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%eav}/ —1on collisions: /7/3/7—'77 /7/3/1 enerqy dens /‘fy , Srze,
/ /‘f’ eZ(/‘Mce ) 721/1 > 7?/‘/7
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Partlon rn—rediii enerqy /oSS
elastic (collisional) and inelastic (radiative)...

Longitudinal drag coef. (collisional) p, diffusion (radiative)

A A

€ q
E E-AE

y AE

¥ AE

E-AE

X
(medium)

Kernnder: at //{9/7——5 radiative processes dornnale...
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Kernnder: at /7/;9/7——5 radiative processes dornnale...



Pardon energy ~/o5S:

gletons vs. ?aar(/s

AFE x a,CrqgL?

Energy loss depends on parton:
— Casimir factor (C;=3 for gluons

and 4/3 for quarks)

— Mass of the quark (dead cone
effect): radiation suppressed for

angles 8 < m/E

Al?gluon > AEquark
AEl’ight—q > AEhecwy—q

* Does it persist at low-p; as:
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Prediction!

Wicks, Gyulassy, Last Call for LHC predictions
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Semi-leptonic decays (c,b)
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 Due to their large mass, c and b quarks should take longer
time (= more re-scatterings) to be influenced by the collective

expansion of the medium
— V,(b) < v,(c)
* Uniqueness of heavy quarks: cannot be destroyed and/or

created in the medium
— Transported through the full system evolution

Reaction:
plane
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Some Cime /ast vear. ..

Collectivity from Interference

Ursy Achim Wiedemarwy
CERN TH Department

Solutions to the “Flow w/o quenching” puzzle in pp / pA ... solutions to the “Flow w/o quenching” puzzle, cont'd...

> 1. Quantitative Explanation: maintain that v,, result from final state interactions

‘ » small jet quenching effects must be seen in pp/pA

for techniques to detect them, see e.g. Mangano, Nachman arXiv:1708.08369

» Theory improvements needed to relate jet quenching
and v, signals.

> 2. High-density Scenario: azimuthal correlations from a saturated initial state (“CGC”)

Altinoluk, Armesto, Beuf, Dumitru, Gotsman, Jalilian-Marian, lancu, Kovner, Lappi, Levin,
Lublinsky, McLerran, Skokov, Schlichting, Venugopalan, ....

‘ » UE (underlying event) physics in pp multi-purpose MC
event generators based on dilute system of up to
O(10) MPIs (multi parton interactions)
» If saturated initial state needed to describe pp UE, then
dramatic implications: Torbjorn go home.
» One needs to understand whether initial density
effects are necessary for azimuthal correlations.

» 3. High-density Scenario: strongly coupled fluid paradigm (a la AdS/CFT) for pp/pA

- » small jet quenching effects must be seen in pp/pA
» UE model radically different from that in MC generators

» 4. Low-density Scenario: fluid dynamics negligible,
azimuthal correlations from escape mechanism
Liang He et al., Phys. Lett. B753 (2016) 506-510; AMTP

* mechanism to be understood quantitatively outside a MC code

‘ » small jet quenching effects must be seen in pp/pA
» mild extension of UE model of multi-purpose MC generators

» 5. Low-density Scenario: Collectivity from interference
B.Blok, C. Jakel, M. Strikman, UAW, arXiv:1708.08241

* No initial density and no initial asymmetry, no final state interactions
» Contribution to v, from QM interference & color correlations? "‘(\
‘ » does not imply jet quenching in pp/pA

» natural extension of UE model of multi-purpose MC generators

\
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Can you have flow with a few scatterings?

‘anisotropic escape’ mechanism 2 0 l 8

T;;V;T 1
N AN AATT
V'l & N N

& ! Y/\fli\AJ ! \ Kurkela, Wiedemann, Wu, arXiv:1805.04031
N T | T | T
o . . More particles moving in *x-direction 05F / Ideal hYdI'O ]
Initially isotropic - : -
o Single hit ~ / Full transport
momentum distribution 04— "~ ~
Kurkela, Wiedemann, Wu, arXiv:1803.02072 B
< 0.3
Scattering randomises directions; more scatterings to ‘out-of-plane’ ?” -
Anisotropic density converted 0.2 __
into anisotropic momentum distribution by few scatterings 01
' Viscous hydro 1/s=0.8 |
] | ] | ]
. . . 0
Ay a Feeo 56@2%&/‘/1755 (no //?é(/a’> 0 2 .4 6
. Transverse size: y =R /1 _
= poéété/y Q \/ery small effect For P
/7/5/7 energy parz‘oné Small systems: ‘single hit’ kinetic transport

=2 no/s»rall JeZ‘ faenc/z/ng equal to full hydro




Raju Venugopalan
Long range rapidity correlations are a chronometer

WL

s/

detection

freeze out

latest correlation

1
T < Ttrz-out exXp (_§|yA — yB')

|—'—l

Long range correlations sensitive to very early time
(fractions of a femtometer ~ 10-2*seconds) dynamics in collisions
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High-multiplicity events )

ALEPH Archived Data

ne Jet

( Aeyona/ Fnoecon
MC /) physics)

nl<1.6, 0.0<p,<100.0 GeV y
1.6<An|<3.0 3

—e— Archived Data

0.02° 1 Systematical Uncertainty

—— Archived PYTHIA 6.1 MC
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No evidence of long-range correlations ~ **

16<An<30 -

beyond Pythia expectation o005t
Low T; ‘multi-jet’ High T; ‘di-jet’ 0 05 1 15 2 25 3
o TR ° Ije 80 Juark Matter 2015, M. van Leeticoen
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Familiar behaviour: non-flow dominates at small multiplicity and without eta-gap

No flow-like signal seen in high-multiplicity, large eta gap for co, c3, C4

No flow with ‘single string’ = Need multiple interactions to set up initial geometry




Pt /ng a £feew T h/‘ngé Zogez( Aher

o AA at high energy:
collective 5@/762\//or (\/2 g 0>

o parlon—meditm interactions: light and heavy—Flavor suppression; jet
?aenc/fz/ng

o PP, /D/DA at /7/3/7 enerqy:

o collective Ae/?d\//or ( V2. 0> — eVen for heavy—-f Javor

o parlon-meditnrt 1nteraction: ( /zyc/roa’ynaml‘c’,é coorks...) a’rop/ et's of &§GP?
Vs, few scatlerings finetic effect vs. s Zring melling; Chere is no
(measwrable ﬁday> SUppresSSIon — ho “ pedicenr’ in hot &GP Sense...

& 4/7}/ §y5Z‘eM al /1/:9/7—@/73/:9}/: Jook forward 2o eZC!7?

o collectivity signal (v2>0) - Aydrodynasics works (possibly
‘ e\/e/‘yw/’}e/‘e ) w/’[ere collective efFfecds p/‘eSenZ‘ — not 1h ep & ee>

o particle production’ part of a Srmoolh evolution cith particle
melipl. ity Cneember of sowurces, MPILS)



Ultra—peripheral collisions

Selected opics
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S. Klein, QM2017, https://indico.cern.ch/event/433345/contributions/2321627/
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The energy frontier for electromagnetic probes
¢ Maximum CM energy W, , ~ 3 TeV for pp at the LHC
~ 10 times higher in energy than HERA

& Probe parton distributions in proton and heavy-ions down to
Bjorken-x down to a few 10-6 at moderate Q2

Electromagnetic probes have oy~ 1/137, so are less affected by
multiple interactions than hadronic interactions

¢ “Precision” measurements,

& EXxclusive interactions
Two-photon physics & couplings at the energy frontier

+ New particle searches (axions), yy->W*W-, etc.

Energy AuAu pp RHIC  PbPb LHC ppLHC

Photon energy | 0.6 TeV | ~12 TeV 9500 TeV ~5,000 TeV
CM Energy 24 GeV | ~80GeV | 700 GeV ~3000 GeV
Max gg 6 GeV ~100 200 GeV ~1400 GeV

—Zo —phoZ‘on /nZ‘erQCZ‘/onS

UPCs: heav}/ nelc /el carry 5Z‘ron3 electric arnd

—Fle/ds are perpendicit/ar =2 nearly—real virdual
photons Emax=Ych/b
— p/?oZ‘o nuclear realtions

Z8
T - fi ALICE, Pb-Pb \s,, = 2.76 TeV
6} 252y 24
o .
- 0« p_«0.3 GeVlc, global sysl = +15.7 %
4 -
. 03« pp< GeV/c, global sysl = + 15.1 %
3
= = p <8GeVic gobaleyst=_11.5%
ol B Common global syst = — 6.8 %
Un 1
os|l # |
o7t § ) :
0.6 l
0.5F 1
04111111111111111111111111
"0 50 100 150 200 250 300 350




Corrected counts [/0.002]

é/ / Zra -—-per/‘p//zera/ (Lo/ / 1 S10ONS

P

UPC process:

gg->mm
UL BLELEL L BN B AL LR Trrrt

ATLAS Prehmnnary ]

4 Pb+Pb — Pb'+Pb' i +u
L, =515 ub’ 3
00<IYI<08
10 <M <100 GeV

3 @ Data -
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- - - Fitto STARLIGHT
= Data fit
Background contribution 3
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Heavy flavour background subtracted with DCA, momentum balance
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UPCs and Z.%/ C Z.a/m noSI [a%

S. Klein, QM2017, https://indic ent/433345/contributions/2321627/

81+Pb
o[PbPb(yy) -> (Pbe-) Pb e*] ~280 b @ LHC Pb
Single-electron lead has charge:mass ratio Y
reduced by 1/82 et
he (Pbe-) beam strikes the beampipe 135 m
downstream from the magnet Ph

At L = 1027/cm?/s, the beam deposits
23 Watts
LHC magnet quench from BFPP "

demonstrated! W U 81+Ph
Lmax=2.3*1027/cm?2/s 002 |
Luminosity limit for LHC & potentially FCC IF’QJ%7 IETIRTI

Some mitigation possible by orbit bumps. .| 82+Pp

-0.04 F
-0.06 |

x (m)
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ON FCC AA(Z‘ a/sSo /7/3/7 —/. U NOS /Z(y L)Z/C

rearements <—\ w W ba,O
q ! v tbar t ¢

" Time OMostﬁy o Che medicrr eonth B 74 ~7
boosted lops (accessible at s[4 C bttt — bbb + 0 + 2j€tS + ET
a/so sSome at hzgh —/t Pt hoS /‘fy L>’/C>

Ottbar — qgpar + v ~ 10 pb (LHC) and 1 nb (FCC)

An “antena” scenario:

= b5 Time (fm/c)
T SFTTITTI I T T 065 0.74 094 1.18 1.5 2.02 25
E 450 tT—~W'Wbb, (s=39Tev P o B ! # —
o 4F —+ Total delay time and std. dev @=4GeV?fmY) 3 & "F ti-W'Whbb =
E - [ Coherence Time 3 g 80 (s =39 Tev E
3.5F W decay Time 4 S 78 R
3 Top decay Time 34 % 76 . E
o 5f -~ Total delay time @ =1 GeV? fm™) E E ab . E
2 = L 72F \/ z
- - F = [ =
1.5;* *; 70F L] P
1? E 68; * 1,=1.0fm/c t,=25fm/c [® t =5.0fm/c i
0'5; | i 66:W-Unquenched ¥ Quenched E
% 100 200 300 400 500 600 700 800 900 100C %% 100 200 300 400 500 600 700 800 900
Top Pt (GeV) Reco Top Pt (GeV)
http://www.int.washington.edu/talks/WorkShops/int 17 1b/People/Apolinario L/Apolinario.pdf l—ime
A
>
by
g t
D | Pt=1 TeV Pt=500 GeV
O ttbat produced m 0 fm/c 0 fm/c
g top = W+b | fm/c 0.5 fm/c
= e
o W decay 1.6 fm/c 0.8 fm/c
(D) ..
-~ qgbar in singlet 2.3 fmlc 1.3 fm/c

N

L. Apolinario, G. Salam (CERN), C. A. Salgado
(USC) (IST), G. Milhano (IST and CERN),




LY/C D heeo 1hSTrumentalion For saluralion p/’lyé 1S
/4 LICf Fé/‘wdra’ Cd/ orimeler (propo\SQ/ & ( &D>

— 2

S10°F |
8 - 1. prove or refute gluon saturation

5 - compare saturation models with linear QCD

depends on saturation model implementation and flexibility of PDF
analytical shape
2. show invalidity of linear QCD at low x
can all potential measurement outcomes be absorbed in a modified
PDF?
3. constrain the PDFs at low x
................. * nuclei, also protons
main observable: nuclear modification factor Rpa of direct photons
saturation stronger in nuclei
possibly non-existent in protons (calculation of reference in

10
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- CGC
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Z)*//C-' £ixed Z‘drgeZ‘ eXper/MenZ‘ @?

http://after.in2p3.fr/after/index.php/Talks#Talks_on_AFTER

Why a fixed-target experiment at the LHC?

High luminosities — access to rare probes (heavy quarks)

High precision Heavy-lon program between SPS and RHIC
top energy

Access to high Feynman x_domain (|x_| = |p,|/p - 1)

Z max

Variety of atomic mass of the target,
Large kinematic coverage

Polarization of the target — spin physics at the LHC

Boost effect — access to backward physics

Hadron center-of-mass system Target rest frame

backward physics = large-x, physics ( x, <0 — large x, )

* p+p or p+Awith a 7 TeV p on a fixed target

(]

TSV g Vs=v2myE, ~115GeV
@ Yeus=02 Y =48

A+A collisions with a 2.76 TeV Pb beam
s 726eV  on Vs~72GeV

@ Yemus=02?y;,=4.3

How to make fixed-target collisions with the LHC beams?

* Internal (solid or gas) target + existing detector
- gas target (unpolarized/polarized) and full LHC beam
- beam splitting by bent-crystal + internal (solid, pol.?) target
- internal Wire/Foil target (directly in the beam halo)

» Beam extraction by bent-crystal
- new beam line + new experiment

LHCDb-like
1.6 1.6
Q=1.3 GeV WV —PDF dV —PDF
1.4l h(jf( e rew, 1.4
after rew.

Zs1.0b ] a0l
10 B 102

0.8 0.8

0.6

Drell-Yan = provement in P

0.4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 3.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

X X




e/ el ron—ron CO/ / /a/er( S > 4

e LHeC — several options
Journal of Physics G —

Nuclear and Particle Physics /"’_. — ot
LHIC _LHC tunnel,
’ s ~ ) N 2003 §27 o) D ‘:‘.'th bvpasses

\N.m.' Airea ;
> | Hcaround

]

= " — e @Kperiments

SPS /4
1976 17 bm) W’/ L&
ATLAS ~ J ONGS
Volume 39 Number 7 July 2012 Article 075001 CNGS ™
RR LHeC
A Large Hadron Electron Collider at CERN n;!; . e-/e+ injector
Rapert en the Physics and Design Concepts for BOOSTER -
Machine and Dot ecter LR LHe A e soLni 10 GeV
. g ~ - o 1830 /I
Lhed Stegy Grow r.eCI rcu!atln : \ e o - 10 min. filf ing time
linac with I
energy '
racovery, =
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lopscience.org/iphysg
IOP Publishing



e/ el ron—ion CO/ /id. el‘( S > 4

White Paper documents the physics case of an EIC
Eur.Phys.J. A52 (2016), 268; arXiv:1212.1701

Electron-lon Collider: Goals

Investigate with precision universal dynamics of gluons

Central themes:

e Probing the momentum-dependence of gluon densities and
the onset of saturation in nucleons and nuclei

* Mapping the transverse spatial and spin distributions
(imaging) of partons in the gluon-dominated regime

* Provide novel insight into propagation, attenuation and Tl
hadronization of colored probes Th Nom 660, fonte

T. Ullrich




e/ el ron—ion CO/ /id. el‘( S > 4

White Paper documents the physics case of an EIC: Eur.Phys.J. A52 (2016), 268; arXiv:1212.1701

US Electron Collider: Realization

® eRHIC (BNL) , T
» Add e Rings to RHIC facility: Ring- BT e N N gy
Ring (alt. recirculating Linac-Ring)
Electrons up to 18 GeV
Protons up to 275 GeV
Vs=30-140 V(Z/A) GeV
L = 1x103% cm-2s-! at Vs=105 GeV

T. Ullrich

v v v v

e JLEIC (JLab)

» Figure-8 Ring-Ring Collider, use of
CEBAF as injector .
Electrons 3-10 GeV e - 4
Protons 20-100 GeV Hoctronsaure =

e+A up {o \/3=4O GeV/u 12 GeV CEBAF
e+p up to Vs= 64 GeV ; eeeeeeeee .
L = 2x103 cm2 s! at Vs=45 GeV

eRHIC: arXiv:1409.1633, JLEIC: arXiv:1504.07961,

v Vv vV VvV v

ETC PTD needs are miore c/emana//‘nj Zhen V=Yols “hormal collider detector
EZC needs absolute pd/‘z(/c/ e numbers at h/ﬁh pé(r/‘z(y and loww contarnnation



Ferletre Circul/ar Collider

https://fcc.web.cern.ch/Pages/default.aspx

Heavy-ions at FCC:
https://arxiv.org/abs/1605.01389
 https://twiki.cern.ch/twiki/bin/view/LHCPhysics/Heavylons

"l

Prealps

Jura

Ain Department

\fﬁ aaaaaaaaa aaaaaa ) " Future Circular Collider
5 ~ Circu mference: 80-100 km
5 Energy: 100 TeV (pp)
>350 GeV (e*e)

Large Hadron Collider

Circumference: 27 km

Energy: 14 TeV (pp)
209 GeV (e'*e’)

Tevatron (closed)
Circumference: 6.2 km
Energy: 2 TeV



https://arxiv.org/abs/1605.01389

Notes on lhe fullere

o LC Kun—3 (Bun—2 ends 2019)
o 10/ 76 AA data (10" everds )
o Potentially anot/rer pPb ren (202X7 )
0 KA IC: neeo SPHENTX experiment
o Continuted Beam Enerqy Scan
O ¥igh rate jet detector ( Aigh statistics JeZ‘S)
o Electron—-Zon collider?
o A USH based machine (K TC? TLAB?)
o Construction 202s++ (signficantly beyond 2025)
O LHel - conceptual work ongoing
o Feture Circular Collider?

< 407;\/ PLPSL Collisions (100 7:_;,\/ Y24 Mach/ne>



What we did NOT Zalk aboed?

o Beart 8’78/‘3}/ scan at ( >Z/I C:/ oo,é/ng for critical pO/‘nZ‘ on
FCD phase diagran ; piysics of finte baryon density
prograns (NAg, FATR, ...)

o Di—/, epf on measwrenents in AA collisions: res Sengers oF
2he dynarucs; signals for chural symmelry restoration

o Search For Chiral Magnef/c EFFect ) \/orZ‘/Cl/‘Z‘y v V/I C )
balance functions, el hadrochenrnstry, deta/s of Che so-
called ana/er/y/ng even? — soft-8CD, ...

O Nove! work on HIC and JGP
o Etraction of §GP parameters with a Bayesian analysis
o MacAine learning - ?a/c(//y deve/oping For ¥/ IC:

O Aydrodynanical evoludion

d‘efs ard J'ef ?aenc/zing ?aenc/w’ng
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Keternr mandot

CMSpp \s=13TeV
105 <N, ™ < 150
A azimuthal angle difference

- angle in the transverse plane

o
Irlc _nssoe P
1 Py = 3 GoV/g e

™ h'-h

Long —rdnse COI‘/‘e/ aZ‘/on

strwctere in h/;9/7 —

melltipl. ety pp
collisions
2< pT,trig <4 GeVic ' 1

<2 GeV/c
ssssss

p-Pb \s, = 5.02 TeV
- \(0-20%) - (60-100%)

Long -—range correl ation
= D
2l
Z|5
©5,0.75
,-|2= \
An - longitudinal - pseudo-
rapidity distance

dowble strectire in
high-meltiplicity pPb
collisions

Sinular 055 ervalions rade 5}/ /4 77.4 S & LY/CA

Lonﬁ range correlations are intimately related Zo inmtial Sfages - early times — ~0™s.
Do we f’a//y wunderstand intial Sfageé of neclear collisions? — No (1),
ALTCE + (not shown) indication of v,2%F (?) in /9—-;95 collisions (muon—hadron correlations)



Qaem micndocd 15507

Blast—woave £its — different freeze-— Y/ya//‘oa/ynaMfCS 7l masSSs Sp/ /‘Z‘Z‘/'ng
oUl armong SyYstems (505 caveat);
Aocoever , eVents it h Simlar 7;; ,, heed

Yowwever: al/So ?aa//‘z‘az‘/\/e/y
.’ reproduced 1s UrIMD Chon—

Ferdher wnderst ana//ng/ invest zgdz‘/on £l oew)
02— | P. Bozek et al., Phys Rev Lett 111, 172303

B _ . "SR LA ML SN AL LI R RN N R
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S 0.16- N S o V] v, O01F E
=L °% | 0.08 -
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| O PbPb |5, =276 TeV,L =23 ub" 1 0.02 E
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012733 0.4 0.5 0.6 % 2

<[3T>

/.ong range correlalions are /nZ(/‘MdZ‘e/y related 2o inmtial st ages - earh v Times — ~Q™2s.
Do we Fully wunderstand intia/ SZ‘aﬁeS of nuclear collisions? — No (D).
ALTICE + (ot shown) indication of v,>%F (?) in p—vpé collisions (meon—hadron correlations)
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http://arxiv.org/abs/1807.11321v1

Kinematic coverage: collider vs fixed target

LHCDb detector

LHCb: 2 < T]Iab < 5 o https://lhcb.web.cern.ch/lhcb

(1) fixed target, Vs, = 115 GeV; (2) fixed target, Vs, = 72 GeV,
(3) collider mode, Vs = 14 TeV; (4) collider mode, Vs = 5.5 TeV, (5),(6) Vs, = 8.8 TeV



Kinematic coverage: collider vs fixed target

ALICE detector

104

(sa(GeV)

I IIIIIII
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10°

102

Yo =In(is /mp) ( | E
| | ./

10 —8 —6 —4 -2 10
ALICE: Muon Det.: 2.5 < n'ab < 4,
TPC: |nlab| <0.9 http://aliceinfo.cern.ch

(1) fixed target, Vs, = 115 GeV; (2) fixed target, Vs, = 72 GeV, orZ -0
3) collider mode, Vs = 14 TeV; target
Y



