

ALPs & photon

WYY self-coupling

YY—TT Tau g-2
yy—WW EW symmetry
(leptonic) breaking

2797777 Anomalous
""" couplings

SM loop

suppressed

m Search for dark
matter

222777 Anome_ilous
""" couplings
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Photon production
in proton-proton
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Proton dissociation

With higher transverse energy of the photon,
the proton can dissociate! Soft-QCD = difficult modeling
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How bright is proton?

Photon Parton Distribution Functions (PDFs)
used to have large uncertainties 0(100%)

PDF uncertainties (Q = 100 GeV)
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“Recent” (~2016) development with photon PDF from DIS
structure functions with reduced uncertainties

[arXiv:1607.04266] hard-sattringcross scton

calculate in collmearfa tansatmn

. (M2
7\ st

MS photon distribution:
TO BE DEDUCED

f’y/p(xa /142)

7;

_ photon LUqud)
[ strange (PoraLHC15)

[ — up (PDF4LHC15)
100% fovorrort R TR SRR ‘

[y

0.0001 0.001 0.01 0.1 1

1%

14


http://luxqed.web.cern.ch/luxqed/

Underlying event

Additional between the protons can still take place on top of the yy-> events!
Soft-QCD = difficult modeling

e Reduces cross-section of exclusive production
e Usually described through survival factor

1 52
0.8 \‘n\_\_‘—\;
0.6
0.4 ]S% S pp - p® ¢¢ p®
02 DD Harland-Lang [arXiv:2007.12704]
0
10 100 1000

15
Mu [GeV]



Standard candle

M/\’\A/\j\,\/w/.l/ Selection

e Low particle activity = clear signature which
can be separated from other processes

Al (e.g. Drell-Yan Z—ll)

Only 2 leptons in final state + low virtuality

,\N\,\/\N\/\N\\ = leptons are back-to-back M
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600 L L e ey

ATLAS Online, 13 TeV JLdt=146.9 fo!

2015: <pu>=13.4
2016: <u> = 25.1
2017: <u>=37.8
2018: <p> = 36.1
Total: <u> = 33.7
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Problem of pile-up
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B0 70
e Searching for events with low activity! Mean Number of Iteractions per Crossing

X additional protons in the collision interact, more products in the events
we call this pile-up

e At 13 TeV thisis ~34 additional interactions on average!

We are getting
bunch of these
in each collision
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Exclusive selection

sl o T s s s
4 -12 10 8 -6 4

e Looking for region along the beamline containing \ | /

only two leptons within 2mm window: ‘ slu'ml"
— Optimizing background rejection N ,
vs signal efficiency due to presence of pile-up /[ 21 mm
/ \ /, winaow
e  Only charged particle with tracks can be rejected this r 1 ‘,"
way as their origin can reconstructed X y
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Tracking momentum threshold

activity surrounding
diphoton vertex

Power of this veto
depends on tracking
capabilities!

track-p; > 100 MeV

track-p, > 1 GeV

ATLAS track-p, > 5 GeV

EXPERIMENT

, Event Number: 883966264

09:19:23 CEST

Lower pt threshold of the tracks

= higher discriminative power against bkg,
but also lower signal efficiency due to pile-up
(lower threshold nevertheless better)

On ATLAS the default it 500 MeV, lower values
not really feasible for full Run 2 data
(CPU + disk requirements)




yy=>1l results
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ATLAS and CMS measured this process at 7 GeV

Remeasurement with 2015 data (3.2fb-1)
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https://doi.org/10.1016/j.physletb.2017.12.043

The Atlas Forward Proton (AFP) detector

beampipe

N Wio. ATLAS

ToF Detector S ®
‘s, ALFA —
H
AFP
ATLAS Forward Proton
e Inserted near the beam at ~200 meters from the ATLAS interaction point Low & high p
e Allows to measure deflected protons — energy from the scattering angle: DlEsicwhd2
soft & hard diffraction, y +y
B field from
LHg"les * 4 Roman Pots, 2-4 mm from beam
4 x [mm] S ;
_ i « tracker: 3D sillicon pixel sensor
fAFP =1- Escattered/Ebeam i . T S BT
E  =65TeV ! _» E,,=64TeVproton P - Ox = OM
bem =1l .. =6.5TeV proton ¢ ToF: 16 Quartz Cherenkov bars
* timing res. o; = 25 ps 21




LHC beam

‘ I
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Silicon tracker : T8N N w “§ Time-Of-Flight detector
AW /N7 oo




Forward measurement

5AFP
Deflected proton = no dissociation — only SD/excl
} E4C = (myly/5)e™n
0o 70_.A,TI‘-A'sr T T L T s D S P 1D' ,2(;1; L
4 Al E 4 Data
fAFP ‘fAFP =1- Ereco/ Ebeam 8 & Vs = 13 TeV, 14.6 fb~' 8 Uncertainty
S 50F & PP—=P(r7—Hi)p
- = 40 oz 052 Ex 02 e
Energy of scattered proton can be also determined 2 of o g
from final state leptons! 2 o * i S
10;_,;‘, ”; I TP
-0.02 0 0.02 0.04 -0.02 0 0.02C 0.04C
. A _ gA —
AFP signature can be matched to central detector Sarr ~ 5y Sare — 5y

— background suppression

|Ece — Earp| < 07 (Eee) + 0 (EaFP)

DOI:10.1103/PhysRevl ett.125.261801
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https://doi.org/10.1103/PhysRevLett.125.261801

Photon production
in heavy ion

24



Difference in heavy ions

Cross-section proportional to charge of colliding particle (~Z*411)

Both factors similar — effective luminosity is comparable

— larger photon flux in Pb-Pb (Z=82)

X

ATLAS records much larger luminosity for p-p -

In Pb-Pb there is no pile-up!

Activity can be rejected in

all sub-detectors, not only tracker!
Allows reconstruction of particles
at lower energies

Both p-p and Pb-Pb play important role!

7' :‘,’;ﬁi [cm~2s~'GeV~!] Figure adapted from [arXiv:1812.07688
XY
1:% 103
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PbPb intensity at :
PP can access |

1x10%

o lower m(yy) > EW scale
1x10% [ l
1x10%
1x ]0'..’7 Photons nearly on-shell

q“~1/R*~0.1GeV* < '.f‘ E|
Lx 10 T T 10 100 4 1000
T Yy > CC yy 11 T M [GeY] Yy > tto~1fb
Yy > ee/up yy -~ bb Yy mass (v3) Yy > WW 50 ~ 100 fb
Yy > hgy, 6 ~0.1b
yy = BSM

Photon energy inversely proportional to impact parameter

Larger size of Pb limits achievable energy of the photon

— limits invariant mass of the final state 25



Muons: DOI:10.1103/PhysRevC.104.024906
Electrons: DOI:10.1007/JHEP06(2023)182

Dilepton production in
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https://doi.org/10.1103/PhysRevC.104.024906
https://doi.org/10.1007/JHEP06%282023%29182

Nothing but light

Light-by-light scattering possible, N SF = o = e
nothing but photons in final state! I = g = ATLAS

EXPERIMENT

|
18 Run: 287931

Pb Pb® i [

2 1A E Event: 461251458
1 v 5k 2015-12-13 09:51:07 CEST
. I WL s

Pb®

e Exceptionally rare mode, only handful of events

ATLAS observation (arXiv:1904.03536) and differential measurement (https:/doi.org/10.1103/PhysRevL ett.123.052001)

measured in PbPb collision at s = 5.02 TeV


https://doi.org/10.1103/PhysRevLett.123.052001

Strength of heavy-ion

Advantage of heavy-ion

e no pile-up!
e higher effective luminosity at low inv. mass

Clean environment allows to

e Standard low-pt tracking

e Dedicated photon triggers to record events!
Down to 1 GeV (compare to ~20 GeV for p-p)

e Photon reconstruction down to 2.5 GeV,
compared to ~7 GeV in p-p

-> Dedicated object correction in yy—ee/yy—eey
(electrons/photon ~ same trace in calorimeters)

Normalised events
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Results

97 events observed, 45 signal + 27 background expected
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Heavy axion-like particle (ALP) search in yy->yy

95% CLs limit on o(yy— a—yy) [nb]
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Also in p-p collision with forward proton
tagging (JHEP 07 (2023) 234)
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https://arxiv.org/abs/2304.10953

Other rare
final states
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g-2

Lepton magnetic moments related to lepton spin

° s
= g—o -4
K 92m I
e Dirac (Born level) g=2 =+
o Schwinger term (leading loops):  a,=a, /2m=0.0012
EM -
N 2
W3
... and so on. One of most precise prediction .. gt
... and for muons and electrons e
Fod
one of the most precise measurements ... ]
But tau leptons too elusive due to short lifetime +

aTSM =0.0018 32



e Tau loop interaction with photon still untested!

-+t Measurement precision bellow Schwinger term
e Photon-induced production can be used to test the EM dipoles!
TV SM here..? e Heavy ion measurement done by both ATLAS [PRL 131 (2023)

151802] and CMS [PRL 131 (2023) 151803]

. . : . T CMS _ PbPb-404 pb’! gv?m, =502TeV)

> T
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+ DELPHI 2004 e 2 f [ Background
F . .
p : I ATLAS § 15 2 Total E
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. : —os%cL 5
ue-SR B k.
- g .0
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: X 21
Expected ———— w 0
| 1 Il 1 1
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a, o

Visible Tt invariant mass [GeV]

Better constraining power on anomalous 7 g-2 in pp collisions due to higher mass reach 33


https://doi.org/10.1103/PhysRevLett.131.151802

CMS Preliminary 138 o™ (13 TeV)

* Observed —68% CL 95% CL
: : ; ; —

e Combined fully leptonic (OS) tau decays

with semi-leptonic + fully hadronic
e Improving 20 year old LEP limits on tau g-2 by a factor of five!! _
e Precision on tau g-2 still 3X Schwinger term J[95%,
e Constraints on anomalous coupling

i
|—0bs.: a.= 9% x10™ (68% CL) |

2AIL \

-Exp.:a = 1273 x 10 (68% CL)
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27T 1N P- "
PLB 434 (1998) 169
DELPHI S
EPJC 36 (2004) 159
ATLAS Pb+Pb — o
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Recent ATLAS proposal arXiv:2403.06336 )
CMS Pb+Pb S
Strategy to measure tau g — 2 via photon fusion in LHC proton collisions SReEIERIN ()
m
Lydia Beresford,!'* Savannah Clawson,''t and Jesse Liu®* This result - g
! Deutsches Elekironen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany ey — [ | f
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. . . ar )
... but CMS was faster this time! [arXiv:2406.03975] Al 3
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https://arxiv.org/abs/2403.06336
https://arxiv.org/abs/2406.03975

yy>WW measurement

e Test of the Electroweak sector of Standard Model
o  Direct access to yYWW/yyWW vertices

W
e st measurement at 7/8 TeV by both ATLAS and CMS, ~3c evidence
e 13 TeV started by Oldrich Kepka and | back in 2016
— can go into more detail ?) ~ W~
0 wH+



Analysis strategy

Flow of the analysis To get observation, analysis relied on

numerous data-driven correction:

1) z0 rescaling

corrects all bkg MC to bring pile up tracks
closer and get same beamspot(BS) width
as in data (also have matched BS samples |
for checks) |

e pile-up modeling

5) Scaling of Signal fod

Currently not all signal S L

i 5) efficiency of exclusivity requirement .
‘ Signal candidate ' corrects signal MC with SF (data/MC) derived from [ ] un d e r|y| n g event Of ba C kg roun d
A wd A data by looking at pile-up tracks around randomly
N 4 I o ’,‘ sampled Az=2mm windows PY modeling Of Signal
n— _~ \ |/ T o o

pileup vertex|

— contributions (EE,SD,DD) are by et
3) N, reweighting . /1\ f— |\ available in MC, therefore S,
corrects DY and WW MC track / \ window  / \ extract scaling from inclusive ozt Ats v -
multiplicity from underlying event / \ / / X ileptons to get approximate b RS Bal Wi,
(proton remnants) — The correction is ) ignal expectation right
extracted on DY and applied on truth Y yH \ and not observe 10 sigma,
level to WW. expected

... and more

- fake estimation
- ttbar estimation
- lot of x-checks

ﬁ .. impossible to cover all

36



Analysis regions
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Problem with background

Track multiplicity from underlying event poorly

modeled in most Monte Carlo \:3;

This includes dominant background from qqg—WW:
q 1% .

ATLAS 1Derived in Z->ll

Vs =13TeV, 139 fo" 7
70 GeV<m<105GeV _|

o
~
T T TTTTD

—¢— Data - Background
----- - DY Sherpa (w/o correction)
——— DY Sherpa

- - DY Powheg+Pythia8 (w/o correction) —{
DY Powheg+Pythia8

7. Total uncertainty

q g Mg Applied in WW->lvlv
g 121:_ . E| é 1200 — —IQ— Data ; A'll'LAS I
= e e mae e E i =g {5 = 13 TeV, 139 fb”’
08 E E 1000 — E qg-oWW Py > 30 GeV
G % 0675 5 10 15 20 I ik
: : Number of reconstructed tracks, n,, g _— ?;T:I-z:Zenaimy
Unfolding particle spectra in Drell-yan o R
to derive correction 400~
(large statistics + smaller background) 200
. . . . . . . . .o 1.4_ ! ! ! ! -
Matching to WW based on pt(Z) vs pt(WW) since particle activity primarily driven by E e - 3
pT of the system (assumption validated using several hadronization models) B os - R
0.6 l , , 38
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Observation!

. . . . . . . . . 12
Profile likelihood fit in all analysis region to derive signal significance € 1200~ _o_ paa ATLAS
o C L m=Ww \s =13 TeV, 139 fb"
1000 — LAy
- W qe-WW py' > 30 GeV
~ W Other qq initiated
8.40 observed kb
- S Drell-Yan
(6.70 expected) I #%%= Total uncertainty
600 [—
(previous result ~3 sigma) :S . ~|- 1
~olgnal
a00[>'9M4"
[PLB 816 (2021) 136190] »
Soumc. - Impact [%] 200
Experimental
Track reconstruction 1.1
Electron energy scale and resolution, and efficienc 04 . ! ! I I I
Muon momerflzlm scale andrew:lulion, and ellicier):cy 0.5 8 1.4 = S S —_
Misidentified leptons 15 i 1.2+ ]
Background, statistical 6.7 % % e ’ 1
Modelling .g 17779 hd o Wy
Pileup modelling uncertainties 1.1 o 0.8 B =]
Underlying event modelling uncertainties 1.4 (V] didomieie ST T AP | IR g, . b bopwiieot sl
Signal modelling uncertainties 2.1 . . . L L
WW modelling uncertainties 4.0 0 1 2 3 4
e ko L Number of reconstructed tracks, n
Luminosity 1.7 trk
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Total 8.9



https://arxiv.org/abs/2010.04019

... and now what?

Legacy analysis ongoing using the same data... why?

“On ATLAS the default [tracking threshold] is 500 MeV,
lower values not really feasible for full Run 2 data”

— this was not entirely true )

We cannot do low-pt tracking in all ATLAS events ...

... but we can do it for small subset! Tracks down to 100 MeV for events
from signal and control regions of the original analysis.
Berkeley Note

Working on legacy low-pt analysis! Better background rejection expected:

e Differential measurement
e EFT interpretation 40



https://cds.cern.ch/record/2718583/files/ATL-PHYS-PROC-2020-041.pdf

yy->X in HL-LHC

~ 200 interactions per bunch crossing expected at HL-LHC! g [T T bammnbma, |3
g 095_ i_._., Mo Tasr?drr:wnzm (no corr.) _E AS PU InCreaseS,
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To summarize

LHC also works as
a photon collider! '

e Diverse physics program around
photon-photon interaction
e Combines electroweak and

U -

soft-qcd physics @@——ouo__ -

e Both p-p and Pb-Pb
e Using AFP as proton tagger! /
e Using ZDC to reject background

Future is bright!
Lot of projects planned.

HL-LHC will make things
difficult but not impossible ...
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Thank you for your attention!






Di-lepton vertex

At such specific conditions, details matter!

B
Standard ATLAS primary vertex:
- fit all nearby tracks
_z-axis
With exclusive selection, the tracks are either: T Leptonyernion ARG Sendara___
c L B B R e . . . s (1 extra track) (5 extra tracks)
° |eptons from yy_>|| £ £ ATLAS Simulation gg A i R
. 5 1E {s=13Tev, 139" e .
e pile-up tracks S b =0 N B AL
g E Standard vertex & . ° "‘.F"'.?.. .
. . . - [, ssansm =l H : % ~
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Fraction of events

MC / Data

Pile-up modeling

1 :I T T T T T T T T I T T T T I T Ji T T I:
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- 1 ’ _
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- 9 contributes at least 1 .
- =, track at ~50% of events i
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Selecting on 0 extra tracks near the dilepton vertex
Contribution of pile-up tracks reduces efficiency

Need precise modeling of the pile-up contribution
Data-driven weight
-> looking at track multiplicity far from dilepton vertex

Folding with
beam spot
distribution
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