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First lecture: summary

» heavy ion collisions: unique opportunity to study matter at
extreme conditions (temperature and pressure)

» formation of new phase of QCD matter: quark-gluon plasma
— deconfinement, chiral symmetry restoration
» QGP: only strongly coupled system of Standard Model
microscopic degrees of freedom

» what we have learned so far

» QGP created in heavy ion collisions at RHIC and LHC
» “rapid hydrodynamisation”
» QGP is a strongly coupled liquid
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Summary: stages of a heavy ion collision

» initial state:

> geometry (— Glauber model)
> gluon saturation (— colour glass condensate)

» pre-equilibirium dynamics:
> successful descriptions at weak (kinetic theory) and strong
coupling (AdS/CFT)
> leads to hydrodynamic regime on timescales O(1fm/c)
» hydrodynamic expansion:
» the QGP flows — collective behaviour
> least dissipative system known (n/s = 1/4)
» hadronisation: phenomenological modeling

» hadronic re-scattering: hydrodynamics or transport theory

more important at lower beam energies
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Outline of today's lecture

Hard processes
Factorisation and nuclear PDFs
Quarkonia
Elecroweak bosons
Jets
Small collision systems

Ultra-peripheral collisions

Summary
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Factorisation and nuclear PDFs

Hard processes: timescale

~-0.5 fm/c ~0.1 fm/c ~1 fm/c ~10 fm/c time
| | Il |

i

| %
» hard processes: large momentum transfer @

1

» corresponds to short time scales At ~ 1/Q

due to uncertainty principle
> first processes to happen in heavy ion collision

» time/length scales of production processes too short to feel
nuclear environment

» produced hard particles traverse QGP
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[o] Jele]ele)

Factorisation and nuclear PDFs

Factorisation of the cross section

» factorisation of the cross section:
1
(P1, P>) = dxi dxo fi(x1, Q) f;(x2, Q)G (x1P1, x2 P2, s, @)
o\F1, M X1 dX2 Tji\ X1, X2, UU X1F1, X272, Qs,
iJj o
» §j: partonic cross section
» has perturbative expansion in s
known: NNLO for di-jets, NLO for up to ~ 5 jets
» short distance physics: insensitive to nature of incoming hadrons
i.e. no nuclear modifications
> fi(x, Q%): parton distribution function

nuclear pdf fits available
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Factorisation and nuclear PDFs

Nuclear PDFs: EPPS16

Eskola, Paakkinen, Paukkunen, Salgado, Eur. Phys. J. C 77 (2017) no.3, 163

» bound proton PDF defined as
1780, @) = RAGx, @)FP(x, @)

» bound neutron PDF from isospin symmetry

> Q° dependence: DGLAP with ! fsesii™ T
2-loop splitting functions Tl unﬁshadow;ngmaxamum\é
> parametrise R and fit for =1 2aNE
chosen free proton PDF (in 09 b v
thls case CT14NLO) 0.8 |- small-x shadowing —
071 i EMC minimum
» other nPDF sets: 06 el
nCTEQ15, DSSZ ol I ;
10" 10° 107 . 10" 1

Korinna Zapp (Lund University) Heavy lon Physics ESHEP 2023 8/55



Hard processes
[e]e]e] Jele)

Factorisation and nuclear PDFs

Nuclear PDFs

10
[ 4
o 10 = El
o
< [
3 fixed target DIS and DY
107 ¢ LHC dijets

LHCW&Z
r CHORUS neutrino data
10> = W PHENIX 7

4 . 2 5
10 10 10 T 10 1

Eskola, Paakkinen, Paukkunen, Salgado, Eur. Phys. J. C 77 (2017) no.3, 163
» consistent fit to all available data
» constraining data sparse — sizeable uncertainties

» modifications less important at higher momentum scales
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Factorisation and nuclear PDFs

Nuclear PDFs

z,Q% = 10GeV?)

—— EPPSI16 —— EPPSI16
‘ = nCTEQL5 ‘ = 1CTEQLS
10° 10° 10" 1 10° 107 10" 1
xT xr

1.6

= EPPSI6
nCTEQLS

10GeV?)
=

o
oo
3

Q

—— EPPSI6

n("l"EQlﬁ

Eskola, Paakkinen, Paukkunen, Salgado, Eur.
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Factorisation and nuclear PDFs

Nuclear PDFs

EPPS16
nCTEQ

//// DSsz

PR > 120 GeV

CMS data pbleading 30 Gy J
| < 3.0
| n n n |

(l‘ij(“rs' ) ]
pPb /s = 5.02 Te\

] ]
1 ]

15 g

1.2 —
t % CMS data ---- No nuclear effects .
e L | o
= [ EPPS16 2
| 1.0 hemseas=t--c-- S ‘ 1 =
ST e L s 1=
Lo - 1L
S 08 | B 1 < s
< Ve r 7 ~ Uo
=08 a1 0 [ B
= [ Z production, pPb, y/s = 5.02 TeV B 207
| b J ; b
NOG - pr(t*) > 20 Gev ] T o6 L
= - = L
[ [ < 2.4 —=
< r 1 £ 05 -
L 60 GeV < My+p- < 120 GeV ] o L
0.4 L L L I L L L I L 0.4
0.0 1.0 2.0 0.0

Yz — 0.4

1.0 2.0
1 — 0.465

Eskola, Paakkinen, Paukkunen, Salgado, Eur. Phys. J. C 77 (2017) no.3, 163
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Quarkonia
Quarkonium suppression: idea

» in deconfined medium: colour screening
> attractive force between quark and anti-quark screened

1000

F(L,T)[MeV]
e s A SRR
o O e o 2 I e |
W.—-—.-w o e
E———
or XL
T, TIT,
/ HER B
- I R ol K [
%00 4 1.03 == 1.86
f 1.10 2.16 re
[ 1.15 2.45
122 e 279
-1000 - 132 o |
! i)

0 02 0.4 0.6 0.8 1 1.2 14

Ewerz, Kaczmarek, Samberg, JHEP 1803 (2018) 088 [arXiv:1605.07181]
» should lead to dissociation of bound states
> suitable states to observe this: charmonium & bottomonium
Matsui & Satz, 1986
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Quarkonia

J/WV suppression

1.4
mg 7— IAUCE(Fb—PszTN:2.76TeV)‘2.5<y<4 global sys.=+12%
121 @ PHENIX (Au-Au |5 = 200 GeV), 1.2<|y|<2.2  global sys.=+9.2%
.‘ © PHENIX (Au-Au S, = 200 GeV), |y|<0.35 global sys.=+ 12%
i
o0 O 4¢
®e o ‘
6 O mppOe O |- osf i 18 B
e AR o B Thp o #
g s o - B 3
0.2:— @ & g
R T R T R R

(N

ALICE, Phys. Rev. Lett. 109 (2012) 072301 [arXiv:1202.1383]

v clear suppression of J/W¥

X weaker suppression at higher cms energy
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Quarkonia

J/W regeneration

Development of
Start of collision quark-gluon plasma

» charm quarks produced early aho |55 — - o5
. o isa co @0
in a hard processes

too heavy for thermal production

High ~

» quark move quasi-freely in wo (St~
QGP phase

picture: J. Stachel

» at phase boundary J/W production by combinatorics
» J/WV production rate depends sensitively on charm cross section

> effect increases rapidly with cms energy
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Quarkonia

Sequential suppression

state JJw i v | T’ T"
mass [GeV] | 3.10 | 3.68 | 9.46 | 10.02 | 10.36
AE [Gev] | 0.64 | 0.05 | 1.10 | 0.54 | 0.20

r[fm] | 0.25| 0.45 | 0.14 | 0.28 | 0.39

> expect dissociation at different temperatures
» “QGP thermometer”
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Quarkonia

Sequential suppression

x10% PbPD 1.61 nb™ (5.02 TeV, x10° . pp 300 p‘b"(s 02 Tev)
T T T T T
200F El T T T T T T
10FCMS p,<30Gevic 4 Data ] CcMS F T B
0 Vi<oa Ji, 180F supplementary 3 1.2]- PbPb S, =5.02 TeV. CcMS
o~ Centrality 0-90% signal o~ Supplementar
S8 sag? " Background ] ) 160F p,<2045ev/c E pf ry
3 S [ 3 100 pi< pow 4
=6 g2 X ] = 1200 [ osf- E
l:\/ § 'S’ 100F Signal = z} ek 1
@ g U b @ - Background |
g 4 5 - 4 2
et 10 10.2 10.4 106 > 04Fes -
o o m,, (Gevic) w
2r | e
0.2 L] -
X oy ves)
0, L Sl L L L 0o A B L L L *
10 11 12 13 14 9 10 11 12 13 14 B A T
m,, (Gevic?) m,, (Gevic?)

CMS, arXiv:2303.17026
» there is an indication of sequential suppression

» the story is actually much more complicated

static potential over-simplified, quarkonia not produced at rest, ...
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Nuclear modification factors

» standard procedure for quantifying QGP effects: divide by result
from p+p
» but: have to scale p+p result by number of N-N collisions

hard processes scale like N

dox

d{-} | aa

N dox
< coll> d{-y pp

Raa({-}) =

» deviations from unity signal effects beyond incoherent
superposition of nucleon-nucleon collisions

> in case of electroweak processes: have to take different isospin
composition into account
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Elecroweak bosons

W & Z production

g 25y . : e —
& [ CMS|5,=276TeV ] & 16F ATLAS E
[ —— Z-Hnlyl<20,p >0Gevic ] E Pb+Pb, (5,y=5.02 TeV, 0.49 b ™ ]
[ —e— Z  up, 0-100% centrality 1 £ » \Sun | 1
20 e Z . eellyl<144,p, >0GeVic ] 1.4 pp, (5=5.02 TeV, 25 pb 3
f —s— Z - ee, 0-100% centrality 1 E u H w . & ]
[ I it rtail 71 ORI TIEEE TR . AR O RERY TRORE oo - .-
1.5; I pp luminosity uncertainty ] 1'2: -8 L &m hwﬁ ]
N ] 1} DI norm. unc. {
[ ] L4l B d
it 4 0.8 o L TR Ll Tl
i 1 0.6 p>25Gev ]
0.5} ] L Wo/v: 4Data -~CT14 my > 40 GeV ]
=L ] 0.4F W' I'v: 4Data -CT14 In) <25 1
N ] G I 1 L 1 I 1 L 1 |
N R ] 0 50 100 150 200 250 300 350 400
0 50 100 150 200 250 300 350 400 (Nm>
Nparl
CMS, JHEP 1503 (2015) 022 [arXiv:1410.4825] ATLAS arXiv:1907.10414

» no significant deviation from unity

» W and Z don't interact strongly — leave dense interaction
region without re-scattering

» important confirmation of Ny scaling and nPDFs
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0000000000000 00000

Jets

Second main discovery of heavy ion physics

Jet quenching: Hard jets are suppressed and their structure modified.

et . 00 Ga¥]

» proton-proton collisions: 2 jets with balancing transverse
momentum

» in heavy ion collisions: significant softening of jets
— thermalisation of a far-from-equilibrium system

— jet quenching informs us about equilibration in QCD
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Jets

Suppression of single-inclusive jets

315 T 1
o ATLAS Preliminary Iyl<2.8
antik, R = 0.4 jets, s, = 5.02 TeV
L mmmm oo m oo oo e o -
+ - —_— I
—= == —=
P M —+
- = s = = = ==
05| g g oL
% 0-10%
2015 Pb+Pb data, 0.49 nb™ ~4-30-40%
2015 pp data, 25 pb™* | - 60- 70‘% | | | | L
0
100 200 300 400 500 600

900
p_[GeV]
ATLAS-CONF-2017-009

> suppression of jets by factor 2 relative to expectation from p+p

need to scale p+p reference by number of hard N+N collisions
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Di-jet momentum asymmetry

T T T T T T
o POPDNS,=276Tev I Anti-k (PFlow), R=03 7

P ILd(: 150 pb* 1 p,,> 120 GeVic E
o ppVE=276Tev Py, >30 GeVie

2
J\.m: 231 00" 3 A, >4n E|

S35 PYTHIAHYDIET 3 E
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7
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7
7
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.
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R
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CMS, Phys. Lett. B 712 (2012) 176

» enhancement of asymmetric configurations
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Intra-jet energy distribution: Jet profile

CMS, {5,,,=2.76 TeV pp, [Ldt=53pb" PbPb, [L dt=150ub"

anti-k, jets:R=03 ] - PbPb ' ' T
P> 100 GeVic < pp reference
10,-.— T0‘3<}"|g(|<2,*- - - -
= *p‘_""k >1GeV/c - == == -
<, .- 1 = = 2= =
el == == - -
- - - == ==
-
107k, 70-100% 1 s0-70% 30-50% 10-30% 0-10%
150 + + + + + i + + HH + + i + + +

3 - ]
= - )
& e R - |- i | = .
4 B S
@: T4 T -, e —0—_._+ gl
=

0.5-

\ . . i \ . i , \ L
0 o1 02 030 01 02 030 01 02 030 01 02 0.
r

CMS, Phys. Lett. B 730 (2014) 243
» suppression of activity at intermediate r

> increase near the edge of the jet
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Intra-jet energy distribution: fragmentation function

s T s T s T
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ATLAS, Phys. Lett. B 739 (2014) 320

» distribution of hadrons inside jets

» suppression at intermediate & enhancement of soft momenta
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A first lesson

Summary of experimental results

» jet production suppressed by factor ~ 2 up to p's of 1 TeV
» hard structures inside jets survive largely unmodified

» enhancement of soft activity far away from jet axis
A first lesson to be learned !

> energy loss from jets driven by peeling off of f
soft gluons ¥

£
o

» rare, semi-hard emissions not an important
effect

» both were equivalent in early calculations Fro<Eri

Casalderrey-Solana, Milhano, Wiedemann, J. Phys. G 38 (2011) 035006 [arXiv:1012.0745]
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What is unique about jet quenching

» “calibrated” probe: well understood in p+p

fixed order matrix elements + resummation (parton showers)

> jet quenching allows to observe process of equilibration

soft observables see result of equilibration

> jets give access to scale dependence of medium properties
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Jets

What happens to jets in medium?

Scenario I: hard partons don't resolve quasi-particles

» interactions between jet & medium at large coupling
» AdS/CFT techniques

Scenario II: hard partons do resolve quasi-particles
> jet — medium interactions at weak(ish) coupling
> perturbative techniques
» thermalisation through elastic re-scattering (slow)
» parton energy loss through QCD bremsstrahlung

» destructive interference in multiple scattering LPM effect

relevant scale: momentum transfer g between hard parton and medium
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Jets
Jet quenching at strong coupling

Advantages:
1. exact solution of gauge theory at strong coupling
2. no uncertainty in jet-medium interaction

Fundamental problems:
1. jets are a weak-coupling phenomenon
2. QCD is not N' =4 SYM et

boundary
“holographic jet™ .
qq pair in QGP dual to classical

string in black hole geometry

horizon hydrodynamic

modes

falling string

Chesler, Jensen, Karch, Yaffe, Phys. Rev. D 79 (2009) 125015
Chesler & Rajagopal, JHEP 1605 (2016) 098
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Jets

How long does it take to radiate a gluon?

Q))))y)} K= (w,Ko k)
Vo
p" = (E,0,0,p)) ~
= (k" +p") p" = (E.F,p))
assume: massless quark

> virtual state: p? = E> —p? #0 — m%, = p°
» uncertainty principle: 1 = At AE = At myin
» gluon formation time: tfm = At x (boost factor)
1 E E E w
Myirt Myirt QPMk“ T wE®? kJ2_

trorm =

» time for entire jet evolution: O((1 — 10) fm)
» (transverse) size of medium: O((1 — 10) fm)
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Jets

Bremsstrahlung in medium: heuristic discussion

Baier, Dokshitzer, Mueller, Peigne, Schiff, Nucl. Phys. B 483 (1997) 291
w, k; Baier, Schiff, Zakharov, Ann. Rev. Nucl. Part. Sci. 50 (2000) 37

M
GHEEE 0 sk

Brownian motion of the gluon: <ki> =gL
formation time of the radiated gluon:

w w w t

tf:k—2:A— = tr = - and Ncoh:Xf
1 qts q

gluon energy spectrum:

d2/coh 1 d2/incoh
7/\ 94 _
dwdy Neop dwdy (,w\ - \[W

42
d/
radiative energy loss: AE = /dy/dw dwdy x asgl?
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Jets

Beyond parametric estimates

Eikonal (straight line) propagation g ; ; § ; § 5 é

» interactions result in colour phase rotation

» in-medium propagator: Wilson line
Xf4

W(xfs, Xiy;x1) = P exp ig/d§ A_(&,x1)

Xit [
\ .
path ordering / \ medium colour field

Further developments
» non-eikonal propagation
» 2-gluon emission
» resummation of incoherent emissions

> ...
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From partons to jets: antennae

consider colour singlet dipole in medium
in vacuum colour coherence leads to angular ordering of radiation

re-scattering in medium introduces new scale: g

vvyyypy

medium modifications depend on whether dipole is resolved

L qL L qL

b2 b2

» in particular: unresolved structures remain unperturbed

Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk, Phys. Lett. B 725 (2013) 357
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Jets

From partons to jets: antennae

12 w—0
1 1/3 2
M 3
» decoherence time scale: 7y ~ | —— N
qeqc_] g 4 | radiation zz?ai:(r’nr;induced
& o
» decoherence opens up phase space o

> in soft limit: geometric separation

Mehtar-Tani, Salgado, Tywoniuk, JHEP 1204 (2012) 064 doi:10.1007/JHEP04(2012)064 [arXiv:1112.5031]

] ] » can be generalised to jets

Amea™L

Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk,

Phys. Lett. B 725 (2013) 357 [arXiv:1210.7765]
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Jets

Medium response

» medium response: medium'’s reaction to energy & momentum
deposited by jet

> gives rise to additional soft activity

» momentum conservation — additional particles follow jet
direction

» correlated background

_ > correlated background cannot
Jet and should not be subtracted

> rather, it is part of jet

background
» fluctuations matter
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Medium response

» medium response: medium'’s reaction to energy & momentum
deposited by jet

> gives rise to additional soft activity

» momentum conservation — additional particles follow jet
direction

» correlated background

A correlated » correlated background cannot
background and should not be subtracted

> rather, it is part of jet

background
» fluctuations matter
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Jets

Medium response

» medium response: medium'’s reaction to energy & momentum
deposited by jet

> gives rise to additional soft activity

» momentum conservation — additional particles follow jet
direction

» correlated background

correlated » correlated background cannot
background and should not be subtracted

> rather, it is part of jet

background
» fluctuations matter
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Particle distribution outside jets

pp reference CMS Particle yield vs. Ar
pp 27.4 pb™ (5.02 TeV) PbPb 404 pb™* (5.02 TeV)
anti-k; R=0.4 jets, p > 120 GeV, ln_|<1.6

Bl or<meicey  Ea<sescev B oo sscer
[CJa<prezcev B < pi<scev I 16 < < 20Gev

[E2<pr<scev I s << 12Gev B 07<pi<20Gev

£ PbPb
30-50%

PbPb
10-30%

PbPb
0-10%

PbPb - pp PbPb - pp PbPb - pp
15} 50-100% 30-50% 10-30%

T el Ll Ll
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1
Ar Ar Ar Ar

CMS, CMS-HIN-16-020, arXiv:1803.00042

» enhancement of soft particles far away from jet
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Some theory results

o
0
0
o
< JEWEL+PYTHIA (0 — 10%), Pb+Ph /5 = 2.76 TeV
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Selection bias

ey

(203} P;?Z&s e \)&46

Adps o~ Awiti] paston _ _
N > jet spectrum steeply falling
? 7= — selecting on final jet p; favors
© . :
ft fogmeohing ol Tf}o((?mené{njL jets with small energy loss
Jols Odg .
» these are predominantly hard
| fragmenting, narrow jets
§ \ > bias stronger in A+A than in
N swall ey foss p+p
< » complicates interpretation of
( jet shapes and sub-structure
vt .
mmgta“ i} of quenched jets
e
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Small collision systems
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Third main discovery of heavy ion physics

» (partial) equilibration of final state in A+A
» expectation: p+p qualitatively different from A+A
p+p collisions too dilute to develop collectivity

» observed:

Soft particle production in high-multiplicity p+p and p+A closely
resembles A+A, but so far no jet quenching is observed.

CMS
T T T T
010 PPVE=13TeV o vz, P2} PP {5p=5TeV | " T Popb (g = 2.76 Tev ..'. .
= {4} oo
+ v,{6) .
O Vv,{8} °
0 V,{LYZ} o @ @ 0000,

°?
0.05 . .*‘1. s T ..In.p‘_.H Q:_* T J
e = ’*

CMS, Phys. Lett. B 765 (2017) 193

.
° e +
L]
03< P, < 3.0 GeVic 03< p, < 3.0 GeVic 03< p, < 3.0 GeVvic
1 |”|<\2'4 | I |”|<2\'4 1 | I |”|<2\'4 1
0 50 100 150 0 100 200 300 0 100 200 300
ffli offline offline
N?rkme Nirk N!rk
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Small collision systems
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Strangeness enhancement

’g B AR
€ b ;Kﬁﬂ g » strong increase of strange
o) ° 1 . . .
3 D @ ag particle production with
2, G ] multiplicity
5 ] . .
2 p Yo » traditional view: strangeness
& B .
=T e | production in p+p suppressed
EH] b EH’EH] due to s quark mass
@ o) | > strangeness practically
. ] equilibrated in Pb+Pb
A ] collisions at LHC
& p-PoWsgy =502TeV |
B PorRh, {5y, =276 TeY > strangeness enhancement
—— PYTHIA8 4 .
------ oiesY counted as signal for
- EPOS LHC .
1o ‘ | B formation of hot system
10 19, (dN /dmln? o8 ALICE, Nature Phys. 13 (2017) 535
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Small collision systems
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Jet quenching

27.4pb” (pp) + 35 nb™' (pPb) + 404 pb™! (PbPb) 5.02 TeV
T T

E T ™3 2
2 B[ alice, ATLAS, oM p-Pb VS =5.02 TeV, Ay = 0.465 r CMS |
L 6f 1 [ B R, [ T,, uncertainty 1
& PHENIX d-Au |S = 200 GeV 5 [ o0 Raa [} 1’:A uncertainty 1
© g4 | g LS—mc," <1 1 pp lumi. uncertainty ]
- c : 4
S [ |
n’ L
5 i
1] S
05 (ot rarios 1 5[ ]
F 1 shape uncertainty S 0.5 ovens o2 -
o4 ] ATLAS (0-90%) full jets, R = 0.4 [PLB 748 (2015) 392-413) 2 r .c’. 2 . . o i
0.2 11 cMs tuljots, R =03 (EPUC 76 2016)372) 5 r ™ 1
 PHENIX uljots, A= 03 [PRL 116 122301 (2016)] [ 0-100% ]
1 1
o 20 30 100 200 1000 0 # 10 "l)z
Py, (GeV/C) P, (GeV)
ALICE, arXiv:2307.10860 CMS, JHEP 04 (2017) 039

» no suppression of jets and leading hadrons in p+Pb

» large suppression in Pb+Pb collisions
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Small collision systems
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Possible explanations for v,'s in p+p

Final state interactions

azimuthal anisotropies due to response to initial geometry

> hydrodynan“cs Weller, Romatschke, Phys. Lett. B 774 (2017) 351

> klnetIC theory Kurkela, Wiedemann, Wu, Phys. Lett. B 783 (2018) 274
v

Initial state correlations

initial state correlations imprinted on final state

| 2 C0|0r—g|aSS Condensate Schenke, Schlichting, Venugopalan, Phys. Lett. B 747 (2015) 76
v

Alternative explanations

models inspired by p+p physics

> String ShOVing Bierlich, Gustafson, Ldnnblad, Phys. Lett. B 779 (2018) 58 [arXiv:1710.09725]

at hadronisation densely packed strings repel each other
V.
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Small collision systems
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The escape mechanism

Kurkela, Wiedemann, Wu, Phys. Lett. B 783 (2018) 274

» initially isotropic particle distribution
with spatial anisotropy

» local anisotropy where scatterings
happen

» local isotropisation due to scattering
induces global anisotropy

> requires only O(1) scattering per particle
» also observed in transport code AMPT

He, Edmonds, Lin, Liu, Molnar, Wang, Phys. Lett. B 753 (2016) 506

Korinna Zapp (Lund University) Heavy lon Physics ESHEP 2023 42 /55



Small collision systems
[e]e]e]elele] o)

Important differences between small and large systems

» multiplicity generated in different ways:
» Pb+Pb: requiring high multiplicity biases towards central events
» p+p/Pb: requiring high multiplicity biases towards jetty events

» not clear what multi-particle correlations measure in jetty events

» no strong correlation between centrality and multiplicity

> T 107 > r T T T 107
o) r Glauber-MC S20000[- Glauber-MC
S 6001 p-Pb {Sy = 5.02 TeV S [ Pb-Pb {syy=276TeV
3 r —_— - 100 2 [ 10°
= = 15000
4 [ 4
o 10000 10
10° 50001 10°
10° Q" fgo 20 500 400 10

ALICE, Phys. Rev. C 91 (2015) no.6, 064905
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Small collision systems
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Auto-correlations in small collision systems

Go ;
g 7K @ ]
= L - K'+K +
5o DA
2
©
a4 ]
2 y
QQBJ 1
R pp Vs =7 TeV, PYTHIAS |
Lo
% 20 20 60 80
(N, /dn) (1<0.5)

O. Matonoha, PhD thesis
» autocorrelation with charged
particle multiplicity at
mid-rapidity
» improves when measuring N,
at forward rapidity

Korinna Zapp (Lund University)

Heavy lon Physics

CMS pPb 35 nb*
e

Syy = 5.02 TeV
T

4<pn|<5.2
EY

12 classes (GeV): (b)

[ o <20 - ]

oo 1 20-25 -
Sl & p - 25-30 1
Z|lcs 30 - 40 ]
T IB gghk + >40 ]
o L ]
V. [ P> 120 GeVic r*/ ]
20.6— p__>30GeV/c 4 —

| L P12 1
S Ap,>2m3 1
Loal- N

z C ]

n

dijet
CMS, Eur. Phys. J. C 74 (2014) no.7, 2951

> but: rapidity shift of di-jets
due to energy conservation

Armesto, Giilhan, Milhano, Phys. Lett. B 747
(2015) 441
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Ultra-peripheral collisions
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Ultra-peripheral collisions
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Ultra-peripheral collisions

» relativistic ions are sources of strong EM
fields

> Emax ~ 101° — 1018V/m
Bmax ~ 10'* — 10'°T

> strongest EM fields in universe

S le—— s ——|n

o > very short-lived

@
v

twp types of interactions: photon-photon
scattering and photo-nuclear reactions

my
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Ultra-peripheral collisions
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Light-by-light scattering

> first evidence for vy — ~~ scattering

0 T
[=} I -1 |

) 3 14 -e-Data 480 ub™ ATLAS -

Pb Pb o F Cw-yymc b+Pb =5.02 Tev]
% 120, Ew-eemc Pb+Pb s\, = 5.02 TeV

Y ‘q:: g ] CEP yy MC 1

10 .

Y [ Signal selection ]

| 8- no Aco requirement

6 =

Y r ]

A- ]

Y F ]

2- ]

Pb Pb® M o e S RN

D 00l 002 003 004 005 006
Yy acoplanarity
ATLAS, Nature Phys. 13 (2017) no.9, 852 [arXiv:1702.01625]
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Ultra-peripheral collisions
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Light-by-light scattering

> sensitive to axion-like particles

Pb Pb(*)
Existing constraints from JHEP 12 (2017) 044
3
=5
—~ 10 1
=t LHC
Y Yoy +inv. l LEP (PP)
10%fet ey +inv. 1
y ) PrimEx LEP
CMS yy— 2019) 134826]
107"+ Beam-dump ATLAS ATLA (this paper)
Pb Pb(*) 10 102 107 100 10° 10% 10°
m, [GeV]

ATLAS, JHEP 03 (2021), 243 [erratum: JHEP 11 (2021), 050]
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Ultra-peripheral collisions
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T pair production

Pb Ze Pbi
.. ks
> sensitive to 7 anomalous :—é 0
. ¥ m
magnetic moment a, Vr
e . 2 T Vr
» BSM sensitivity da; oc mj g
dar Ve
— 280 x larger than for muon > ¢
€
Pb Pb
i T T T T T
._‘3 DELPHI, ceofyy—te OPAL 1998 :
; 68% CL, Eur. Phys. J. C 35 (2004) 159 131998 —_————————
DELPHI 2004 e — ATLAS
cMS, Pbe—»fb"’(vyarur,p,ijb“’ | Pb+Pb |5,=5.02 TeV, 1.44 b
68% CL, 0.4 nb u1T-SR ————— @ Best-fit value
WAT-SA — e L %O
: CMS Phase 2 Projection Preliminary eSR | ——95%CL
- PBPb—PD (757, T30, P, 68% CL, 13 b’ i - -
H Based on rate-only-analysis, assuming 4% uncertainty I Combined d v
: Expected  ———
I BN i L 1 | !
0.1 0 -0.1 -0.05 0 0.05 0.1

a,
CMS, arXiv:2206.05192 & ATLAS, arXiv:2204.13478
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Ultra-peripheral collisions
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Breit-Wheeler process and photon spin

’}?q’\.—>— e

s C T -

& [ STAR o045<M,<076GeV,P<0.1GeV

l :;:_1200; ¥ Au+AuUPC ¥ Au+Au 60-80% x 0.65 E
‘2 1000} —— Fit: Cx( 1+ Amcos 200 + Adwcos 4A¢ ) 1o 5

g r Lol ! ]

—+ © 800 =

o

I W

200 ) L ) R
» real photons: only transverse L TR T e
i K F = = = = SuperChic
olarisation — '
P 0 2 M=g,-0, 7

» imprinted on leptons as
angular orbital momentum

— angular asymmetry
STAR, Phys. Rev. Lett. 127 (2021) no.5, 052302
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Ultra-peripheral collisions
00000000

Breit-Wheeler process and dark photons

14 HH__ o

+ KLOE
FH e 1075
A
1076
g 2 =~
3 | o
% 800, 1077
o elle-t /
" saf
600 1078
r * STAR Au+Au UPC data
400~ —yy —e'e 10-o I : ) -
r —yA' > e'e 1072 101 10°
F —Total Ma/[GeV]
0 I ¢

T Xu, Lewis, Wang, Brandenburg, Ruan, arXiv:2211.02132
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Ultra-peripheral collisions
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Photonuclear J/W production

— 10¢
& E -
S ALICE, Pb-Pb UPC s\, = 5.02 TeV
N () .
LO pQCD diagram 10} r “\‘;‘;‘_ Jhy photoproduction, |y| < 0.8
a [ BN ¢ Coherent: PLB 817 (2021) 136280
E - --- GSZ-LTA
= 1= N —— bBK
o E “ + Incoherent: arXiv:2305.06169
£ Sy oo MShs
o L v —m MS-p
\
© ot \ —— MsSHl
; | T— MSS
107 K — - GSZ-el+diss
E \, - GSZel
[ W
102
13
L 1 1 N\,
10° 102 o' 1
It] (GeV?)

ALICE, Phys. Lett. B 817 (2021), 136280

ALICE, arXiv:2305.06169
» sensitive to nuclear and sub-nucleonic structure
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Summary
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Wrap-up

» heavy ion collisions allow to study fundamental questions in
strong interaction physics
» three main discoveries of heavy ion physics:

1. hydrodynamic behaviour

» QGP behaves as an almost perfect liquid

> lowest 17/s observed, close to theoretical lower bound of 1/47
2. jet quenching

> partial thermalisation of a far-from-equilibrium system

» informs us about how the QGP came into being

» gives access to scale dependence of QGP properties
3. similarity between p+p/p+A and A+A collisions

> exciting, but no firm conclusions yet

» many more exciting phenomena
some of which | discussed, others | had to leave out
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Wrap-up

» heavy ion physics is new physics

» rich and diverse phenomenology

» have to develop new theoretical tools using
> classical field theory

AdS/CFT

thermal field theory

kinetic theory/transport theory

relativistic hydrodynamics

effective field theories

zero-temperature field theory (in particular perturbation theory)

phenomenological models

VVVVYYVYYVYY

» also new experimental techniques needed

e.g. variety of correlations, background subtraction for jets, ...
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Wrap-up

» heavy ion physics is new unexplored physics

» rich and diverse phenomenology

» have to develop new theoretical tools using
> classical field theory

AdS/CFT

thermal field theory

kinetic theory/transport theory

relativistic hydrodynamics

effective field theories

zero-temperature field theory (in particular perturbation theory)

phenomenological models

VVVVYYVYYVYY

» also new experimental techniques needed

e.g. variety of correlations, background subtraction for jets, ...

» heavy ion physics is a broad, multifaceted and exciting field
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