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LHC as a photon collider

LHC heavy ions are charged so surrounded by EM fields
— Cloud of quasi-real photons

Ultra-peripheral collision (UPC): impact parameter > 2 x ion radius (b > R1+R2)

Photon-collisions in UPC Pb+Pb:

e 7% cross-section enhancement (Z=82)

e |ow trigger thresholds — Access
unigue phase space wrt protons

e Super clean with ~0 pile-up
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LHC heavy ion collisions

Head-on Pb+Pb collision Ultra-peripheral Pb+Pb collision
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Overview

ATLAS has measured differential cross-sections for a range of UPC
processes in s, = 5.02 TeV Pb+Pb collisions:

Leptons: Pb Pb
® yy—ee JHEP 06 (2023) 182 :\\
e yy—uu PRC 104, 024906 e, U,
3rd generation leptons: ~ e U, T
vy—17 Observation PRL 131, 151802 (‘I

Pb Pb

Today:1st differential yy—17r cross-section measurements in Pb+Pb at LHC

ATLAS-CONF-2025-004
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https://link.springer.com/article/10.1007/JHEP06(2023)182
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-004/

From observation to measurement

Use 1.93 nb™! ATLAS Pb+Pb Run 2 data set (2015+2018), Jsy = 5.02 TeV

Two-photon luminosity: Pb Pb
Depends on photon-flux & survival factor
" T
Total cross-section: )
o(A1 Ay 15 A1 Ay + X)) = f dky dk; FJI; Gy X :,/f T

Pb Pb
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Tau decays

The only lepton heavy enough to decay to hadrons

3 prong
% >ttty
T Leptonic

+ +
= Ty,

+ > 0 neutral r's

1 prong v

+ + ~

T~ >, T
+ > 0 neutral 7r’s W e, u.,d
Ver V“l G

yy—tr MC: Starlight + Tauola (Pythia 8 & Photos for QED FSR),
Photon flux re-weighted to SuperChic 3
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Signature

Low momentum taus (up to a few 10s GeV)
Below ATLAS hadronic tau reconstruction threshold

Use leptons: p(e/u) > 4 GeV & tracks: p.(trk) > 100 MeV

Signal Regions (SRs)

u+e

u+1 track (from lepton or hadron)
u+3 track (from 3-prong = decay)

DESY

Trigger on muon

-
p; >4 GeV
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Signal
candidates

ATLAS - .
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= :59:14 CEST

EXPERIMENT  zo1s-11

u+e

ATLAS > u+3 tracks

Event: 3305670439
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EXPERIMENT 2018-11-
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Main backgrounds

Pb
Pb
Pb Pb . e
YA
~ u .
v “ R
Pp
_
Estimate with MC Data-driven estimate
yy—uu Starlight + Pythia8 Often leads to nuclear breakup
yy—uuy Madgraph 5 — Forward neutrons
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Rejecting background: yy—uu(y)

Exactly u+e or u+1 or 3 tracks separated from u

For u1T-SR:
Reject Reject
YY—uu Yy—uuty
U
/ // ]
# u
P (u,trk) > 1 GeV P (u,trk,y/cluster) > 1 GeV

E.(y) > 1.5 GeV, p(cluster) > 1 GeV (||<2.5), 100 MeV (2.5<|n|<4.5)
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Rejecting background: Photo-nuclear etc

e Zero Degree Calorimeter Energy E, . <1 TeV on side A & C (OnOn)

e No unmatched clusters i.e. not near u or track(s), for u+track(s) SRs
e m(trks) < 1.7 GeV for u3T1-SR

Beam w-Bea, 3
pipe n THHLL T
Y Bea“‘/v i I L
La0m e 140 m
sy ZDC rapidity coverage: || > 8.1
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OnOn weights

Data: ZDC selection applied
MC: Inclusive in forward neutrons & ZDC response not simulated in MC
— Apply data-driven OnOn weights to MC

Fraction of OnOn events

T T I LI I LI I T T | LI I T T I LI I LI I T T T
ATLAS Preliminary
Pb+Pb \s), =5.02 TeV

Datai8 fraction
—e— Data18 fraction corr.
—— Nominal fit
1 68% Confidence Band
—— Alternative fit

—

e Derive data-driven weights using

yy—uu in di-muon mass & rapidity bins
e (Correct weights for EM pileup in ZDCs
e Fit falling functions

OnOn weight (|yw|<0.5)

ly,| <05
ca v by v by v by by by I B A
0 20 40 60 80 100 120 140 160 180 200
m,, [GeV]
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Signal region summary: muon p_

Overall good data-MC agreement and minimal backgrounds

ul1T-SR (723 events) u3T-SR (124 events) ue-SR (53 events)
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Fiducial definitions for cross-sections

Similar to object & signal region selections at reconstructed level

Object selections

Fiducial Regions (FRs)

DESY

Object

Requirements

Leptons (e,u)
Hadrons

LOW—pT Leptons (elownulow)
Track particles (t)

pr > 4 GeV and |n| < 2.5

pr > 100 MeV and |n| < 2.5

100 MeV < pr < 4 GeV and |n| < 2.5
Hadron or low-pr lepton

Region pulT-FR u3T-FR pe-FR
0n0n topology 0n0n weights for MC

NFL =1 =1 L

Ne —_— 0 = O —_—
N:(AR > 0.1 from p or e) = =3 =

X, #(4) oree Charge =) 0 0
P > 1 GeV

m3t - < 1.7 Gev -
ApH <0.4 < 0.2 —
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Measured variables

Measure following variables in each fiducial region to access rr kinematics

Variable plT-FR u3T-FR pe-FR

Muon pr p’rf p% pfl'l

Track(s)/Electron pr p&fk P1(Ptrks) pr

pr (1, trk(s)/e) pr(P, + Po) (P, + Piris) pr(p, + P.)

m(u,trk(s)/e) m(P,, + Piri) m(p, + Pirks) m(p, + P.)
n(w, trk(s)/e) NP, + Peri) (P, + Peks) n(p, + p.)

An (p, trk(s)/e) Ny — Nerk N — N(Pirks) Ny — Te

AP 1= |pp = bose| /T 1= |y — dPeries) | /T 1= |$p — S| /7

Unfold using Bayesian iterative unfolding & bootstrap method for stat correlations
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n

Other variables

Differential cross-section: muon p. in backup

ul1T-FR u3T-FR ue-FR

10°

; = I I 3 ;‘ I I I T I ; E I | 3
o - - 3 % - o - - ]
G - ATLAS Prellmlna:y 3 O 102 +‘v‘ ATLAS Prellmlna:y . ] - ATLAS Prellmlnar1y .
o) - \ . VS = 5.02 TeV, 1.93 nb™ ze) B +Av VS =5.02Tev,1.93nb”" 3 xe) - * VSwn =5.02 TeV, 1.93 nb™"
= - o’y wiT-FR . = - i u3T-FR . — - ¥ . we-FR i
o oiy o B N ] o ) Yo
T 102 ¢ — o - ¢ 7 x=] .
5 F i ® F t 1 ® 10 ¢ E
© C a 7 © v © = N -
B —e— Data @ stat N 10 F~ —e— Data @ stat +‘ L = u ¢ + _
[ Total error 7 = [ Total error * - -  —e— Data @ stat - 7
10l & SLISC+Py8+T ¢ _ T & SL/SC+Py8sT Ly ] - [ Total error " .
= v SLSC+Py8 E - —¥— SL/SC+Py8 ¢ . —&— SL/SC+Py8+T
C —4— SL+Py8+T + ] - —4— SL+Py8+T n 1 E_ —¥— SL/SC+Py8 * _E
- Ay + E 4 SL+Py8sT . 5
| ¢ . 1 = AV = | ¢ _
1 | - - ~ .
8 14F E S 14F 3 © e : : 3
(‘s - et ¢ — C -
3 1.2F S 1.2 < 1.5 -
4 NPT +—— : 1_+ +L +__+__ S S S S (T
o o8 ¢ o 0.8f O ’
T 0.6E g 0.6E = 0.5F A%
o E . L
4,45 4.5,5 5,6 6,8 8,10 10,15
(445 [455]  [56] [ 1 B10 [ 1 [4,4.5] [4.5,5] [5, 6] [6 8] [8,10] [10,15] 445 1455 . 6] [6 g [8’10] [10,15]
Muon p_ [GeV
Py [GeV] Muon p_ [GeV] Muon p_ [GeV]

Statistically limited ~10-50% stat uncertainty per bin
Total systematic uncertainty ~5-10% per bin
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Differential cross-section: muon p.

y1T—FR

Compare to: = 10— . —
| | | (15’ = ATLAS Preliminary J
A STARIight (SuperChic photon-flux) + Pythia8 + Tauola 2 [ °* e, ﬁ =08 Tal, 1960
v STARlight (SuperChic photon-flux) + Pythia8 S el 7 _
¢ STARIight + Pythia8 + Tauola 8 -
[ E'?c?tt:l(jrrsgft +A :
{ol & SLSC+Py8+T % |
Photon-flux depends on nuclear charge e ;
distribution : K

1 | | |

¢ STARlight: Point charge with cutoff in gi2 P + +
impact parameter integration (at b~R., ) 2r 2N
_ . [4,4.5] [4.5,5] [5,6] 6, 8] 8, 10] [10 15]

AY SuperChic: Woods-Saxon with no cutoff Muon p_[GeV]
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Observations

y1T—FR
Compare to: = 10— . —
(15’ = ATLAS Preliminary J
A STARIight (SuperChic photon-flux) + Pythia8 + Tauola 2 [ °* e, (o 2 502 TeV. 163 b
v STARIight (SuperChic photon-flux) + Pythia8 T el -, |
¢ STARIight + Pythia8 + Tauola IR - :
L e reenor . i
: 10) A SUSC+Py8:T % —
SuperChic photon flux ov agrees better - e . =
than STARIlight photon flux ¢ I T
. . 1 | } |
o ~20% difference due to STARIlight cutoff § 14
in impact parameter integration (at b~R, ) | § oa i1 —+——+——
. g 06E
e Observed also in yy—ee/uu T R R Y

Muon [N [GeV]
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Observations

y1T—FR
Compare to: = 10— . —
(15’ = ATLAS Preliminary J
A STARIight (SuperChic photon-flux) + Pythia8 + Tauola 2 [ °* e, ﬁ =08 Tal, 1960
v STARIight (SuperChic photon-flux) + Pythia8 T el 7 _
¢ STARIlight + Pythia8 + Tauola s - -
B E'?c?tt:l(jrrs;?t :
{0l A SLSC+Py8«T ¢y |
= —¥— SL/SC+Py8 =
~ —4— SL+Py8+T + E
Tauola avs Pythia8 v Tau lepton decays L T
agree to within percent-level differences | £ 14 | '
5 PP E———.

S 06F

[4,4.5] [4.5,5] [5,6] [6, 8] [8, 10] [10 15]

Muon [N [GeV]
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Observations

ul1T-FR

Compare to: = | — —
g | y F F ]
A STARlight (SuperChic photon-flux) + Pythia8 + Tauola £ .| \, . (" AR ; .
v STARIight (SuperChic photon-flux) + Pythia8 § - 1 g .
¢ STARIight + Pythia8 + Tauola S [ aTas Preiminary L
RS | Sy =5.02TeV, 1.93 nb” i
Some systematic data-MC deviations 1oL = Toal sror =
€.9- P;lutrk) ? Ez&aﬁﬁg i

e Potentially due to (transverse) spin 5 g 4E 3 - —
correlations : ;'E_%+++k{ & +..L+4 +1_

. T 0.6F .

® |nC|Uded for })y—)tt In |ateSt TaUO|a & - [1,1 5][1 52][225][253][335][354][445][455] [56] [610]
TauSpinner release PRD.109.013002 P, (iutrk) [GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.013002

Summary ATLAS-CONF-2025-004

e First differential cross-section measurements of yy—tr in UPC Pb+Pb
e Measured 21 differential cross-sections: 7 variables in 3 Fiducial Regions

e Sensitive to spin correlation effects and electromagnetic moments



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-004/

Backup
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Signal region definitions

DESY

Region plT-SR pu3T-SR pe-SR

Trigger Single-muon based

0n0n topology E?[’)% < 1 TeV for data, OnOn weights for MC

Nﬁasclinc _ _ 1 -

N3 =1 =1 1

N8 =0 =0 =1

Ny (AR > 0.1 from p*8) =1 =3 =

Ny (AR > 0.1 from £78) — — =0

jyunmatched —0 —0 -

> . q; with ¢ = p,trk(s)/e =0 =10 =0)
Abitr) >1GeV — —
gl >1GeV — —
(Tu,trk,clustcr) >1QGeV — -

Myrks — < 1.7 GeV = —

e < 0.4 < 0.2 —
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Yields

Region nl1T-SR u3T-SR pe-SR
background 99.3 &+ 18.9 9.9 = 2.0 3.4 £ 0.9
Photonuclear background 156 = 114 32 =& Z:1 —
Combined background 114.9 £+ 22.0 18.1 & 2.9 3.4 + 0.9
Combined signal+background 750.4 £+ 151.0 129.5 £ 26.8 47.5 £ 10.8
Data {23 124 03

Other backgrounds deemed negligible:
Using MC: yy—ee(y), yy—dijets, Non-diffractive photo-nuclear processes
Using data-driven estimate: Simultaneous rho production due to multiple UPC scattering
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Photon-flux weights
Apply photon-flux re-weighting to SuperChic differentially in truth y, and m,

yy—ee vy—uu CR after re-weighting
JHEP 06 (2023) 182 ATLAS-CONF-2025-004
A T T T T T T T T ' T T T b2 C L L L L
‘-3.__ 140:_ | I I ATLASI _: ,jij 16000:— gozl%ﬂgogreliminary ¢ Data, 1.93 nb™ —:
- —; 140002— ZELP: S = 5.02 TeV ZLY;; famty |
- 12000 / -
— 10000 =

Elmlml‘ SIUFI)eerlhi?l A SR B 1‘E 2000:
o1sF e
E 1—-~;~~:{-—-—“ § 1_22 | A‘
I R e S : ...
|yee| % 6 8 10 12 14

Leading muon P, [GeV]
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https://link.springer.com/article/10.1007/JHEP06(2023)182
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-004/

Systematic uncertainties

Largest individual sources: trigger scale factors, tau decay modelling

'o\_ol 20_ T T T | T T T I T T T | T T T | T T T I T ’o\_°| 25: T T T l T T T | T T T | T T T l T T T I T 'o\_°| 30: T T T | T T T | T T T | T T T I T T T | B
S [ ATLAS Preliminary —EGamma — Modeling 1§ oob ATLAS Preliminary — EGamma — Modeling 4 5 25F ATLAS Preliminary —EGamma — Modeling =
é 15[ (5= =502Tev, 193 b guhon - QAUOET”gger ] E = (Sy=5.02TeV, 1.93 np! gion - guoiTr'gger é O0E- VS =5.02TeV, 1.93 nb” g/u:]on - ruoaTr'gger 3
o [ Grouped systematics E=lies rac o) 15:— Grouped systematics =ER rac —: o E  Grouped systematics e rac g
£ 1oL WITFR 1 £ [ weTR S 155 pern =
2 C 2 10 ] = 10 f_ _f
8 | 8 8 I— :
> B E = B s e
[} C o - GL) 0:—
= L =0 = C
0 O i SR o M —
C _5=[_— I E ] ' E
. 5;% E : 10E E
- 102 E ~15F =
_ C 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 ] : 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 | | 1 T — E Il 1 1 | 1 1 1 | 1 1 1 | 1 1 I Il 1 1 | 1 3
10, 6 § 10 12 14 15 6 g 10 12 14 20y 6 g 10 12 14
Muon P, [GeV] Muon P, [GeV] Muon P, [GeV]
EGamma, : Calibration & performance  Other: Luminosity, unfolding closure, background

. Reconstruction efficiency subtraction, MC statistics

Modelling: OnOn weights alternative fits, Photon flux

M Tri : Tri le fact
uonirgger: gger stale 1actors STARLight vs SuperChic, Tau decay Pythia8 vs Tauola
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u1T-FR cross-sections (except muon p_

;‘ T T T ;‘ T T T T T T ; T T T T T
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£ 4y . \4 o F D¢ +.0 ~ oy F A A - 3
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u3T-FR cross-sections (except muon p_

DESY
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