universitatfreiburg

Ultraperipheral
heavy-ion collisions

Valerie Lang
On behalf of the large LHC experiments

LHCP Conference, Boston, US
4 June 2024



https://unsplash.com/de/@dtrinksrph?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash
https://unsplash.com/de/fotos/eine-gruppe-von-ruderern-auf-einem-gewasser-YE49NVVx3M0?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash

universitatfreiburg

Or: News from nearly
empty detectors?

Valerie Lang
On behalf of the large LHC experiments

LHCP Conference, Boston, US
4 June 2024



https://unsplash.com/de/@dtrinksrph?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash
https://unsplash.com/de/fotos/eine-gruppe-von-ruderern-auf-einem-gewasser-YE49NVVx3M0?utm_content=creditCopyText&utm_medium=referral&utm_source=unsplash

Run:244918
Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb
Energy: 5.02 TeV
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Dec-06 21:41:27.033612 GMT
Run / Event / LS: 263400 / 88515785 / 849
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Features of ultraperipheral collisions

Interaction of Pb-nuclei via electromagnetic fields for impact parameters b > 2Rp,,

* Production of new particles from interaction of photons

 Cross section enhanced by Z4 = 4.5 - 107 w.r.t. proton-proton Pb

e Pb

—> Large Hadron Collider (LHC) acts as photon collider!

 Also interaction of photon with nucleus possible = Photonuclear events

« Study various categories of produced particles and their properties
* Di-lepton production: ete™, utu=, vt~
» Charged hadron production: Pions, strange mesons, charm
mesons, jets, etc. Pb
* Light-by-light scattering

)

e

Pb

—> Disclaimer: Only show (personal) selection of results from ultraperipheral collisions
- Consider as a teaser - Feel free to dive in deeper into many interesting results
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Understanding the photon flux ATLAS 5.02 TeV, 1.72 nb

LA A I I
ATLA 3
Pb+Pb |, = 5.02 TeV ]
YY— ete, L=1.72nb’
Inclusive ZDC 3
fog = 0.043 = 0.0026 <

e Data 2018 ]

- === STARIight+Pythia8
........ Dissociative (SC4+Py8)

Investigate production of eTe™ pairs

« Equivalent photon approximation (EPA):

 Total cross section = convolution of photon flux with elementary
production cross-section

Events / bin width
S

« Break-up of Pb-nuclei possible - Electromagnetic dissociation

 Induced by additional photon exchanges - Higher likelihood
for smaller impact parameters - More forward neutrons

» Suppress or enhance through selections in very-forward 10
calorimeters (ZDC)

10<m,,<20GeV,|y_|< 0.8

L _ § T
* In addition: Backgrounds: 1070.050.040.060.08 0.1 0.120.14

Y and t*t~ production and single-dissociative process a(=1-|Ad/m|)
 Dissociation of emitting nucleus, if origin of the photons from substructure of nucleon (proton, neutron)
—> Largest background - Determined from fit to acoplanarity:

—1—|Ag|/ { — 0 - Back-to-back configuration
‘- & — 1 = Collinear configuration
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https://link.springer.com/article/10.1007/JHEP06(2023)182

ATLAS 5.02 TeV, 1.72 nb

Understanding the photon flux

Investigate production of e*e™ pairs

« Measurement of differential cross sections, e.g. as function of invariant mass m,,

Inclusive Zero neutrons on either side in ZDC: OnOn
;‘ - “ [ | I I I | I T 1 E ;‘ E I T 1 | I I I I I E .
S | ATLAS ENG = 1 - Comparison to two
g 10F 3 g 10 3T generators with different
8%8 L B 3%3 L ] photon flux modelling:

s : s - STARIlight and SuperChic

1078 poupn (5,502 ey 5 107 Poupb (m502Tev = 2 ST_ARI_lght: Photon flux fro_m
iy A =l : o Datazotg 1 point-like sources, restricting
10 o Data 201 107°F jgﬁg:;gm onon wes  impact parameter b > Rpy,

- SuperChic o -~ SuperChic | -, 1 = SuperChic: Photon flux from
210t | L 8150 | 1 nuclear form factor, impact
% %0 51Z.-'.-_'-'.-L'-'.'-L'-.l;'-_l'.-_._._._._._._._._-"-"-"-“-“-‘-"-“-"'-‘-'-J"-'ﬂ-'-'-"-"'-'u"'-"'-'— ------------ __ parame te rS down to b — 0
a = 10 20 30 2050 > Similar shapes as in data, but

m,, [GeV] slight (different) offsets
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https://link.springer.com/article/10.1007/JHEP06(2023)182

CMS 5.02 TeV, 0.40 nb! ATLAS 5.02 TeV, 1.55 nb

Study T-lepton properties

: : _ : Pb Pb
Investigate production of t*t~ pairs Z
« Select events w/ one T1-lepton decay involving muon, the other hadronically (or involving electron) T
yy — 17 clearly observed Extract anomalous magnetic moment of 1-lepton: a, +
S CMs PbPb - 404 ub™ (s, = 5.02 TeV) L L e e B S
L L I B L B i
8 40 I Data OPAL 1998 : Ph Ze P,
L3 1998 @
— 350 .. By - T Taprong :
0 30 L DELPHI 2004 ® . ATLAS
"QE; o5 s Pb+Pb \s,=5.02 TeV, 1.44 nb’’
Lﬁ ui1T-SR : o— @ Best-fit value
20 u3T-SR o : — 68% CL
15 ' — 95% CL
ne-SR ——=——g
10 Combined __._—.—
5 EleeCted | —#:— | |
. 0 01 -005 0 005 01
g 2 a,
w 1r
5 0¢ T o PR VR 18"“‘3 - Use fit to decay muon p; distribution (ATLAS)
S Visible T, p._ [GeV] - Use cross-section dependence on a,; (CMS)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803

CMS 5.02 TeV, 0.40 nbt

Study T-lepton properties

ATLAS 5.02 TeV, 1.55 nb

Investigate production of T+t~

« Select events w/ one T1-lepton decay involving muon, the other hadronically (or involving electron)
CMS 13 TeV, 138 fb!

yy — 17 clearly observed

pairs

Pb

Extract anomalous magn¢

CMS PbPb - 404 ub™ (S, = 5.02 TeV) — T
L L DL L AL L LA DL IR B o L
8 40 T Data OPAL 1998 : C;VIS Preliminary ;38 fo' (13 TZV)
T ® Observed —68%CL —95% CL
: 35 ] . YY — T Taprong ;SE:JQD?-: 2004 . :. LN R B B B | wSM —TT
4‘2 30 — . BaCKQround ATLAS S.:i:\alw-(wesnaa
5 o5 S Total : Po+Pb V5. =5.02 TeV, 1.44 nb’
| ) L3 :
Lﬁ u1T-SR r——— @ Best-fitvalue | ;.0 100 160
20 H3T'SR ® = (8% CL
15 ——95% CL DELPHI ————
ue_SR _* EPJC 35 (2004) 159 :
10 Combined ——.——-— ATLAS Pb+Pb
S Expected e ——— e
0 ; .. CMS Pb+Pb
S 2 g= \Very new: yy — 77 in pp collisions!
- 3 g — Larger statistics beats lower cross sections This result -
) I : : I 1 [ L
£ 4 6 8 10 12 14 9 Heavy jon UPC measurements need to catch up 01 005 0 0.05
a Visible 1, eV LTINS a:
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151803
https://cds.cern.ch/record/2891376

Investigate photon interactions with nucleus

ATLAS 5.02 TeV,
1.73 nbt

Charged hadron production in direct and resolved photonuclear interactions

 Direct interaction of photon with parton in nucleus, or fluctuation of photon to vector-meson (VM), e.g. p

Nucleus intact Nucleus intact

() \”‘ () \” iy i " ATLAS Preliminary 3
()] e *$=.= 1 4
Rapidity Gap partially o ﬂ:t-’-ﬁ* Pb+Pb, 1'7 nb —
g2 e g 10 §-+—+-+--+-:TII% Vsyn = 5.02 TeV, OnXn 3
/ / 3 - MR 6. .
\ \ o 1= T,
W No rapidity No rapidity E ; ++
gap gap = B
— N — N— =107
— S N T “o §+1T['25'1 6]
Multiple neutrons Multiple neutrons z‘b 10—2 g = Tl: [_1 6,—08]
» Determine charged particle yield T 1033 - n:[0.8,0.0]
=+ 1:[0.0,0.8]
Number of - —+—n'[08 1.6] :
dN?2 » ' I '
1 ¢h ¥ charged particles 1075 + 1. [1.6.25] R
Y(n’ pT) : E n 1 1 1 1 | 1 1 1 | | 1 | 1 1 illlzll I
Ney dptdn > 1
Number of e 107" 2x10 1 2 3456 10
I ven . . .. P [GeV]
selected events - Positive n: photon-going direction '
* While selecting OnXn topology in ZDC - Negative n: Pb-going direction
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https://cds.cern.ch/record/2871729
https://cds.cern.ch/record/2871729

: : . . ATLAS 5.02 TeV,
Investigate photon interactions with nucleus 1.73 nb*

Charged hadron production in direct and resolved photonuclear interactions

 Direct interaction of photon with parton in nucleus, or fluctuation of photon to vector-meson (VM), e.g. p

Nucleus intact Nucleus intact

) \” reurons ) \“ iy - T ATLAS Preliminary -
b} E o *_15* 1 4
Rapidity Gap partially (D ‘I jﬁx‘*ﬁ* Pb+Pb’ 17 nb —
71%7—% /gap )ed % 0 ?—+—+-‘-+--+.II::E}::+*:§* ﬁ = 502 TeV, Onxn E
S '
W Nlpldlty Nlpldlty ﬁ ;
gap gap = [
— — — — =107
- T - T o - e [251.6]
Multiple neutrons Multiple neutrons zﬂ’ 1 0—2 g B [_1 .6,-0.8]
« Determine charged patrticle yield S F 0800
10 =+ 1:00.0,0.8]
. C —+n:[0.8,1.6] b
Y(n 1072+ n:[1.6,25] . W
? C 1 1 1 1 | 1 1 1 | | 1 | 1 1 '||Iu'!|
Number of _ 107" 2x10™! 1 2 3456 10
selected evenEReiE P, [GeV]

_ _ - Positive n: photon-going direction
« While selectindiss et Pt - Negative n: Pb-going direction
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ATLAS 5.02 TeV,

Investigate photon interactions with nucleus 1.73 nb*

Charged hadron production in direct and resolved photonuclear interactions

 Direct interaction of photon with parton in nucleus, or fluctuation of photon to vector-meson (VM), e.g. p
& Noreutons () fripowting ”% —— | ATLlfi E;el;m;n:g
>dp‘dlty e}mmaw (,D'T 10 ' Vs = 5.02 Té}ié OnXn
R v & S
N2 5<n<-16] |

9& No rapidity No rapidity NZ
g 9 —’_/\r___ﬁr,_j ae '03 1072_
T I = 10'3; ¢ Data
Multiple neutrons. 1074 E_ — DPMJET-”l '\{+ Pb
« Determine charged particle g of IR
3
I
= 1
o
a
()hL 1 | | 1 1 1 1 11 1 17
107" 2x10™ 1 2 3 4567 V10
> Positive n: photon-going direction Pr[¢eV]
» While selecting OnXn topology in ZDC - Negative n: Pb-going direction

universitét-freiburg Valerie Lang - LHCP 2024 04.06.2024

13


https://cds.cern.ch/record/2871729
https://cds.cern.ch/record/2871729

. . . ALICE 5.02 TeV,
Exclusive four pion production 0.62 nb*

Elastic scattering of a photon-generated VM of the target nucleus (coherently)

« Coherent scattering usually leaves the nucleus intact > Dominated by p-meson photoproduction
« Experimental hints for excited p-resonance with decay to n*n~n*n~ - Which resonance?

« Select events with 4 tracks, and veto activity in scintiallator-based forward detectors VO and AD

Estimation of combinatorial background Fit with interfering resonances with mixing angle
Q) 6005 ALICE, Pb + Pb— Pb + Pb + ' x¥ndf = 51 /47 &’;-: 140— .
s - VSu=5.02TeV, |y, ., | <05 2k ALICE, Pb + Pb— Pb + Pb +'w'n y3ndf = 18 / 21
> TR T 1001 VS =502TeV, |y . . <05 Prob = 65 %
& 5000 ¢  Data (zero net charge) 5 N t Bata Sust — Total
— B — . Combinatorial BG (Pol4) E 100 L. Tntc?r[jn yst — ALICE p(1450)
o : _ = r == fotalnc. - == ALICE p(1700)
€ 400t - = = = Coherent STARlight MC _g C n — . Interference
8 g 1  mmeeee Incoherent STARlight MC % 80— —
300 - Sum(Coh + Incoh + Comb BG) :g 50 :_ +
4 RS SE
200— o a0 \
- o 40 - -~ >'/ —_— \ I\ 1
C - PN L5 B
100 20 P It
n - o e 9
- memmmna s :;-.7_-'.%- E
0_ Ll O — 7- | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1 ‘ 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1 1.2 1.4 1.6 1.8 2 2.2 2.4
p. (GeVic) m,... (GeV/c?)
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Exclusive four pion production

ALICE 5.02 TeV,
0.62 nb-1

Elastic scattering of a photon-generated VM of the target nucleus (coherently)

« Coherent scattering usually leaves the nucleus intact > Dominated by p-meson photoproduction
« Experimental hints for excited p-resonance with decay to n*n~n*n~ - Which resonance?

« Select events with 4 tracks, and veto activity in scintiallator-based forward detectors VO and AD

Counts / (20 MeV/ie)

Estimation of combinatorial background

x%ndf = 51/ 47

Fit with interfering resonances with mixing angle

ALICE, Pb + Pb— Pb + Pb +n'n '

600}
: VS =502TeV, |y, . |<05
500 :- ¢  Data (zero net charge)
C —— Combinatorial BG (Pol4)
400t ; = = = = Coherent STARlight MC
01T e Incoherent
300/} o res’
4 DIE
= B Do
200__ : ‘ o\ J N O $
- Q) OF ~areC
L [ () O
— 1 - '
100 =1, ymnpatt
- /'-" : i
0O 0.1 0.2 --6.3 0.4 0.5 0.6 0.7 0.8 0.9 1
p. (GeVic)

&-140
§ ALICE, Pb + Pb— Pb + Pb +t'mn'n 2%ndf = 18/ 21
& 120 Vs =502TeV, |y, . 1<05 Prob = 65 %
= t Data — Total
0
E 100 ] Uncorr, —  ALICE p(1450)
g - == ALICE p(1700)
AS() ANC — - Interference
0
- C . ‘
o, »
~d O
~ repore’ 5|:\
-~ —_ T
>' N TN
Ve ~ --5,
20 5 "o"h..,_. , "0.'-..
‘_f-f ------- - Q _:_:":_ e o ==l %
L S i M W E
1.2 1.4 1.6 1.8 2 2.2 2.4
My (GEV/C?)
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Characteristics of heavy VM production

LHCb 5.02 TeV,
0.23 nb!

Coherent (a) vs. incoherent (b) production of cc mesons

« Pomeron (= 2 gluons) exchange w/ full nucleus (a) or particular nucleon only (b)

« Selection through decays J /¢ —» u*u~ and ¥(2S) - u*tu~

forward shower counters (HeRSChel)
~ 10°

& 3
2 LHC .
% PbPb |5y = 5.02 TeV 1
1 04 ¥ NN +4 Data —
20< y*<45 b 5
—rit 3
~ --J/ /8 7]
> 10 S(2s)
Q % Background 3
o p— PO -
P0XRIBEAK A Iy
he) B RRRRIIR W g -
2 R o o W M R o gl
= 1 BRI RLCNITETI I S A s
S A S SIS G N
< B R A e S S0 05 AR K B B X
B0 e e e eSS seTosets 7 o 0 0getatat So e G Boef o I OeTeseseserssese oteTotesotototototototosetotele:
@) e St e oo e ot %0004 a8 I ASoReromez t%e’ of Kataty o AleteRerete 10004 T0tutetoto o ket e e e tetateters
e g0 et e g g% et g 200 4t e e o e e et o e o0t ot tete et tatotetotetedeteles
o ta st oo tetatete T atatatetetot atelatatetototetatel s Tetotetel et Totototete? Sotol tadesetototetedetetotototatetels:
B30 RS IR
D000 RIIGIIKLIIKRANXKIIHINS 3o I E090909090905090 ]
2009000000000 000 R0 IR IR IHAKRIINIRKIHNN]
LR R R MRS IRIRIIIAIRIIIHAR
() B e R e e R R
B 000000000 R0 000000 e AR IR IIAAXRIRX
U bR R S R AR
PR R SRR R

Backar

determ'\nat'\on

0.40
0.35
0.30
:%“D 29
E:i .
6‘;0.20
&,
§0'15
0.10
0.05

0.00

A A

* Enhance coherent production and UPC throuah forward activitv suppression in scintillatina-pad (SPD) and

.’IIIIIlI

R [

T

LHCb

PbPb /syny = 5.02 TeV
Coherent (25)/.J /v production

T ® data
stat. unc.
[Isyst. unc.

=== STARlight
LO pQCD (GKSZ):

N LTA
= EPS09

Colour-dipole:

—=- bCGC+BG (GMMNS)
-—- hCGC+GLC (GMMNS)
—~ IP-SAT+BG (GMMNS)
-~ IP-SAT+GLC (GMMNS)
- No fluct. +BG (MSL)
-=- GBW+BT (KKNP)

-—+- GBW+POW (KKNP)
-+~ KST+BT (KKNP)

-==- GG-hs+BG (CCK)

Cross section ratio as

o function of rapidity

0

1

2 3 4

*5 r_neasyred for the first
Y" time in PbPb collisions
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https://link.springer.com/article/10.1007/JHEP06(2023)146
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ALICE 5.02 TeV,

Characteristics of J/y production 0.75 nb*

Coherent production enhanced through suppression of forward activity in VO & AD

 J/y reconstruction via muonic decays: 2 opposite sign muons in muon-spectrometer range (—4.0 < n < —2.5)
 Helicity frame: z-axis in flight direction of J/y, y-axis perpendicular to plane by collision axis & J/y direction

Extraction of signal yield in bins of cos(8) and ¢

600

4001

Counts / (0.050 GeV/c?

3001~

200

100}

ALICE
Pb-Pb {5 = 5.02 TeV

-0.20 < cos(8) < -0.12
p, < 0.25 GeV/c
“40<y<-25

{ ALICE data
— Jhy fit
— ' fit

---= Background

AN .
Yy = U p

\d

.l I o
4 45 5 5.5 6
M, (GeV/c?)

—> Fitting angular distribution of decay muons from J/y
signal using 3 polarisation parameters with properties:
> (g, 29, Ag,) = (0,0,0) > Isotropic
(26, A4, 294) = (1,0,0) > Transversely polarized
(26, 29, Ag4) = (—1,0,0) = Longitudinally polarized

0.75+0.25+0.24 | 0.03£0.034+0.02 | 0.104+0.0540.06

—> Consistent with transversely polarized J/y mesons
from coherent production
—> Consistent with s-channel helicity conservation

universitatfreiburg
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https://arxiv.org/abs/2304.10928

p ALICE 5.02 TeV, CMS 5.02 TeV,
J/@‘s as probe of the nucleus 0.23-0.53 nb* 152 nbt

Coherent production proportional to square of gluon density functions (at LO)

« Resolve ambiguity betw. photon emitter and target nucleus through electromagnetic dissociation (EMD) of ion

(@) photon emitter
(higher energy)

—> Determine nuclear suppression factor:
Rgb = \/Jmeas/UIA (IA = impulse approximation, i.e.
scaled from proton interactions + nuclear form factor)

O Bjorken-x

' 5 102 10°° 1074 107°

& b4 AUCEPopb(sooso2Tev A

T ae 1.8~ ¢ cMs, Po-pb VS = 5.02 TeV (arXiv:2303.16984) —

p?oton S 1 6:— t Guzey et al., using ALICE Pb—Pb |s,, = 2.76 TeV (PLB 726 (2013) 290-295) A

lewsssnsuy) C A Contreras, using ALICE Pb-Pb {5, = 2.76 TeV (PRC 96 (2017) 015203) .

1.4 -- Impulsg approximation --LTA —

» Neutron emission from EMD detected in ZDC/ZN: 128 ersosto omka =
Categorize as OnOn, OnXn and XnXn 1= =
0.8 =

» Relation between rapidity and gluon momentum fraction 0.6F- E
L 0.41- =

My —> Resolve ambiguity between t+y oof E

X = Sy g through simultaneous extraction oF L E

H 3

from 3 neutron categories 20 30 4050 10° 2407 W (GeV

vPb,n( )
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https://link.springer.com/article/10.1007/JHEP10(2023)119
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ALICE 5.02 TeV, CMS 5.02 TeV,
J/@‘s as probe of the nucleus 0.23-0.53 nb* 152 nbt

Coherent production proportional to square of gluon density functions (at LO)

« Resolve ambiguity betw. photon emitter and target nucleus through electromagnetic dissociation (EMD) of ion

— (b) —> Determine nuclear suppression factor:
s REP = V Omeas/014 (IA=impulse approximation, i.e.
scaled from proton interactions + nuclear form factor)

Bjorken-x
102 10°° 10 10°
[T T T ‘I\\f\l T T |IIII\\ T T "\Ilfll T T [\I
. - ¢ ALICE, Pb-Pb ys, =5.02TeV

"""""""""""""""" : O ¢ CMS, Pb-Pb s, = 5.02 TeV (arXiv:2303.16984)

- @ Guzey et al., using ALICE Pb—Pb |5, = 2.76 TeV (PLB 726 (2013) 200-295)

C A Contreras, using ALICE Pb-Pb {5, = 2.76 TeV (PRC 96 (2017) 015203)

4 - - Impulse approximation <= LTA

--- STARlight ----GG-HS

a — EPS09 LO ----b-BK-A
Categorize as 0nQied g\uoﬂ NS SR TRCAT!
a BO\\'\s 2

01l III|II\|\I\|\I\|JIJ|III|III—

. o
- Relation betwee ceM , 050
(O~ pro® g
5cN\P L a4 fEETEd.
My ae Dlve ambiguity between +y oof E
X = m'e—y through simultaneous extraction oF ]
from 3 neutron categories 20 80 40050 HE 2kl W o, CoV)
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ALICE 5.02 TeV,
J/@‘s as probe of the nucleus 0.23 nb!

Incoherent production: Sensitive to variance of spatial gluon distribution

 Variance related to quantum fluctuations of subnucleon L ALICE, Pb-Pb UPC sy = 5.02 TeV
degrees of freedom 8 ALICE incoherent J/y, |y| < 0.8
Neo! —4— Uncorrelated stat. + syst.
« Small variance at small momentum fractions x % Correlated syst.
= possible sign of gluon saturation % 1020 N S T
« Contribution of incoherent J/y production grows with S - RN U
larger momentum transfers || i O ., ]
- Measurement of cross section as function of | I SN
« Use J/y transverse momentum as proxy: |t| =~ p2 o m::,':f \\\\
- Veto any other activity through VO and AD dectors 103 = —— Mss TS e

—o - GSZ-el+diss “u,

C --4-- MSS ~—
[ ..e. GSZ-el

= No prediction simultaneously describes absolute

m\
[

normalization and |t| depedence 5 oL : - .
- Models including quantum fluctuations (purple, - [1)g§§ ----- L L
light-blue, green) provide better description of |t| e LI N
0.2 0.4 0.6 0.8 1.0 1.2
depedence It (GeV?)
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CMS 5.02 TeV, 1.65 nb-? ATLAS 5.02 TeV, 2.2 nb!

A light to new physics?

Scattering of photons to photons through loop or axion-like mediator

« Large photon-photon luminosities in UPC PbPb collisions provide access to rare processes

« Selection of two photons - Suppression of any other CMS Preliminary
neutral or charged particles, less than 3 neutrons .~ F
. o> 105  BaBar LEP land Il CDF
N bOth ZDCS 2CMS Preliminary PbPb, 1.65 nb™ (s, = 5.02 TeV) - -
s P S T . F
Pb Pp* 9 - ¢ Data UPENLO ] c.;“ 1 = Bellell-
FJJJ 2 | ; o SUPERCHIC 3.03 | ; - Most Strlngenj "
R S L 10 for 5-10GeV (PP)
v ) - 10 — - cMS
y > "LYL‘ % i l E E Beam Dump = (PoPD)
l 10—2 = E 0.4
&/ij\w*’ = =
. \ L B _3 — 021
. (\\\a 10° =
O\ d\“e(e v - YY“ - ] = W[ CMS
\ ( . ‘0 T T L SN1897A MiniBoone 8%2:
De\'e(m eo\:\o‘.\ :‘O ( d\c\‘\ o 1 074 g_ gg:_ :P:P:))ﬂ 910 20 30 40 50 60 7080
7 S © \N\\X\ % S N R i = m, (GeV)
CXO . e(\\- T 1 4 -
S\S\‘ = 6 8 10 12 14 16 20 —5 1 III\I\I‘ 1 III\III‘ (| HIIHl | III\IH‘ | III\I\I‘ L1 \HIII‘ 1
CO(\ m' (GeV) 3 ) 1 2 3
4 . . 10 10 10 1 10 10 10
—> Extract limits in mass-coupling plane m, (GeV)
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https://link.springer.com/article/10.1007/JHEP03(2021)243
https://cds.cern.ch/record/2895091

Summary

Ultraperiperal (UPC) heavy ion collions = Provide unique physics potential

LHC as photon-photon and photon-nucleus collider

Photon-induced di-lepton production
» Study photon flux, properties of 1-lepton

Photonuclear interactions

» Charged hadron production as probe to potential
collective flow effects

 Light or heavy vector-meson production to study
resonances, helicity conservation, nuclear
gluon densities, incl. gluon saturation

Rare processes through charge-enhanced cross
sections with Pb ions

» Probe photophilic interaction of axion-like particles

—> Lots of trigger improvements in
—> Proof of extraordinary experimental versatility of LHC experiments! Run 3 - Let's stay curious!
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Thank you for your attention.

Backup
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Additional interesting publications

New measurements that did not make it into the talk anymore (non-complete list):
 ALICE: Impact parameter dependence in coherent p°® production:
« ALICE: Photoproduction of K*K~ pairs:

Earlier measurements on some of the topics included in my talk (non-complete):

ATLAS: Exclusive dimuon production:

ATLAS: Charged particle multiplicities and two-particle correlations:
ALICE: Coherent J /3 and ' at midrapidities:
ALICE: Coherent J /i production at forward rapidities:

Interesting further reading:
« K. J. Eskola et al.: /] /Y photoproduction at NLO:

unlvers'ta-t-frelbu rg Valerie Lang - LHCP 2024 04.06.2024
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https://arxiv.org/abs/2405.14525
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.222303
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.014903
https://epjc.epj.org/articles/epjc/abs/2021/08/10052_2021_Article_9437/10052_2021_Article_9437.html
https://www.sciencedirect.com/science/article/pii/S0370269319306483?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.035202
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.044912
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.044912

ATLAS including ZDC

ZDC modules

: '

In] > 8.3

https://cds.cern.ch/record/1628749/files/ATL-FWD-PROC-2013-001.pdf

ZDC coverage:

univerSitét-freiburg Valerie Lang - LHCP 2024 04.06.2024
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https://cds.cern.ch/record/1628749/files/ATL-FWD-PROC-2013-001.pdf

CMS including ZDC

1aom ZDC  CASTOR T2 HF T1

(Cal) (Cal) (Track) (Cal) (Track)

AR 7! \“

2

I

= ‘“R}u
\\ g

TR \\.\\‘Q\ SN

o

Y.Mf —!Mz;
|
3
-
i

X I

ZDC coverage:
Inl > 8.3

https://cds.cern.ch/record/1108592/filesarXiv:0806.0883.pdf
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ALICE with forward detectors

L3 magnet

EMCAL rs FMDTO &VO

Dipole magnet

> -

tracking
chambers

Beam shielding

muon filter ‘ = - “ \ 2 = / / Muon filter

ZDC ~116 Mo
from IP chambers
ZDC ~116m
from IP
_—
\.

TOF

PHOS absorber dipole magnet

VO coverage: —3.7 < |n| < —1.7, 2.8 < |n| < 5.1
AD (ALICE Diffractive) coverage: —6.9 < |n| < —4.9, 4.7 < |n| < 6.3
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https://cerncourier.com/a/alice-the-heavy-ion-challenge/
https://cerncourier.com/a/alice-the-heavy-ion-challenge/
https://iopscience.iop.org/article/10.1088/1742-6596/624/1/012008
https://iopscience.iop.org/article/10.1088/1742-6596/624/1/012008

LHCb with forward detectors

Hole radius Hole radius
47mm LHCb x21—0 61mm

Cut-out
~108x230mm

Station B2
z=-114.0m Station B1
z=-19.7m Station BO
z=-7.5m

Station F1
z=20.0m

Station F2
z=114.0m

LHCb coverage: 2 < |n| <5
z HeRSChel coverage: 5 < |n| S 10
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https://lhcb.web.cern.ch/lhcb_page/infrastructure/lhcb-geom/
https://cds.cern.ch/record/2300319/?ln=de

Understanding the photon flux

ATLAS 5.02 TeV, 1.72nb*

Investigate production of e*e™

« Systematic uncertainties

pairs

B : T T T I I :
= - ATLAS -
o 1.25 —
® - (s =5.02 TeV, 1.72 nb™ ]
-_E 12 - - Electron reco/PID SF —— Trigger === Electron Scale/Resolution—
© C Background Luminosity = = = Unfolding method 3
4] ~ = Total J
c 1.15 -
1 1}____.--------_:
1,05 =
m e Gemmmemmesimasaaas R e
e | =
:—!ml:- --— :_ L _: - '.':'.'—---—Er.n-r.n.-.-r.n-r.n.'.-i.n-r.l..'.-!..'w.n.'E
0.95F """ -
Olg-z_l_._._._I'I.I_I.I..-unu-.-1.""""""""""---------.-.-.-------------L-
: 1 1 1 1 I 1 1 1 1 1 1 1 :
6 7 8910 20 30 40 50 60

M. [GeV]
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https://link.springer.com/article/10.1007/JHEP06(2023)182

ATLAS 5.02 TeV, 1.55 nb

Study T-lepton properties

Investigate production of Tt~ pairs — in heavy ion collisions

Pre-fit impact on a_:

. ] A
* For signal strength of yy — 7 FOra; —e-8:0 02840 _o0s 0002 % 0002 0004
Post-fit impact on a : L L
: Mo =08+A8 16 =0AD | ATLAS

Uncertainty Impact on p, [%] o Nuis. Param. Pull Pb+Pb |5, = 5.02 TeV, 1.44 nb”’
muon Level-1 trigger (SYS) 10 muon L1 trigger (stat) —0-
7 decay modeling 1.0 tau decay modeling g |
tracking eff. (overall ID material) 0.9 muon L1 trigger (sys) -—
muon Level- 1 trigger (stat) 07 tracking eff. (overall ID material) . 5

photon flux uncertainty —o—ﬁ
topocluster reco. eff. 0.6 !

muon momentum scale l i
muon reco. eff. (stat) 0.6 muon sagitta (p) —»
tracking eff. (PPO material) 0.6 electron efficiency (sys) - :
topocluster energy calib. 0.5 muon sagitta (res. bias) —
muon reco. eff. (sys) 0.5 muon efficiency (stat) = |

electron efficiency (stat) i
photonuclear template var. (u1T-SR) 0.5 fton momentu res. (ID) =
Total systematic 26 tracking eff. (PP0O material) l

egamma energy scale r
topocluster efficiency .
IllllllllillllllllliIIILJJIIIilllIIIILl
2 15 -1 05 0 05 1 15 2
(0-0,)/A0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151802

Events

Obs./Exp.

Study T-lepton properties

CMS 13 TeV, 138 fb!

Investigate production of T+t~ pairs — in pp collisions

e, N,y =0 138 o' (13 TeV) et Niacks = 0 138 fb™' (13 TeV) BT, Niaoks = 0 138 fb' (13 TeV) T % Niracks = 0 138 fb™' (13 TeV)
200 T T T T T T T T T T T T o —r ‘T ‘T T ' ‘' T T T T T 7] ©w 300F - T T T T T T T o L L L
180 CMS + Observed |:| Yt (= ) + VW % %0 CMS - Observed D 2y (= s W g r CMS - Observed D 2y (=) + W % 60 CMS -+-Observed DZ/Y' - g
160 Preliminary D . u=j 80 & Preliminary D Ziy* - ee Dw s ee/WW —g u:j 250 Preliminary D Zi - u Dw SuwWw u=j Preliminary .Jm - lw e é

- WW . Jet mis-ID 70 3 r ] 50 -
140 = 50 B vetmis-p [y - E 000 s B et mis-p [y - = ]
120 L : e . = E = . ] s
120 lw -~ | Uncertainty 50 Uncertainty *; 150 3 Uncertainty E - b -
80 40 L] = E ] 30 =
60 305 E 100 E 20 =
40 20 = = 1 =
E 50 =
10 - E 10
1.5+ , = % 1.5+ | = Q‘ 15F I I - % 15[F] [7' o
1 + +‘_' ERENEEEE R SR o 'a 1 i _+_'—!F ...... S 'a 1 = ":%:::::::"'= e 'a 1 e e R
—+— —+— T —{—
0.5 —SMa, —a, =0.008 - 8 0.5F —SMa, —a,=0.008 - 8 0.5 ~SMa, —a,=0.008 - 8 0.5} —SMa, —a, = 0.008 .
50 100 150 500 100 150 500 100 150 500 100 150 200 500

Myis (GeV) Myis (GeV) Myis (GeV) Myis (GeV)

The observed (expected) significance is 5.3 (6.5) s.d. for the exclusive ¢y — 7T process. This

constitutes the first observation of this process in pp collisions. The corresponding significances

per final state are 2.3, 3.0, 2.1, and 3.4 (3.2, 2.1, 3.9, and 3.9) s.d. in the ey, e1y, u1,, and 1,7

final states, respectively. The most sensitive channel in terms of expected significance is ut,,
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Study T-lepton properties

CMS 13 TeV, 138 fb!

Investigate production of t¥ 7~ pairs — in pp collisions

CMS Preliminary
- For the fit of
the signal
strength of
Yy — TT.

Elastic rescaling (shape)

NS, corr. (DY, VV)
corr. (stat.) [ut,]
tracks 0, bin 3)
Bkg. stat. (ut,, N =0, bin 4)

j = = MF, CR selection (ety, pt,)

j = wMF, N

tracks

Bkg. stat. (t,th, N

tracks

j — t MF, CR selection (tyth)

j = th MF, Nlracks corr. (syst.) [thth)
j — T MF, QCD/W ratio (eth, ut,)
T ID (syst.)

thiDatlowN_ .

j — th MF, N"acks corr. (syst.) [ut,]
Trigger (ep)

p—t, mis-ID atlow N .

Bkg. stat. (T, Ntmk; 0, bin 3)
Bkg. stat. (eTh, Ntram: 0, bin 4)
e—1, mis-1D at low N

tracks
j — 1w MF, N corr. (stat.) [thth]

tracks

Pileup reweighting (2018)
Factorization scale (DY)

138 fb~' (13 TeV)

~Fit |_|+1 6 impact

j’i - 0.751—0.20

-0.18

- ———— | [
—
— |}
—— |}
S N R

-0.1 0 0.1

OPAL
PLB 431 (1998) 188

L3
PLB 434 (1998) 169

ARGUS
PLB 485 (2000) 37

Belle
JHEP 04 (2022) 110

This result

CMS Preliminary 13807 (13 TeV)
* Observed —68%CL —95% CL

B . .

-

-0.4-0.3-02-0.1 0 0.1 0.2 0.3 0.4 05

d: (e cm)

lJIIII\I 1 lI|l|Lll\IIJillIlltllllIIILII\IIJIlIIx10715
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ALICE 5.02 TeV,

Exclusive four pion production 0.62 nb*
Singe resonance fit Systematic uncertainties
Source Uncertainty (%)
=140 Background subtraction 1.5
2 r ALICE, Pb + Pb— Pb + Pb +w'wm'n’  y2ndf = 48 /25 Angular distribution 6.5
> L = 5.02 TeV, . 1<05 _0.4% g "~
3 120 Vo NV Wp! < Prob = 0.4 % Total uncorrelated 6.7
5 t Data —— Single B-W fit — 5
€ 1000 B 'l#nc?r{j Syst. Angular distribution 12.0
T == fotal Une. Signal extraction [.7
g 80l Track selection [.5
S - Track matching 4.0
‘”g 60— Incoherent contribution 1.5
o C Trigger efficiency 1.0
a0 S Pileup 3.8
o0k ' Luminosity 2.6
F Total correlated 13.7
0 B I L 1 L I L 1 1 I 1 | 1 I 1 | 1 I 1 l 1 1 1 | . . . .
1.2 14 16 1.8 2 S (&) - Azimuthal angular distribution betw. 2
positive pions reweighted to match flat
- Bad chi2/ndf > not a good fit to the data (isotropic) distribution

—> Propagated to re-calculate A X & corrections
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https://arxiv.org/abs/2404.07542

o _ LHCb 5.02 TeV,
Characteristics of heavy VM production 0.23 np

Systematlc uncertainties —> Largest momentum resolution uncertainties from p;* interval:

140-160MeV with very small event yields

Source Relative uncertainty [%)]
n n Interval [ MeV/¢] dzcrj%l; /dprdy® [mb/(GeV/c)]  Uncertainties [mb/(GeV/c)]
cO cO !

GJ/¢ Jd}(ZS) Stat. Syst. Lumi. Total
- : 0<ph< 20 13.391 0.352 0.908 0.587 1.138

Tracking efficiency 0.5-2.0 0.5-2.0 bt
‘ & y _ 20 < py < 40 33.940 0.556  2.007 1.489  2.560
PID efficiency 0.9-1.6 0.9-1.6 40 < py < 60 35.077 0.495 1.462 1.538 2.179
Trigger efficiency 97 97 9195 60 < py < 80 22.645 0.381 0.492 0993 1.172
‘ _ 80 < pfy < 100 9.945 0.249 0472 0.436  0.689
HERSCHEL efficiency 1.4 1.4 100 < ph < 120 2.028 0128 0.311 0.089 0.347
Background estimation 1.2 1.2 120 < ph < 140 0.432 0.083 0.138 0.019 0.163
,_ ) . . _ 140 < pi < 160 0.781 0.103 0.273 0.034 0.293
Momentum resolution  0.9-34 1327 160 < p}, < 180 0.086 0118 0213 0.043 0.247
Branching fraction 0.6 2.1 180 < pk < 200 0.464 0.102 0.080 0.020 0.131

. - * = |

Luminosity 14 44 0 < py < 200 11.904 0.103 0.233 0522 0.581

Tnterval [MeV/¢] dQJf;EgS) [dphdy® [mb/(GeV/e)]  Uncertainties [mb/(GeV/c)]

Stat. Syst. Lumi. Total

. JURE L el . 0<ph< 30 2.073 0.942 0.141 0.091 0.957

- Starred notation indicates definition in 0oyt T o Do 0ot 0930 00
nucleus-nucleus centre-of-mass frame 70 < pp < 90 3.476 0535 0110 0.152  0.567

: 90 < p% < 110 1.136 0.337 0.108 0.050 0.357

—> Account for the non-zero crossing angle 110 < p& < 150 0.000 0.003 0.000 0.000 0.093
between tWO Pb beams In Iab frame 150 < p. < 200 0.(_]25 0.051 0.006 0.001 0.05_31

0 < piy < 200 1.833 0.160 0.052 0.080 0.187
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https://link.springer.com/article/10.1007/JHEP06(2023)146
https://link.springer.com/article/10.1007/JHEP06(2023)146

Characteristics of J/y production

ALICE 5.02 TeV,

0.75 nb1

Systematic uncertainties

Systematics Ag Ao Aoo

cos 6 range 0.142 0.002 0.056
signal extraction 0.026 0.002 0.008
unfolding 0.019 0.004 0.004
response matrix 0.009 0.008 0.004
single muon pt threshold || 0.196 0.022 0.019
Total 0.244  0.023 0.060

Table 1: Summary of the systematic uncertainty contributions, presented as absolute values. The cos8 range
systematic uncertainty refers to the fitted range variation, the signal extraction to the choice of the description of
the J/y, the unfolding systematic uncertainty is due to the choice of the number of iterations, the response matrix
refers to the input distribution in generating the matrix, and the trigger systematic uncertainty is associated to the

single muon pr selection used for the trigger efficiency calculation.
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https://arxiv.org/abs/2304.10928

. ALICE 5.02 TeV,
J/@‘s as probe of the nucleus 0.23-0.53 nb*!

Systematic uncertainties

« Study of energy dependence

lyl < 0.2 02 <yl <08 25 < |yl <3.0 3.0< |yl <35 35< |y <40

Source Type OnOn OnXn+XnOn XnXn OnOn OnXn+XnOn XnXn Source Type OnOn XnOn XnXn OnOn XnOn XnXn OnOn XnOn XnXn
Signal extraction U 1.5 1.5 1.5 1.5 1.5 1.5 Signal extraction U 0.2 1.3 0.8 0.1 0.6 0.7 0.5 0.5 0.9
Incoherent fraction U 0.1 1.5 1.3 0.1 1.5 1.3 Incoherent fraction U 0.4 0.6 1.6 04 0.9 33 04 0.5 2.2
Coherent shape C 0.1 0.8 0.6 0.1 0.8 0.6 Coherent shape C 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Feed-down C 0.6 0.6 0.6 0.6 0.6 0.6 Feed-down C 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Branching ratio C 0.5 0.5 05 05 0.5 0.5 Branching ratio C 0.6 06 06 06 06 06 06 06 0.6
Luminosity C 2.5 2.5 25 25 2.5 2.5 Luminosity C 25 25 25 25 25 25 25 25 2.5
Trigger live time C 1.5 1.5 1.5 1.5 1.5 1.5 Tracking C 3 3 3 3 3 3 3 3 3
ITS-TPC matching C 2.8 2.8 2.8 2.8 2.8 2.8 Trigger C 6.2 6.9 6.9 6.9 6.9 6.9 6.2 6.2 6.2
TOF tr‘igger C 0.7 0.7 0.7 0.7 0.7 0.7 Matching C 1 1 1 1 1 1 1 1 1
SPD trigger C L 1 Ll 1 L €pu C 02 02 02 02 02 02 02 02 02
Cpu ¢ 3 3 3 3 3 3 €omd C 0 1.1 6 0 1.1 6 0 11 6
€omd C 0 3.2 3.5 0 3.2 3.5 nd _ _

Migrations A _a9 34 09 —36 31 11 Migrations A —0.3 3.8 33 —-02 3.6 36 —-0.2 3.3 3.6

Table 1.  Summary of the systematic uncertainties, given in percent, related to the measure- Table 2. Summary of the systematic uncertainties, given in percent, related to the measurements

performed with the muon spectrometer. The minus sign in the entry for migrations in the OnOn class
signifies that this uncertainty is anti-correlated with those from migrations in the OnXn+Xn0On and

ments performed with the central barrel detectors. The minus sign in the entry for migrations
in the OnOn class signifies that this uncertainty is anti-correlated with those from migrations
in the OnXn+XnOn and XnXn classes. The second column identifies the type of uncertainty ~ XnXn classes. The second column identifies the type of uncertainty (U=uncorrelated, C=correlated,

(U=uncorrelated, C=correlated, A=anticorrelated) as used in eq. (6.1). A=anticorrelated) as used in eq. (6.1).
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https://link.springer.com/article/10.1007/JHEP10(2023)119
https://link.springer.com/article/10.1007/JHEP10(2023)119

ALICE 5.02 TeV, 0.23 nb?
J/@‘s as probe of the nucleus

Systematic uncertainties for incoherent production

TABLE II. Summary of the identified systematic uncertainties
to the cross section. The numbers in parentheses denote a range of
values in the different |7| intervals. Except for the first two
uncertainties, all others are correlated in |¢|.

Source Uncertainty (%)
Signal extraction (1.0,2.9)
Selection on |z, (0.0,2.9)
fc (0.0,0.4)
/o (0.2,6.5)
Integrated luminosity 2.9
Veto inefficiency due to pileup 3.0
Veto inefficiency due to dissociation 3.8
ITS-TPC tracking 2.8
Trigger efficiency 1.3
Branching ratio 0.6
Photon flux 2.0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162302

A light to new physics?

CMS 5.02 TeV, 1.65 nb!

Light-by-light cross section determination: Background estimation and systematic

U n Ce rtal ntl eS Table7: Summary of relative systematic uncertainties in the measurement of the LbL scattering

cross section.

o)
=
7]
Y
g
5
=
QO

<

PbPb, 1.65 nb™ ({5 = 5.02 TeV)

+ Data
|:| ¥ — ¥y (SUPERCHIC 3.03)
|:| vy — e'e” (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
- ag — yy (SUPERCHIC 3.03, scaled to data)

[
N

—_
(=]

Events / 0.0025
o
o

EE—
B 3

_ -
(=T

-,

—

———

Background normalisation
Background shape
Exclusive diphoton efficiencies

Luminosity

Total (statistical /nonstatistical)

15%
14%
12.5%
1.5%

24% (15%/19%)

- CEP MC scaled to data in region A% > 0.015

8E- ¢
B . .
e 1 - Extrapolated to signal region AQ’ > 0.01
2 -
o i * H . I Breit-Wheeler Central exclusive diphoton
g F ignal pr - -
s E o} N { { } }I gnal process vy > ete production (CEP) gg — vy
[a] = % { R R & e
E ) * + H % Pb[*) Pb(*) (%)
0?001 0.002 0.01 0.02 0.03 %1 Pb Pb Pb Pb
A,
o
Figure 5: Diphoton acoplanarity distribution over A;q’ = 0-0.1 in events passing the fiducial ¥ * ¥ ¥ * g « ¥
criteria of Table 1 (except the Ar < 0.01 one) measured in data (black dots) compared with the Y 4 b g Y "
predictions for the LbL signal (orange histogram), the B-W process (yellow histogram), and . L& s
the CEP (blue histogram, normalised to data as explained in the text) backgrounds. Error bars Y Y Y g Y
on the data points show statistical uncertainties, and dashed bands on the stacked histograms o “
(and at unity in the data/MC ratio) represent systematic uncertainties. Pb Pb Pb Pb Pb Pb®
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ATLAS 5.02 TeV, 2.2 nb'

A light to new physics?

Light-by-light cross section determination: Background estimation and systematic
uncertainties

Source of uncertainty Detector correction (C')
[Te] T T T T T T T T T | T T T | T T T T T T ]
=1 J -
2 ATLAS ] 0.263 + 0.021
P Pb+Pb \-% 502 TeV ] Trigger efficiency 5%
IS ] . ,
o - Photon reco. efficiency 4%
i} y ] Ndata — kag - . o
—e-Data, 2.2 nb ] Ofid = - Photon PID efficiency 2%
[_ISignal {yy — v7) ] C x [ Ldt Photon energy scale 1%
C [CICEP gg — vy N ' . i
- Wy — ee E Photon energy resolution 2%
= e Photon angular resolution 2%
F ] Alternative signal MC 1%
= = Signal MC statistics 1%
= E Total 8%
AR ] Table 1. The detector correction factor, €, and its uncertainties for the integrated fiducial cross-
002 004 006 008 0.1 g-1 2 section measurement. The second row lists the numerical value of C' together with the total uncer-
¢ tainty. The total uncertainty on C' is a quadratic sum of systematic and statistical components.

Figure 6. The diphoton acoplanarity distribution for events satisfying the signal region selection,

but before applying the A, < 0.01 requirement. Data are shown as points with statistical error - Uncertalnty In baCkg round estimation gives

bars, while the histograms represent the expected signal and background levels. The CEP gg — v~ 6% uncertainty in integrated fiducial cross
background is normalised in the A4 > 0.01 control region. The signal prediction is normalised to .
the same integrated luminosity as the data. The shaded band represents the uncertainties in signal section

and background predictions, excluding the uncertainty in the luminosity.
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https://link.springer.com/article/10.1007/JHEP03(2021)243

ATLAS 5.02 TeV, 1.94 nb

YY=2>HH with non-UPC configuration

Muon pairs as electromagnetic probes of the quark-gluon plasma

« Consider transverse momentum scale: K1=1/2(p;+P12)(17-|d1-0,])
» ky=0, if leptons are back-to-back in ¢
+ ky=factor*taverage p;, where factor is larger if leptons are more aligned in ¢

- Denendence on collision centrality - Influence of magnetic field effects?
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- More central collisions have on average broader k.-distribution, but not an effect from magnetic fields
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