N

24

&

Prospects for UPC at the LHC

Peter Steinberg, BNL
ALICE-USA meeting, Yale University / May 31, 2024

Brookhaven
Nat

ational Laboratory https://www.symmetrymagazine.org/article/a-collision-of-light



What happens at very large
Impact parameters when large
nuclei “miss” each other?




Stripped nuclei have
very strong EM fields
(B=O(101%) T

/=82 packed into a subatomic
volume traveling ultra relativistic
speeds (Lorentz contracted)!

Classical fields can be understood
as a source of nearly-real high
energy photons!

A powerful QCD laboratory is also
a powerful QED laboratory!




Fermi, Landau, von Weiszacker, Williams

Equivalent Photon Approximation

For a point charge:

d3Ny aZ?
n(k,b) = TR N Wf(kb/y)

E§§T§§§

energy depends on radial distance:
the lower the b, the harder the spectrum!

Coherent strengths (rates)
scale as Z2: nuclel >> protons




“Exclusive yy” processes

Pb

vy “luminosity”

i
lepton decays

b
7N :
i

lepton pair production

(Breit-Wheeler formula, Brodsky et al 1971)

.
\CK/: f(r{ rare QED processes
i | BSM physics
/Cﬁ\ L:LL'

p,Pb p,Pb

photon pair production

(via quark, lepton, W, BSM? loops)

Heavy ion collisions provide clean environment for study of QED & BSM processes
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Photonuclear processes

“exclusive”/elastic
vector meson production:
nuclear geometry
nuclear PDFs/GPDs
parton saturation?

inelastic hadron and
jet production:
nuclear PDFs
parton saturation?

Photonuclear processes provide similar capabilities to ep/eA machines!
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Electron-ion collider (BNL & JLab)

Detector
Storage Ring

Electron Accelerator

lon Collider Ring

z < : o N e S o . o o

T 2 A Rt -

Partonic and spatial structure of nucleons & nuclei:
W,p ~ 140 GeV

Mark Strikman - thurs parallel



The UPC opportunity

The EIC is going to be the next major generational machine for the NP
community

* Detailed studies of PDFs and nPDFs

e Spatial imaging of nucleons and nuclei

« Search for new QCD physics at low x

* Photon-initiated BSM physics (e.g. weak mixing angle, e—1)

UPCs offer well-understood beams of nearly-real photons that provide
access to pertinent QCD physics

* nPDFs, spatial imaging, saturation

They also provide opportunities to HEP that (so far) are unique, even at
the LHC

« BSM physics with dileptons or diphotons

They even offer one of the “smallest” collective systems that can inform
our understanding of the QGP

Our collider detectors at the LHC are excellent for this task

» Large acceptance (ATLAS/CMS |n|<2.4, ALICE |n|<0.8 and n=-2.5-4,
LHCb n=2-4.5) and flexible detectors with powerful triggering (or no need...)
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exclusive dileptons
(“vy luminosity”)




2 photon flux, 2 approaches

d*N for dileptons we use well-known
v = 8(]{1, k29 L )dklde Breit-Wheeler cross section formula
dkldkz (Brodsky et al, 1971)
STARIlight: 2N : :
49) b>R, b,>R, /
R forward neutron (no) hadronic
topology interaction:
point like charge with radial cutoff Glauber calculation

Comput.Phys.Commun.
212 (2017) 258-268

SuperChic:

ON,N,—N; XN, = J dxqdxg n(xy)n(x2)6,,x

2 2

n(xi): 2 2 2.9 2 2.9 (1_XI)FE(Q1)+_FM(Q1)
X ) qp TX;my \q; TX;my 2

i

charge distributions using known form factors

SciPost Phys. 11,064 (2021)
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an exclusive dimuon event

ATLAS

EXPERIMENT

Run: 287038
Event: 71765109
2015-11-30 23:20:10 CEST

Dimuons UPC Pb+Pb 5.02 TeV

highest mass dimuon event in 2015 dataset - my, = 173 GeV
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an exclusive dielectron event

Run: 365512
Event: 130954442

EXPERIMENT 2018-11-09 07:56:44 CEST




Exclusive dilepton processes & dissociation

Pb Pb Pb Pb Pb Pb
I -
ko ko ko u
Y
pt ut
. \ «
(a) Pb Pb (b) Pb Pb (C) p (in Pb) Pb* + X

PbPb(yy) — u 1~ (Pb™Pb™) is the primary signal Breit-Wheeler process

PbPb(yy) — uT 1~ y(Pb™Pb™) is a radiative process (still signal!)

Pb + N/Pb(yy) — u*u~X(Pb*Pb™) is dissociative background process
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How exclusive is “exclusive”?

Exclusive processes can still

excite the nuclel, via secondary
photon exchange, depending  °
on impact parameter

Nuclear Physics A159 (1970) 561 —576

Partialcross-sections

b

0.3

. NEs
ozl [ 1251 36 Mev
oL

[" { ' - e ‘I.‘i‘ o
7 8 9 10 M 12 D% 15 16 17 1819 20 21 22 23 24 25 26 27 28 29 30 MeV

Fig. 1. Partial photoneutron cross sections o.,, a, 0y, 2a; Oy, 30, and Gy, 4n of 2°8Pb. We also show the
descending part of the unique Lorentz line giving the best fit to the experimental ay_T(E) curve.

“Giant dipole resonance”:
all protons vibrating :
against all neutrons 30000k Pb+Pb 2018, 0.8 b’

ATLAS Preliminary

Counts

— UPC selection

— knOCkS OUt 1'4n E ---- MB selection

20000 |

which we can “count” in : :
our zero degree calorimeters! 10000 ~ ]




Corrected counts / bin width

Phys. Rev. C 104, 024906 (2021)

ZDC selections in exclusive yy—pp

4000 ———————— e ATLAS OnOn
: ATLAS e : PbPb(yy) — u*w(Pb(*)Pb(*))
B | PbPb(yy) — u u'(Pb 'Pb ) ] p, >4GeV,Inl<24 Xnon
n : P, >4 GeV, h]ul <24 . m,, > 10 GeV, pT‘w<2GeV %
3000 m,, >10 GeV, p, <2GeV ]
B : O ZDC+(n >8.3) i
~ ! ® ZDC- (n <-8.3) - %
L # n _— % 102
2000 ; $ 1 30
- 2 1
. 5 il 0 0
1000~ ‘e 3
——o— ¢ _ X
0 e...| &%’m OO/QS 73 3 \\26
107" 1 10 Y e
E,../(2.51 TeV)
ZDCs can easily distinguish On from We can then classify events by their
1n, 2n or more neutrons neutron topology:

- :  0OnOn - no neutrons on either side
Typically make a selection at ~0.4 of

the neutron energy to divide no
activity (On) from 1 or more (Xn)  XnXn - neutrons on both sides

e XNONn/0OnXn - neutrons on one side
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ZDC fragmentation in STARIlight

Spencer Klein & PAS, Ann Rev Nucl Part Sci Vol. 70:323-354
| | | | | [ | | | | | | | [ |

C) 2R,

= e m oo S
probability : _
of forward R |
neutron 0.5— _
production i STARLIGHT r313 |

LHC beam energy

i —— XnXn )
i —— 0OnOn N
- XnOn =
| _ - oL
° 107 10°
b (fm)

Selecting ZDC topologies selects impact parameter ranges!
(exploited by several of the results | will show soon!)
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JHEP 06 (2023) 182

Dissociative contributions from €€ acoplanarity

PTe > 25 GeV, |r|e|<2.47,pTee < 2 GeV
A¢
/4

mostly “back to back”, soa =1 — ~0

B B B LB L B
3 ATLAS

Pb+Pb VSNN=5.02 TeV

vy—e*e, L=1.72 nb"

T
ATLAS
Pb+Pb VSNN =5.02 TeV
vy— e*e’, L=1.72 nb’

Events / bin width
S,

Events / bin width
o

OnOn ] Xn0On
10* fyg = 0.003 = 0.002 - 10* fyg = 0.099 + 0.006
e Data 2018 : e Data 2018
3 [ - = = = STARIlight+Pythia8 1 3 - = = = STARIlight+Pythia8
1078 ... Dissociative (SC4+Py8) = 10°% .. Dissociative (SC4+Py8)
- s | Otal . e | Otal
102 3 10 < mee <20 GeV, Iyeel < 08_§ 102 10 < mee <20 GeV, |yee| <0.

E 10 ._
1_—| L1 |“I|r”'|.“|“f“|“illll| ] = 1 l| I B I—_ 1 ' T |.|-.|--|L||_| ' BT
0 0.020.040.060.08 0.1 0.120.14 0 0.020.040.060.08 0.1 0.120.14
o(=1-1Ad/x) o(=1-1Ad/x)

OnOn signal distributions beautifully described after including QED showering!

Xn0On and XnXn require contribution from dissociative processes
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JHEP 06 (2023) 182

ee: rapidity and <pre>
p1e > 2.5 GeV, |ne|<2.47, Mee > 5 GeV, pree < 2 GeV
g 180

=3 C ] ;' _| | [T T 1 | | _
= ATLAS E 3 10°E°° ATLAS E
E S - SR =
ety : j‘ — —
- 1 Gl F -
3 ER N
- = © S =
" PbePb (5.5, 02TeV | i E - [ -
60¢ yy— €' é/T 1.72 b’ o 1 1075 Pbepb ) Sy =5.02 TeV S E
u Inclusive ZDC 8 = = E 3
40F —] - yy—e'e L=1.72n -
- e Data 2018 s . o Inclusive ZDC -
20— (i I IR S S e
SRR S E SuperChic .
S120 = [ ]
~ 1 :E__"_"_"_"_';'."."l'."."."'"'"""'""""'""_"_"_"'_"_"_'""""'"'.".".'".".".".'-"-"-"-"-"-'.'"""""'_"_"_"_"_"_':""""""'.".".".".".".':é 2 . E
~ B -
©0.8F E 5
e E | | L |
O 05 1 1-5 2 2-5 F 1 1 1 1 1 1 1 1 1
ly_| 10 20 30
<p’> [GeV]

Both ee and pu observe steady rise with |yee|, relative to STARIight

STARIight tends to underpredict data while, SuperChic has the correct
spectral shape, but overpredicts data.
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ATLAS: Phys. Rev. C 104, 024906 (2021)

ptu >4 GeV, |nu[<2.4, my, > 10 GeV, pryy < 2 GeV CMS: PRL 127, 122001 (2021)

Impact of ZDC selections

0.6

PbPb 5.02 TeV (1.5 nb™)
I I I

(- T T T T T T . | |
x 5.02 TeV 0.48 nb" L CMS '
c . . N . . i - ]
s | smrevossno o ATLAS Vil o __
S~ 10 < m,, <20 GeV g :
p B XnOn XnXn 7 14 F + - -
o Q Data (raw) [J Data (raw) e I AT Sy ' 1
< - @ Data (corr.) B Data (corr.) S 4ab T § I e 3
s 0.4) EOsTARigh [ JSTARIight B 3 ¢ *

' 12F prenes .
I Q - S ...STARiight |
— 11: --- b-dep.y p, —:
O ® _— | | | | —
0.2f ® 1 o + ........... ;
I S af W
¥ § | e _

I g ] = | |
3 - : 4
g E d E 1p | ly, | <2.4 i
0 \ \ . . L N p.>3.5GeV, 'l <24 .

o ’ 8 <m,, <60 GeV
10 20 30 40 50 60 . i | | | | |

My [GEV]

ZDC selections test the impact parameter dependence of the photon fluxes.

ATLAS sees expected modifications on longitudinal distributions: my, and y,:
selecting one or both ZDCs to fire makes the mass distribution harder

CMS sees clear transverse broadening in acoplanarity and increased mean myy
as event selections require more neutrons in the ZDCs
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STAR: polarization in UPC e+e-

cos ¢ = (pr1 + pr2) - (pr1 — pr2)/(|pT1 + PT2| X |PT1 — PT2|)

1400——— , , | | | | | —
- STAR o045<Mm_<076Gev, P <0.1GeV -
1200— . , -
- ¥ Au+tAuUPC ¥ Au+Au60%-80% x 0.65 -
= 1000:_ — Fit: Cx( 1 + Aqu)cos 2A + A4A¢cos 4A0 ) +16 _:
AN - 1] | -
& 8001 A -
~ -, -
2 600
c
o
O 400
200 | | .
5 Polarized yy — e*e: Without Polarization : "]
o — - QED == STARLight E
B === =3SuperChic | | | | | N
° 5 Ad=0_ -0
2 ee e

f; I {3 — —(cos 4A¢)
& L & — +{cosdA¢)

Optical Theorem

Breit-Wheeler Process,

........................

...............

Ao(yrm)

Light-by-Light Scattering

STAR demonstrated impact of linear polarization of initial photons,
as a correlation between the momentum sum and difference vectors!
A new tool in UPC physics.

Phys. Rev. Lett. 127, 052302
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Non-exclusive pyu from yy

Pb Pb
— —
ILl,_
]C2 /
A
kl \\
ut
_ —l— . _
Pb Pb

The same pp process can occur in non-UPC Pb+Pb collisions,
albeit accompanied by hadronic backgrounds (esp. heavy flavor):
are the outgoing muons sensitive to initial (e.g. B field) or final (QGP) effects?
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Phys. Rev. C 107, 054907 (2023)

Non-exclusive pyu from yy

' ' ' |
ATLAS
Pb+Pb 5.02 TeV, 1.94 nb
0-5%
Eventsx1.80

|
N

|
|
|
|
|
|
I
O
Is
oo
ol
_!:'“ _
.
o
?IIII|IIII|IIII|III

K,
- O ¢
- o * e
0.005 0.01

After accounting for backgrounds (heavy flavor & Drell-Yan), the opening angle
distribution at b<R becomes progressively broader than UPC, and even “dips” at a~0

Best understood so far as a QED interference effect
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BSM physics



a. from T+T' In Pb+Pb

u+1 track

H+3 track

ed: 201 ec-06 21:41: 2
Event / LS: 263400 / 885157 85 849

« Anomalous magnetic moment of tau leptons a.=(g.-2)/2 sensitive to

physics beyond the standard model
* Large mass of the tau increases sensitivity to new physics by (m./my)2

relative to muon g-2 (e.g. at BNL & FNAL)

 Three channels available: ey, p+track, p+3 tracks
« CMS focuses on p+3 tracks in 2015 data (404 pb-1), with no ZDC selections

O fits for ar using variation of o(yy—1r)

 ATLAS uses all 3 channels in 2018 (1.44 nb-1), requiring OnOn and cluster
veto to suppress dissociative and hadronic backgrounds

o fits for ar using modifications to pt(u) distributions, using uu to normalize photon flux

24



Phys. Rev. Lett. 131, 151802

ATLAS: 3 channels

7 T | \ | T T T | T Ii T | T T T I_ ! I ! ! ! ! I ! ! ! ! ! ! ! ! I ! ! ! ! I !
e} ATLAS | - OPAL 1998
[ Pb+Pb \s =5.02 TeV, 1.44 nb™ = I
(IR I . 131998 °
5L \ — Observed (Combined) I ] DELPHI 2004 !
- N ———————
- \\ — — Expected (Combined) II - ! ATLAS
A \ I E Pb+Pb \s,,=5.02 TeV, 1.44 nb
3 - \ e u1T-SR S — @ Best-fit value
ol \ N 95%CL____ ] | —— 9% CL
1— — Combined  — @ I
- N 68%CL ___ - |
O :l— | | | 1 | | |\ H .hlx | | | | | | | | | | | —0: EXIpeCted I _+ I I
-0.06 -0.04 -0.02 0 0.02 0.04 0.0g 01 0.05 0 0.05 0.1

A

 Observed 95% CL limits from a. € (-0.057, 0.024)

e Limits similar to that extracted from DELPHI in 2004
* Expecting substantial improvements from Run 3 & 4 data!
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CMS results a:; in Pb+Pb AND pp

CMS Preliminary ~ PbPb - 404 ub™ (Vs,,, = 5.02 TeV) H H —
R CMS Preliminary 138 b (13 TeV)
® 30~ | data
e C
= o5 I s ten, e Observed —68% CL —95% CL
-og - - background T T T T | T T T T [ T T T | T
¢ 200 SM
W50 OPAL
10 E_ s PLB 431 (1998) 188
500 | el |
o L3 -
5 2 ] PLB 434 (1998) 169 !
‘6_ (;I I ‘ ’0'0'0'0'""""""""""""‘"""""
S 2.8 29 3 3.1
EPJC 35 (2004) 159
CMS Preliminary 138 fb! (13 TeV)
£ 250087, Opservedi Ziv* — vt ] Ziy* — eelun |
o - []Excl. bkg. @ VV + it Il Jet mis-ID — t—
Lﬁ 2000 yy — Tt [ ]Uncertainty ATLAS Pb+Pb
T PRL 131 (2023) 151802
1500F b |ieomsia | |
A Ll + }
1000¢ T CMS Pb+Pb o
500 PRL 131 (2023) 151803 '
g 12 | | | | This result o
L|>j 1.1 * + . :
G AR R A A B S
s o o 0.1 0.05 0 0.05
0 2 4 6 8 10
Ntracks a‘[,'

CMS made a dramatic advance by looking in the full Run 2 lumi,
using a combination of leptonic and final states, using events w/ few extra tracks
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light-by-light scattering

Candidate Event:
Light-by-Light Scattering

EXPERIMENT




Light by light scattering

Pb Pb® Pb Pb® Pb Pb®

Pb Pb® Pb PL® Ph PL®
Signal process is the observation of two photons and no other activity.
However, electron pairs can mimic photons if we don’t see their tracks.

Also, there are gluon-mediated processes with two-photon final states
(“central exclusive production”, or CEP)
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YV acoplanarity

8 80_ [ [ [ [ [ [ | [ [ [ | [ [ [ | [ [ [ [ [ [ ]
=) E ATLAS E
@ 704 -
o B Pb+Pb \/sNN =5.02TeV =
[= P ]
| E
5 —e— Data, 2.2 nb™ .

50 Signal (yy — vv) B

B CEP gg — vy ]

40 * By — ee -

N Syst. uncertaint B

300 y y E
.:.:.: _:
10— —

% 002 0.04 006 008 01 0.12

vy acoplanarity (A+=1-Ad/m) used to reject or enhance backgrounds:
signal dominates in A4<0.01

CEP backgrounds typically estimated using data-driven approaches,
and requiring ZDC strongly enhances these
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1/, [TeV™Y]

ATLAS: JHEP 03 (2021) 243

BSM physics using LbyL

Existing constraints from JHEP 12 (2017) 044

—
<

LHC |

Y -y +inv. LEP (pp) |

0
10" Fete- -y +inv.
[ PrimEx LEP

CMS yy - 97 (2019) 134826] |

ATLAS

-1 |
10 5 Beam-dump ATLAS yy = yY (this paper)

10° 102 10" 10° 10" 102  10°
m,; [GeV]

Light-by-light scattering is sensitive =
to the production of axion-like \%z/ﬁ

particles (ALP) /&%

STARIight 2.0 used to generate mass distributions
to test for significant excess: none found
so data used to set 95% CL upper limits
on cross section & coupling

30

Pb + Pb (yy) — Pb" + Pb" yy at (s, = 5.02 TeV

SuperChic (v3), Eur. Phys. J. C79 (2019) 39 00—
------ M. Klusek-Gawenda et al, Phys. Rev. C93 (2016) 044907 stat total

ATLAS, L, =2.2nb" e +1120+ 17 = 14
JHEP 03 (2021) 243 5

CMS, L_=0.39 nb’

° —1 91+ 36 +24(9)
Phys. Lett. B 797 (2019) 134826
Average o—+ 1151511
Lw=2.6 nb’

(#) Scaled to fiducial region

| | | i | | | | |
20 40 60 80 100 120 140 160 180

Omeas. [Nb]

Joint working group starting to perform
detailed combination measurements
accounting for correlations.

old — 115415 (stat.) =11 (syst.) =3 (lumi.) & 3 (theo.) nb

meas.

— 115419 nb,

Important effort for extracting full potential
from LHC runs 3 & 4



spatial and momentum
parton structure of
nucleons and nuclel




CMS Experiment at LHC, CERN

Data recorded: Sat Nov 28 01:35:16 2015 CET
Run/Event: 262777 / 9332894

Lumi section: 98

Orbit/Crossing: 25546801 / 1572

dimuon object
invariant mass = 3.13 Gev

LHC experiments have a broad variety of results on vector meson
(p,1,Y) in Pb+Pb (y+A) and p+Pb (y+p) collisions!
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Momentum & spatial structure

cross sections sensitive to d2

square of gluon density: 9
sensitivity to shadowing &
saturation physics dYdt

x (xG(x))’

Schenke & Mantyasaari, 2016

Incoherent/Breakup

J/Y

p(P') - [\

t4 to It t3 tq

do/dt

S/

Y (P

elastic production: proton survives incoherent production: p/A, RIP lss

do7 A— VA
dt

elastic: sensitive to average incoherent ~ ; (AP
spatial extent of object '
P J = > (ilAINT(FIAL) = (IJAN T Al
f

- ‘<A7*A—>VA>Q‘2

dissociative (incoherent) N <|A|2>Q o |<A>Q|2

sensitive to fluctuations
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Imaging the nucleon (y+p)

Mantyasaari & Schenke, Phys. Rev. Lett. 117, 052301 (2016)
Mantyasaari, Schenke, Shen, Tribedy, Phys.Lett.B 772 (2017) 681-686

107 With sh;pe fluctuations | i ‘H1 coherent | 0.12 T T T T T T T T

= Only color charge fluctuations H1 incoherent IP-Glasma + round proton + MUSIC ...

102} 01+ IP-Glasma + fluc. proton + MUSIC  — ]
= 0.08 | CMS peripheral subtr. o _
SEEl! -~

Al

el & 0.06 o o © S
S 0.04 L e i

ol 002 |

‘ ‘ ‘ TS 0 | | | | | | | |
0.0 0.5 1.0 ) L5 2.0 0 20 40 60 80 100 120 140 160 180
1] [GeV offline
I\Itrk

Fluctuating hot spots in proton needed to Same fluctuations have been succesfully

describe dissociative (“incoherent”) incorporated into hydro calculations for pp

J/y photoproduction

Beautiful connection between HERA (& eventual EIC) physics
and the urgent needs of the RHIC/LHC heavy ion program!
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dN/dp_ (GeVic)®

J/P measurements & NLO theory

. A A
LHCb arXiv:2107.03223 LA L GO B 7N R L S GO
ALICE: Eur. Phys. J C (2021) 81:712 dy dk B dk o
ALICE, Pb-Pb =5.02 TeV 1 —
SR _] NLO with EPPS16 T U K= My
» Lint =233 £ 6 ub’ ] ol N — =
yl<0.8 3.00 < m,,, < 3.20 GeV/c? _ ] Vsww=5.02TeV ’ N Z = r2r':37 ot
- « ALICE data 2 64 u=Ur=pR e
10 — Coherent J/y E. ] + ALICE Cent
— Incoherent J/y o) ] ALICE Forw
— Incoherent J/y with nucleon dissociation A DT /
— Coherent JAy from ' decay + ] ! <+ LHCD Forw
- Incoherent J/y from y' decay % 4: ,/
— Continuum yy — I + 47 /
1072 — Fit: %%/ dof=2.44 éf ] / + +
T 34 ys
~Q ] 7
ol ] £
PP
: 4 $
103 e
: 3 14 P 4
R o arXiv:2203.11613
{ y T T } ()-: ..................................................................................
0O 02 04 06 08 1 12 14 16 18 2 ————, :
p_ (GeV/c) -6 -4 -2 0 2 4 6

T

y
NLO cross sections being calculated, to potentially allow
J/Y data to be productively used for PDF/shadowing extraction

1

M o (0)Y? [ o [Tolx,FE(x6.0) + T OFS(x.6.0)] < GPDs!

—1
Large scale dependence (and perhaps ALICE/LHCb tension) but
iImportant progress towards including vector mesons into PDFs
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Probing nuclear shadowing with J/{

Bjorken-x

1072 10°° 107 107°
i 2 _I L I I | IT 1T 1T 1T 1 I I | ITT T T T 1 I I | I T T 1T 1 I I I I_I
%) ~ ¢ ALICE, Pb-Pb |5, = 5.02 TeV .
1.8~ ¢ cMs, Po-Pb \S\n = 5.02 TeV (arXiv:2303.16984) ]
16 — & Guzey et al., using ALICE Pb-Pb |s, = 2.76 TeV (PLB 726 (2013) 290-295) =
" A Contreras, using ALICE Pb-Pb |5, = 2.76 TeV (PRC 96 (2017) 015203) N
1.4 Impulse approximation ----LTA —
-~ --- STARIight ----GG-HS -
1.2 —EPso9LO — - b-BK-A e
1= -
0.8— —
0.6 = = —
- , @Eﬁﬂm_ﬁlﬂ_i
0.4 Consistency between !
0.2 ALICE and CMS results —
O : | | | | | | 1 1 | | | | | | | 1 1 | :

20 30 40 50 10° 2x10? 10°
W, pon (GeV)

J/ cross sections can be turned into photonuclear cross sections using
selections on the ZDC, method now used by both ALICE & CMS.

Comparison with “impulse approximation” gives empirical estimate of
nuclear shadowing effects on J/{ production
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Prospects for J/W in ATLAS

ATLAS

EXPERIMENT

3. _I T T T T T T _]
© B o ATLAS Preliminary i
£ 100001~ . Pb+Pb |5, =5.36 TeV
3 - . TRT FastOR i
© 8000 L1total E; <20 GeV ]
B ° * HLT 1-5 tracks p.> 1 GeV |
6000— N, =2,p. <200 MeV ]
: ° T,2trk :
— . —
. p—
4000~ o . -
W R .
2000_— ]

0 _I | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

26 28 3 32 34 36 38 4 42 44
My, [GeV]

Newly commissioned TRT trigger let ATLAS

accumulate large sample

of exclusive J/Y using full acceptance of our

do,,, / dy (mb)

37

tracker.

Analysis ramping up but excited about

continuous coverage

over wide rapidity range - should help

CMS

resolve theoretical puzzles!

PbPb 1.52 nb™! (5.02 TeV)

6_

4+

Pb + Pb — Pb + Pb + JA

—e— CMS
—&— ALICE 2019
—e— ALICE 2021 :
—&— LHCb 2022 +_._

AnAn_ ...




STAR: probing nuclear geometry w/ p©

PHYSICAL REVIEW C 96, 054904 (2017) PHYSICAL REVIEW C 96, 054904 (2017)
T T T T T T T T L I I I I I I

CE F o T, (\III_I 0.035 T - T T T I T T T T | | ]
S : S | et teee,,, | = 2D fourier transformation varying maximurm - _
> L 810 F L 7Y HI:I — _
o S | N _
5 | 2 —
5 000000 = u N
E CH] %0006, 2 0.025 —
3B 107 P L - ]
o .—; - -
o ] Q - —
0o’ 00001 0002 0005 . L N .
10 \ -t [(GeV/c)’]] 0.015— —
- Q o ® ] - _
- O - - —
1L R, ¢ N 0.01— —
: N ¢ E n —
E ] bty o : - .
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Diffractive dips in -t = p72 observed with coherent p

Topic of great interest for the EIC, also with ¢ & J/y, in both DIS and
photo production, and with differing sensitivity to saturation effects
(but important backgrounds from incoherent processes)
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arxXiv:2204.01625

STAR: coherent p%— Tt

A STAR: Photonuclear p° — mtn-

B STAR Signal sttn- pairs vs. Models
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S8 A N f’f Sodigy w
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Just as with dileptons, polarization offers a unique
handle on imagine the nucleus with vector mesons

cos ¢ = (pr1 + pr2) - (pr1 — pr2)/(|PT1 + PT2| X |PT1 — PT2|)

Linear polarized photons lead to distinct interferometric
effects in A+A (not in p+A) which are also sensitive
to nuclear geometry (via fits to -t distributions)

Al +77), (=)

Isaac Upsal, Tues parallel
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Impact parameter dependence from ALICE

arXiv:2405.14505
§1.4f— Experimental OnOn 1.45— Experimental XnOn 1_43- Experimental XnXn
=y [ r [
I f § 1.3;_ l?:;lilfviata 1'3;_ALICE Pb-Pb UPC VS_NN=5-(;2 TeV 1.3;
Brand new result from
2 . *+++* Physical XnOn + OnXn T
110

Physical XnXn

ALICE on these quantum
Interference effects as

1.1

1

'y
T T T T

a function of “centrality”!

COmpaFISOnS Wlth mOdels 0 w4 w2 3lax (;c 0 w4 /2 3laxn q:c 0
that treat the p production . ¢
as the scattering of color

ALICE Pb-Pb UPC \s, =5.02 TeV

o3 Thrmeororron R
dipole off of a CGC = -
0.25— 4 ALICE J —
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The interference increases o . =
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0 OnOn XnOn + OnXn XnXn
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ATLAS

EXPERIMENT

Run: 286717

Event: 36935568
2015-11-26 09:36:37 CEST
Pb+Pb, Vsyy = 5.02 TeV

photonuclear jet production

use jets to directly probe nuclear PDFs
Xn0On topology enhances events, verified by “gap”




ATLAS: Triple differential UPC dijets

ATLAS-CONF-2022-021

 Use ZDC as part of primary trigger

* Require gaps to ensure photonuclear
topology

 Use jets to define kinematic variables
akin to variables used in deep inelastic

scattering
) M: . ..e Yiets M. e"')’jets
H; = Zp"T X4 = Jets Zy = Jets
- SNN SNN
“Q2” “Xy”

* Selections on zy to minimize
acceptance affects

* Triple differential cross sections can be
compared to Pythia8 using nCTEQ
PDFs

* Reweighed Pb photon flux

» Modeled correction to account for
requiring Xn0On

* Final results are complete and paper is
in preparation!

1
1
1

[ub/GeV]

©
)
O

dH; dx, dz,

Theory / Data
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inelastic photonuclear processes

AT LAS Run: 286717
Event: 43643466
EXPERIMENT 2015-11-26 09:53:40 CEST
Pb+Pb, vsyy = 5.02 TeV

soft inelastic collisions are typically modeled using VDM: p+A
does a “small” hadronic system show collective behavior like p+A & pp?




3D flow in photon-nucleus collisions?

photons interact hadronically via
fluctuations in quark-antiquark pair

3D simulation of a photon-nucleus collision!

Does this system show “flow” like in heavy ions or proton-proton?
Simulations suggest possible, but need to work in full 3D!

Phys. Rev. Lett. 129, 252302
44 https://www.bnl.gov/newsroom/news.php?a=120817



Phys. Rev. C 104, 014903 (2021)

Extracting flow contributions
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Two particle correlations of charged particles to extract vo

Template method has been successfully used to extract
flow coefficients from pp data, based on use of a lower multiplicity sample
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Collective flow in y+A?

V2 and v3 observed - with
no observed multiplicity
dependence, and lower
than p+Pb and pp

Signs of collectivity (QGP)
in y+Pb? y+p does not
show this!

Great interest for people
excited about physics at
the EIC, esp. high density
QCD effects

Hydrodynamics can predict
the data, after being tuned
to pp/pPb

Phys. Rev. C 104, 014903 (2021)
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Phys. Rev. C 104, 014903 (2021)

Collective flow in y+A?

Vo and vi3 observed - with Phys. Rev. Lett. 129, 252302

no observed multiplicity 0.2 '_3DGLAU;3ER+MUSIIC+URQI\/IID ATLIAS data | _
dependence, and lower [ —1"+Pb,20<N_<60,P([s.,) ® UPC, 20<N_<60]
than p+Pb and pp [ —-p+Pb, 20<N_ <60 * p+Pb, N >60 -
015 - p+Pb, N_>60 "L
Signs of collectivity (QGP) = | g E T
in y+Pb? y+p does not = 01 ﬁ,,{‘fi, -
show this! : o :
| 0.05F vvﬂﬁ//{' ~
Great interest for people - //'I' :
excited about physics at o + _'
. . R T T A R R | . | L1 1

the EIC, esp. high density 0 05 1 15 > 55

QCD effects p_ [GeVic]

Hydrodynamics can predict
the data, after being tuned Lower values of v2 reflect a more

to pp/pPb compact initial state

47



Radial flow from mean pT
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Also predicts expansion will be the same in y-nucleus collisions as in
proton-nucleus collisions at same N¢n

ATLAS recently measured this, and observes average transverse
momentum to be similar in some regions, but not all - hints of 3D flow!




Summary

“Light”ning tour of what can be done with UPC at the LHC

Photon-photon processes

* electrons, muons, tau lepton pairs, photon-pairs
* Probing both QED and BSM physics

Photonuclear processes
* Jet production to probe nuclear PDFs
* Soft hadron production - studies of collectivity (full circle back to the hadronic program!)

* Exclusive vector meson is already providing a wealth of insight, which will only increase
with integrated luminosity

LHC Run 3 finally began in 2023

* Expect x3 more data than in Run 2 (2015-2018)

* New detector capabilities from the Phase 1 upgrades
* Lots of new exciting results to come!

| didn’t even get to the Pb+p program (or O+0O or p+0)
* Interesting workshop coming up at CERN interested in this

* “Physics with high-luminosity proton-nucleus collisions at the LHC - Workshop” -
https://indico.cern.ch/event/1389579/
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Fraction of n*n” candidates
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ALICE streaming data is a UPC dream
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