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LTRA ERIPHERAL OLLISION OF HEAVY IONS

The strong electromagnetic field is a source of photons

that can induce electromagnetic reactions in ion-ion collisions.
Electromagnetism is a long-range force, so electromagnetic
interactions occur even at relatively large ion-ion separations.

| UPC: by, = Ry + Ro = 14 fm |

Photon energy: w = % ~ v x 15 MeV
min

| Virtuality: Q2 = # ~ 0.0008 GeV2 |
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UPC GENERATORS

MC EVENT GENERATORS

(@ STARIight simulates two-photon and ~-IP interactions between relativistic nuclei and
protons. It produces a variety of final states. For two-~, it simulates lepton pairs and a
variety of mesons. For photonuclear interactions, it models coherent and incoherent vector

mesons production.
S.R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, J. Butterworth,
Comp. Phys. Comm. 212 (2017) 258

(@ SuperChic - event generator for exclusive and -initiated production in proton and heavy
ion collisions. A range of SM final states are implemented, in most cases with spin
correlations where relevant, and a fully differential treatment of the soft survival factor is

given. Arbitrary user-defined histograms and cuts may be made.
L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling,
Eur. Phys. J. C80 (2020) 925

@) UPCgen - simulation program for £+¢~ pair production implements a refined treatment of
the ~ flux allowing us to improve the agreement with ATLAS data at large dilepton
rapidities. Besides, the new generator offers a possibility to study ~ polarization effects and

set arbitrary values of the lepton anomalous magnetic moment.
N. Burmasov, E. Kryshen, P. Buehler, R. Lavicka,
Comput.Phys.Commun. 277 (2022) 108388

@ gamma-UPC is a library for calculating the photon fluxes in the exclusive y-v processes in
ultraperipheral proton and nuclear collisions. It is derived from electric dipole or charge

form factors, and has incorporated hadronic survival probabilities.
H.-S. Shao, D. d’Enterria,
J. High Energ. Phys. 2022, 248 (2022)
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LIGHT-BY-LIGHT SCATTERING

LIGHT-BY-LIGHT SCATTERING
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LIGHT-BY-LIGHT SCATTERING vy — 7

-LIGHT SCATTERING

WELL-KNOWN

I~ 10" T T
<
T, N N, Ny o 10 N
N A i
w W BN ot
o lept
7 Y N T T 7 quarks
o I, o8 U W
N\
Fermionic boxes (LO QED) W Box R
FormCalc. LoopTools. ‘\\
— 2 4 r oA a N
[Moyy—~]2 = aenf(t, U, 8) b
VDM-Regge WE ADD 2-g|uon exch. ced vl vl cd i NN
| | | | 102 10! 1 10 10° 10°
Vs (GeV)
I U A 5 5 We have compared our results with:
oin ) f Q Jikia et al. (1993),
AN O Bernetal. (2001),
NSV VY WY VAN )
fluctuation of ~ formally 3-loops O Bardin etal. (2009).
into virtual p, w, ¢ Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop fermionic
contributions in the ultrarelativistic limit (3, |3, |&] > mf).
The corrections are quite small numerically. ‘iﬁ
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LIGHT-BY-LIGHT SCATTERING vy — 7

ELEMENTARY CROSS SECTION

v boxes W =10 GeV

v VDM-Regge
z=cosf v 2-gluon exchange Pt, = psing
—_ T T T < '1,\ L T T
2 i T 2-gluon exchange, n=4 % 107 T " J2-gluon exchange, =4
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0 = 3 - boxes, large z (low pt ) - VDM-Regge.
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LIGHT-BY-LIGHT TTERING NUCLEAR CR

AA—AA~~y - FORM FACTOR

= realistic

= monopole
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LIGHT-BY-LIGHT

'TERING NUCLEAR CRO

AA— AA~7y - CMS & ATLAS RESULTS

*xX X X X X

ECTION

ATLAS Collaboration, »+  ATLAS Collaboration, »+ CMS Collaboration,
PRL 123 (2019) 052001 JHEP 03 (2021) 243 PLB797 (2019) 134826
P, > 3 GeV X E"v > 2.5 GeV X E’v > 2GeV
[ny] < 2.4 X nyl <24 X |yl <24
My~ > 6GeV X My, > 5GeV X My, >5GeV
Pty < 2 GeV X Pty < 1GeV X Pty < 1GeV
Aco < 0.01 X Aco < 0.01 X Aco < 0.01
Experiment Theory
Collaboration o [nb] Vegas SuperChic gamma-UPC
ATLAS (2018 data) 78 4 13(stat.)£=7(syst.) 51 50 —
ATLAS (2015+2018) 120 + 17(stat.)+13(syst.) 80 77 70
CMS (2015) 120 =+ 46(stat.)£28(syst.) 103 101 —
g T T T T S T T T T et Tt Underestimation:
S e o2 e T e O tetraquarks
e ours [b > 14 fm) i & Ffermionic boxes X(6900) ?
s -----= Ours [§%(b)] £
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=
F E T ] O coherent sum of
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a E £ O piori ”
3 £ 0%k T, (1S1577) pionic boxes 7
D‘; g —bO.AS kev.
3 L L o o L L e 0.17 keV
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LIGHT-BY-LIGHT SCATTERING NUCLEAR CRO
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= P. Lebiedowicz, A. Szczurek, = M. K-G, A. Szczurek, Phys. Rev. C87 (2013) 054908;
Phys. Lett. B772 (2017) 330, ) w7~ and 7070 pair production in photon-photon
The role of meson exchanges in light-by-light and in ultraperipheral ultrarelativistic heavy-ion
. INSTITUTE OF NUCLEAR Pvsics
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LIGHT-BY-LIGHT SCATTERING NUCLEAR CROS

UPC OF AA...

ooxes
ALICE cuts v bkg LHCDb cuts
v mesons
5\10‘3 T T T ;10‘3 T T T
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Total nuclear cross section [nb]
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Fiducial region [ ALICE ] LHCb | ALICE [ LHCb
Boxes 4890 3818 146 79
7070 bkg 135 300 40 866 46 24
n 722 573 568 499
n’(958) 54 241 40 482
nc(1S) 9 5
Xco(1P) 4 2
1¢(2S) 2 1
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LIGHT-BY-LIGHT SCATTERING NUCLEAR CROSS SECTION
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LIGHT-BY-LIGHT 'TERING NUCLEAR CRO ECTION

AA—AA~yy @ FORWARD REGION ?

v ALICE Collaboration,
Letter of Intent: A Forward Calorimeter (FoCal) in the ALICE experiment,
CERN-LHCC-2020-009

— 3.4 <n<5b8

The forward electromagnetic and hadronic calorimeter is an upgrade to the ALICE experiment, to
be installed during LS3 for data-taking in 2027—-2029 at the LHC.
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LIGHT-BY-LIGHT SCATTERING NUCLEAR CROSS SECTION

AA—AA~yy @ LOW p; REGION ?
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PRODUCTION OF LEPT

FOUR-LEPTON PRODUCTION

b )
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Good description of single pair production = two e*e™ pair production...'.;L
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PRODUCTION OF LEPTONS POSITRON-ELECTRON

AA — AAete & AA — AAete ete™

Single e*e~ pair production
VS.
double scattering production of two e*e™ pairs

p: > 0.3 GeV p; > 2.0 GeV
10°F hee
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PRODUCTION OF LEPTONS

MUONS

AA = AAut & AA — AAu it

double scattering production of two "~ pairs

Single x* .~ pair production
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UPC - THEORY
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PRODUCTION OF LEPTONS MUONS

vy — W pt T - SINGLE SCATTERING

S,
ﬂ T '

KATIE- an event generator that is specially designed to deal with “+
initial states that have an explicit transverse momentum "
dependence but can also deal with on-shell initial states. KATIE ) H
is a parton-level generator for hadron scattering but requires NNN
only a few adjustments to deal with photon scattering. o=
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PRODUCTION OF LEPTONS MUONS

AA—AA T~

impact parameter

)

VSy=5.02 TeV

=)

(nb/GeV)

p>0.2 GeV
p‘>0.5 GeV
p>1.0 GeV

3 3 o
4

do(PbPb—sPbPb i )/db (nb/fm

do(PbPb—PbPbu ppt)/dM

10 ~——
10 ~—_ T
Oy S R e S I .
10° 100 200 300 400 500 107
b (fm)
It is difficult to isolate range of SS domination

*DS - double-scattering mechanism
*SS - a NEW single-scattering mechanism f';? RO mnics

UPC - THEO



PRODUCTION OF LEPTONS

AA—AA T~

MUONS

y,u*’ayu—
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QUARKS PRODUCTIO

QUARKS PRODUCTION

® (QQqq production
® 2 — 2 process (Born amplitude)

MWWV Q

v v Q
q Q
MV Q
y Q ¢
¥ Q ¥

® LO QCD corrections

® single-resolved mechanism
v

o v

S I I

E‘ Ev 3
g g o -
T T -
o ST - E
ol ° N
. 2 1 LN ]
Nuclear cross secion at \/Syy = 5.5 TeV i — — R e T
al==QcD correct. |— 1-resolved sl Ll | L L
|| o | A1 | Ad2 | Ad3 | Ad4 | 0T g ¢ TR T
ct | 247mb | 425% | 146% | 27.1% | 15.8% Lo
bb | 1083 pub | 189% | 7.7% | 645% | 8.9% B ot or s
UPC - THEORY MARIOLA Kt

2023 COPENHAGEN 21/36



SEMICENTRAL COLLISION

SEMICENTRAL HEAVY-ION COLLISIONS

> From ultraperipheral to semicentral collisions — dilepton sources
> ~~ fusion mechanism

> Invariant mass > Low-P7 dilepton spectra

> SPS (NA60 data) . > Acoplanarity
RHIC (STAR data)

> RHIC (STAR data) > LHC (ALICE data) > LHC (ATLAS data)

> LHC (ALICE data) I
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SEMICENTRAL COLLISION DIELECTRON

DIELECTRON INVARIANT-MASS SPECTRA - RHIC

v ~~v-fusion | 3 centrality classes |
p: >0.2GeV, . i
v thermal radiation
me| <1 v hadronic cocktail
|Vere— <1
10? STAR-200GeV Au: 60-80% 10° STAR-200GeV Au: 60-80%
10 . 40-60% x 107 10 . 40-60% x 1077
4 . . 10-40% x 10 1 o _ 10-40% x 10"
yy—e'e sum of yy—e'e, in-medium p,
77777777 in-medium p + QGP QGP and cocktail

———- cocktail
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SEMICENTRAL COLLIS

EPA in the impact parameter space - the pair transverse momentum P.‘fr is neglected

do(yy — £727;8)
2 2 2 2 2
T py Ay Ay Ag =/N(W1.b1]/\/(_,,‘2,b2)6( )b — by 7b2)/d b1 d“bd"b dy,+ dy, — dpj , B —

& k;-factorization

2 2
dNy dwy dwy o o dN(w1, a7y dN(wz, q5,) ) o= .
_— = — —d d —_— ¢ + —P & A s
P / o o q1¢d°qz; 2q,, Pan (@1t + 92t = P7 = )5y ) s

< Exact calculation

dolC] ) d?q, d?q +p— dwy dwy
- = - —t 771_2 5(2)(P$' - 9y — q2) -

dng_*l* 2w T Wy wy
Q Q Q Q1 5 X _
E; (W1,Q1 + E)Ef ("-’17‘71 - E)Ek (W:e’% - E)E’* (Wz’% + 5)£ E Mii\A’V’ji\M ds(ereT).
AX

The factorization formula is written in terms of the Wigner function:

X

o) . Q . Q > . s - bs
Nj(w,b,q) = /W exp[fle]E,-(w,q+§)Ej (w,qf 5) =/d seXp[/qSIEi(w,b+ E)E’ (w»b* ?)7
« 2
Nw.q) = 6;,/d2be,(w,b,q)=6,-,-E,-<w,q)E,- . = |Ew.a)|
d’q . 2
Meob) =5y [ e b0 = 3y Ee, b (B - [ B[ Jr—
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SEMICENTRAL COLLISION DIELECTRON

PAIR TRANSVERSE MOMENTUM - RHIC & LHC

p: >0.2GeV, pt >0.2GeV,

------ PLB790 (2019) 339
[nel<1 —PLBs14vfz'oz1) 136114 |ne|<0.8
c=(60-80)% c=(70-90)%

|Yeel<1 Mg, o =(0.4-0.7) GeV

107
o 3T T T T T T T ™
STAR-200GeV Au: 0.40-0.76 GeV S F ALICE Preliminary 1
2

. — 2 3 F 70-90 % Pb-Pb {5, = 5.02 TeV_-|
OoTiG=iloB €7 22 10 3| 2°F p,,>02GeV/c, In,| <08 |
. 1.20-2.6 GeV x 107 S 0.4< My < 0.7 GeV/c? 3
YY—e'e - Wigner function 2al8 2 -
_ X X z E 3
———- yy—e'e - k.factorization . F I % { =
I 1s - T 4
= A
£l | | 3
7 1 I ]
E «  Excess = Data - cocktai B
o Uppor it at 0% G.L. =]
F Calculaions wihoutdetecior resouton flect: B
£ i ulcproduc\lur\ (Klusek- Gawenda etal) E
I I } I | red
s ‘E 3

=I5
g8 9 E
88 o E

58

gg [
T
61002 008 004 005 008 007

0800801
P, (Ge) Jr—
ALI-PREL-486449 ol leruTEor NU(IEARPNVSI(S
" rolsiackomw o scences
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SEMICENTRAL COLLISION DIMUON

ACOPLANARITY - ATLAS DATA

3 ARARASAS 3 BAARASAR 3 AABRARRS 3 ASRasans
B o rrsorsrmen ATLAS prel. 2 o mrrornn ATLAS prel. 2 mronmr ATLAS prel 2B mnommar ATLAS pr
g — theory s — theary g theory & theory
8. o ERE- T 1 8. % 8. o E|
Lok p 4GV M, =445 GeV, nl <24 ] b b2 4GeV M, = (445 GeV, Inf <24 ] P P> 4GeV, M, = (445) GeV, I < 24 ] 5 gb p, 4GV M, = (445 Ge, In| <24 ]
s 3 3
o e=09% 1§ o o= (5:10)% 7 & - = (10-20% FiE €=(20-30% 3
st 4 £ 4 4 2 2 4 E
E E £ E
E| E 9 E|
E E P E
E| E | E|
L of S L L Sl L
0002'000+ 0,006 0.008 6.07 0.072 0014 3002 '0.004 0:006 0008 0.01 0012 0074 3002 0:004 0.006 0008 0.01 0012 0074
« o o «
3 ARRARARN " 8 T N El ARBRAARL: " 3 AARARARN
3 o rorrorbncn ATLAS prel. B rorme: aTLAS prel. B nomrm: ATLAS pre B Frnomm ATLAS pr
g — theory 2 — theary g theory 3 theozy
g 3 B % 1 sl ER P 3 E
S gb\ PGV M, = (445) GeV. nl < 24 ] N 2,2 4GeV, M = (445 GeV, I <24 g P> AGeV M, = (4-45) GeV, nl < 24 3 S 7B\ P> 4GeV M = (445 GeV. nl < 24 ]
3 o K ] ]
3 ek (30-40)% e 10-50)% A = (50-60)% e = (60-70)%
4 4 E & E 4 E
s E E E Ea E s E
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L e I s Stee ST SR I S L S e
3.002'0:004 0.006 0,008 0.01 0012 0,014 002 0,004 0.006 0006 0.01 0012 0,014 3062 5,004 0.006 0008 0.01 0012 0014 30020:004 0.006 0008 001 0012 0,014
« o o o

pt >4GeV,

A successful description of ATLAS data by ~~-fusion alone | M,,.,~ =(4-45) GeV,

A correct normalization and shape of the distributions |nu|<2.4 EER s
L
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April 10, 2018
Submitted to DIS-2018, Kobe, 16-20 April, 2018
Exclusive Photoproduction of 227~ Final Stateat H _
.% —— p°(770) e low-energy
~ — 2n*2n” ZEUS
Abstract >% [ = H1
110k ¢ CcMs
Exclusive production of four charged pions at the ep collider HERA is studied at s £
photon virtalities Q* < 2 GeV?, The data were taken with the H1 detector in the ye €& [
2006 and 2007 at a centre-of-mass energies of \/s = 319 GeV and \/5 = 225 GeV ¢ g [

pond to an i inosity of 7.6 pb~! and 1.7 pb™ ! respectively. The cn
section of the reaction yp — (2@ 27 )Y is determined in the phase space of 35 < W,
100 GeV, || < 1 GeV? and My < 1.6 GeV. The 47 mass spectra indicate that the react
proceeds predominantly via production and decay of p resonances. The fit however di
not allow yet to distingui: i between the hyp of one or two brc
and overlapping ¢’ resonances.

vector meson ?
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77. The p(1450) and the p(1700) (Fig. from H1prelim-18-011) it

Updated November 2015 by S. Eidelman (Novosibirsk), C. Hanhart
(Juclich) and G. Venanzoni (Frascati).

et c oy

Tn our 1988 edition, we replaced the p(1600) entry with two new ones, the p(1450)
and the p(1700), because there was emerging evidence that the 1600-MeV region actually
contains two p-like resonances. Erkal (1] had pointed out this possibility with a theoretical
analysis on the i of 2m and 4m ic form factors and the mm
scattering length. Donnachie [2], with a full analysis of data on the 27 and 4 final
states in e+e~ annihilation and photoproduction reactions, had also argued that in order
to obtain a consistent picture, two resonances were necessary. The existence of p(1450)
was supported by the analysis of 70" mass spectra obtained in photoproduction and e*e™
annihilation [3], as well as that of ete™ — wr [4].

The analysis of [2] was further extended by [5,6] to include new data on 47-systems
produced in e+e~ annihilation, and in T-decays (7 decays to 47, and ete™ annihilation
to 47 can be related by the Conserved Vector Current assumption). These systems were
sticcessfully analyzed using interfering contributions from two p-like states, and from the
tail of the p(770) decaying into two-body states. While specific conclusions on p(1450) —

4 were obtained, little could be said about the p(1700). ‘i&
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7wt~ ¥ 7w~ PHOTOPRODUCTION THE p(1570) vs p(1450) AND p(1700) MESONS

RESONANCES SKETCH PDG

1GUPCy = 1t )

16UPCY = 11— )

1570) MASS
PUIST0) Mass m = 775.26 + 0.25 MeV
VALUE (Mev) EvTs  DOCUMENT 1D TEN  commEnT Full width T = 149.1 £ 0.8 MeV
1570:+:36::62 54 LAUBERT 085 BABR 106e”e™ — on0y lee = 7.04 + 0.06 keV/
P(1570) WIDTH Scale factor/  p
(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
VALUE (e LvTs  DOCUMENT ID TECW  coumEnT
14427543 54 3AUBERT 08s BABR 10.6eTe” — 670y T ~ 100 % 363
(1570) DECAY MODES
Mode Fraction (T;/T) atrmatnT ( 18 09 )x 105 251
rnooete
r gr not seen
r owr

16(UPCY — 11— )

Mass m = 1465 + 25 MeV ]
Full width T = 400 + 60 MeV ]

p(1450) DECAY MODES Fraction (I;/T) p (MeV/c)
T seen 720

ata= seen 719
4 seen 669

6P — 17— )

Mass m = 1720 £ 20 MeV 1 (0% and 7+ 7~ modes)
Full width T = 250 =+ 100 MeV 1 (p° and 7+ 7~ modes)

#(1700) DECAY MODES Fraction (I;/T) p (MeVc)

2ntaT) seen 803

|9 N
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COHERENT VECTOR MESON PHOTOPRODUCTION
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NUCLEAR CALCULATIONS

DIFFERENTIAL CROSS SECTION

4 L & A
o(AjAy — AjAx 2nt2m ™) 5 dN (w1, b)
e =0 x| [ o e (Wase)
dN (w5, b)
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NUCLEAR CALCULATIONS

10° -
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Success of p(1570) - Results for the LHC are necessar&i
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ELECTROMAGNE

mion'  NEUTRON MULTIPLICITY

ELECTROMAGNETIC EXCITATION

» Photon — nucleus excitation

T T T T A AT A Ab
>
o
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“on
i
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= en
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10 A Ln
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‘ | Nl 4 neutron emission

+ particle production
EHL e
et
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SORPTION

197 2
~ 197 Au ~ 208pp
103: | 103: |
gz | 1 5 | |
Siop E S E
=) F 4 fe) F 1
IS ] & F ]
=L ] % f 1
o ©
10¢ 10¢ 1
:uuu\ covvnnl vl vl 1l :uum\ covvl vl il uum:
10 10° 10° 10 10° 10 10? 10° 10 10°

E [MeV] E [MeV]

0~A = OGDR T 0QD * Onucleon res. + Onucleon cont.

@® Giant Dipole ® quasi-deuteron ® nucleon resonances ® break-up of nucleons
Resonance contribution E, = (0.1 — 1) GeV E, >1-8GeV
Ey < 40 MeV E, = (40 — 100) MeV
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ELECTROMAGNETIC EXCITATION ~ EXCITATION FUNCTION

~ 197Au — 1n 196 Ay ~ 197Au — 2n 195Au | | ~ 197 Au — 3n 194Au |
8 . n) & v, 2n) T ¥, 3n)
700F > e 5t b = .
by o 2011 5200 © 2003 )
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oy, n) f,2n) T (Y, 3n)
700F e . 2003 P ]
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Generator: RELDIS & ngn
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CONCLUSION

EPA in the impact parameter space
Fourier transform of the charge distribution

Multidimensional integrals — differential cross
section

O]
o
O]

Description of experimental data for UPC
Predictions include the experimental acceptance
Electromagnetic excitation - ZDC

Collaboration - theoreticians and experimenters
Future:

O more forward/backward region
O lower p;

000 O0O0

Thank you
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