e
[ ]
q
|
q
o
L )
q
g
()
@
LY O O
¢ = D ¢
» O q
« ()
LY ...
@ @
q
O O
q
»
@
()
ORE(
N O
O
@




emergent near-
perfect fluidity

fundamental interaction &
degrees of freedom

= 4
,,,,,,,,,,,,,, / N, exactly known
L Event 1 ATLAS Pb+Pb
| centrality: 20-25%  |s,,=2.76 TeV | =2.3 MeV/c? =1.275 GeV/c? ~173.07 GeV/c?
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quarks and gluons



emergent near- ﬂ ’ fundamental interaction &

perfect fluidity degrees of freedom

....... R TP /( - w \ exacz‘/yknown
- Event 1 ATLAS Pb+Pb A
u

- e . > - .

| centrality: 20-25%  |s,,=2.76 TeV | \ ~ " ~173.07 GeVic 0
14000} >0.5 GeV,Inl<2.5 1 2/3 2/3 0

[ P m ] L — 4 z C t

- 1 X 112 1
13000}

up charm top gluon

4.8 MeV/c? =95 MeV/c? =4.18 GeV/c?
13 d 113 S -1/3 b
112 1/2 1/2

AN, /dA¢ [/25]

12000

> ? ' "

collective, strongly- ] asjﬁ%éﬂigﬁ;i’ree
coupled, long-

P g QGP| guarks and gluons

distance behavior

How does the behavior of Quark-Gluon Plasma
emerge from the microscopic QCD theory?




emergent near-

perfect f/U/o’/z‘y
Cevent1 | ATLAS PosPb |
| centrality: 20-25%  |s,,=2.76 TeV |
14000 p,>0.5 GeV,hni<2.5 1

13000

AN, /dA¢ [/25]

12000
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collective, strongly-
coupled, long-
distance behavior
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fundamental interaction &
degrees of freedom

\ exacz‘/y known
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up charm top gluon

4.8 MeV/c? =95 MeV/c? GeV/c?
3 d -1/3 S -1/3 b
1/2 112

down strange bottom

>

short-distance,

asymptotically free
quarks and gluons
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jets: multi-scale, internally generated
probes of the QGP medium...



ATLAS
4 EXPERIMENT
http://atlas.ch

Run: 217946
Event: 13617174 P
Date: 2013-01-20

_).

proton beam

'///

N
; N

O~ l‘

-

Precision tools, near-ubiquitous in modern HEP...



ATLAS Run 193291, Event 2731321,
B EXPERIMENT Time: 2011-11-13 21:16:00 CET

FCal XET =2.7 TeV

Years of work by many across HI community to
make / improve reconstructed jet measurements!



Jet Raa

& | ATLAS ' antirk, R=0.4jets  lyl<21
[ [=]0-10%, |5 = 2.76 TeV [PRL 114 (2015) 072302] '
. [10-10%, sy =502TeV || |

Nuclear modification factor o |
uclear moaification 1acto Run 1 LHC data: suppression

(Pb;,g?;gﬁer?gg for of inclusive jet production
ot +~+ +
O e S Y L 5 A |

Phys. Lett. B 790 (2019) 108
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Jet Raa

& | ATLAS ' antirk, R=0.4jets  lyl<21
[ [=]0-10%, |5 = 2.76 TeV [PRL 114 (2015) 072302] '
. [10-10%, sy =502TeV || |

Nuclear modification factor
(Pb+Pb/pp ratio) for
inclusive jets

Run 1 LHC data: suppression |
l of inclusive jet production| |

0.5 g e L S ]

Phys. Lett. B 790 (2019) 108
| | | | | | | | | | | |
40 60 100 200 300 500 900_

p_[GeV]
2015 Pb+Pb data

1. Significant improvements in systematic
control over jet energy scale




Jet Raa

& | ATLAS ' antirk, R=0.4jets  lyl<21
[ [=]0-10%, |5 = 2.76 TeV [PRL 114 (2015) 072302] '
. [10-10%, sy =502TeV || |

Nuclear modification factor Run 1 LHC data: suppression

(b ;,Z%’gﬁ ere;;/;;) for l of inclusive jet production
ot +~+ +
O e S Y L 5 A |

| . Phys. Lett. B 790 (2019) 108
| | | | | | | | | | | |
40 60 100 200 300 500 900
p_ [GeV]
2015 Pb+Pb data

1. Significant improvements in systematic
control over jet energy scale /

2. Extension of kinematic reach + more
differential measurements
(2018 data 3.5x luminosity for ATLAS+CMS)




Jet Raa

:E( g\ == ‘ SR | EEEEEE ‘ EEE ‘ | o ‘ == ‘ EEE ‘ I \7 I I I I I I I I I I I T T
© | 4 ALICE Pb-Pb 5.02 TeV, 0-10% o 2| ATLAS " anti-k, R=0.4 jets Iyl < 2.1
& el i L e 15 (%10 - 10%, |8, = 2.76 TeV [PRL 114 (2015) 072302]
1 =| - %, \|Syn = 2. e
~ ML estimator trained on PYTHIA = T IONN
2 mML-based | L 0-10%, s =502TeV || }
@ Area-based (pTI B2 GeV/c, POWHEG ref.).
oeEEE s i€ = = === I =~ o ==
08: mm T ,, normalization uncertainty i Run 1 L/—/C dafa_' SU,0,0/’@SS/.O”
* : of inclusive jet production
06 —
0.4:— e — g = :‘:'?"? ,{'# +~+ +
: l | O0.5F---Ftomgedeo =h=-'. __________________________________________ _
0.o == ienE o ' 2 I .
ALICE Preliminary | Phys. Lett. B 790 (2019) 108
_\ A A l (S 151 b | e Y ‘ |55 e | ‘ | AR D [ ‘ A R ‘ ] N ‘ (=] \_ | | | | | | | | | | | |
%0 30 40 50 60 70 80 90 100 40 60 100 200 300 500 900
p.  (GeV/c) ;
T, ch jet pT [GeV

2015 Pb+Pb data

3. Advanced techniques 1. Significant improvements in systematic
to separate lower-pr jets control over jet energy scale

rom the Hi background ;- £, tension of kinematic reach + more

differential measurements
(2018 data 3.5x luminosity for ATLAS+CMS)

10




(longitudinal momentum) .
fragmentation function SO ERE G EEEEEE -
jet mass //D I

splitting function

Jet (sub)structure in Heavy lons -
growing topic with lots to learn
from HEP community

11



(longitudinal momentum) .
fragmentation function &2zt --f------ 2

how is development of parton shower modified?
structure of in-cone radiated enerqgy / thermal QGP “response™?

12



Fragmentation functions

Phys. Rev. C 90 (2014) 024908

joL 150 <p'<300GeV/c L pf**>1GeV/c,R<03
E 03 < [n®<2 t :
L§ i I
X~ 3
& ~ pe EII'IE'
%“ 1 . T
& (o I |
<
—107'F
| ®
10-30% 0-10%

1.8F

& A |

ratio

Pb+Pb/pp

T Increase in soft particles

l “softening” in moderate-pr region

T survivor bias? (also note pr sum rule)

13


http://dx.doi.org/10.1103/PhysRevC.90.024908

Fragmentation functions

Phys. Rev. C 90 (2014) 024908
I—————— Phys. Rev. C 98 (2018) 024908

{0k 150 <pf'<300Gevic L pi™k>1GeV/c,R<03 Q 5 r —
E 0.3 et 2 ¥ ] L o
woo o} <™l < : S | ATLAS v ® | < 2.1 anti-k, R=0.4 jets
X = =mLEE=Ea wana==3E] 0 9 -
8 # , B
Z_‘: 1 == _E m m B . _
S 5 4+ oL @ 126 < pret < 158 GeV + —
Z’E == - : 0 - ¢ 200 < P < 251 GeV B
S il . a B :_t + 316 < P < 398 Gev
T e tle § Bl
[ 10-30% I 0-10% ]
LR A I EULILILE § ELELELE I LIS I IR 15_
o o ;; ; =
Q. 16 3] ¢
B O 14} +'§§'* : ’
n_'-|= 12* o T |eo ®| - Y a0
+ & e Phant R i BEE
L 4 [ ) J
0 0.8F T ; [ Pb+Pb, |5, =5.02 TeV, 0.49 nb™, 0-10%
a B 0.6f + ] 0.5 PP, Vs=502TeV, 25 pb’ _
0'4'_|....|....I....I....I...."I....I....I....I....I.---' 1 |||| ||||||
0 1 2 3 4 0 1 2 3 4 - 1 10 102
=1In(1/z =1In(1/z
&=In(1/2) &=In(1/2) p_[GeV]

T increase in soft parlicles  Ratios at small p similar at all pre...

must be related to absolute QGP
scales (soft thermal response)
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http://dx.doi.org/10.1103/PhysRevC.90.024908

jet mass <) I

does QGP filter out soft modes, leaving hard core (decrease mass)?
Soft particle response to deposited energy (increase mass)?

15



Pb+Pb/p+Pb

ratio

Jet mass

PLB 776 (2018) 249

100<p, . <120 GeVic

80 <P onj t<100 GeV/c

60<p <80 GeV/c

T, ch jet
ALICE

@ 0-10% Pb-Pb |5, = 2.76 TeV
s PYTHIA Perugia 2011
= = : Q-PYTHIA

JEWEL + PYTHIA 0-10% Pb-Pb
Recoil on

....... Recoil off

7Y
|
= v lyvov o b 1'|’ 10y

5 10 15 20
Mg jer (GEV/C?) Mg, ot (GEV/C?)

ungroomed mass in pet Se/ecz‘/ons

:I T T T T I T T T T I T T T T I T T ::I ] ] ] I ] ] ] ] ] ] ] ] I ] ] ] ] I ] ::I T T T T I T T T T I T T T T I T T T T I T T T
: 6O<pT chi t<80 GeV/c 80 <Pr o t<100 GeV/c 1OO<pT,Chjet<120 GeV/c
3 0-10% Pb-Pbys, =276 TeV % Charged jets, anti-ky kS @— Dta Po_Fb /o b E
P-FbYsyy =502 TeV F=04,In,1<05 T s PYTHIA 2.76 TeV /5.02 TeV
" @ PYTHIA Perugia 2011 3 - =
e, _* S ’
' oo o E
- o O o 0@ | w
s = Shd T = 2 :
: ALICE T I
o I TR T T R T T TR N A TN TN T S NN S T« AN TR TN SRS SO AT TN TR TN NN NN NN SN SN NN (T TN NN SN TN AT TN  CEND AT ST N N AT TN TN NN N AN TN ST TN N A TN SN N AN AN A
0 5 1 O 15 0 5 10 15 20 O 5 10 1 5 20

ch jet (GGV/CZ) Mch jet (GeV/Cz) ch jet (GeV/CZ)

selected/surviving jets have smaller mass...
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splitting function

do nearby subjets lose energy the same way (stochasticity of E-l0ss)?

can the medium resolve independent subjets (color coherence)?



PbPb/pp

Splitting function

—r——
. CGentrality: 0-10%

& PbPb

-----

| 0.1

0.2

0.3 0.4 0.5

Zg

subjet pr-sharing

PbPb/pp

PbPb/pp

modified by QGP\

PRL 120, 142302 (2018)

VS = 502 TeV, pp 27.4 pb', PbPb 404 ub !

1. GLCMS Centrality: 0-10% _'_antlk R 04 hq I<13 _'_SoftDrop[S 0 z t_01 AR12>O1_
] 4: w140 < Pl < 160 GeV T 160 < p , <180 GeV T & 180< Prio < 200 GeV
A . # ’ A
X T ' \
1.2 Sk T
I e :
0-8:_ l e : S Ly ] 1
0.6 = JEWEL

~ Coherent antenna BDMl5§
0.4F =1 GeV/fm?, L =5 fm "~
"I = =q=2GeVAm?, L=5fm

ref | o :

1.4E A 200<p. <250GeV T 1  250<p. <300GevV I A 300<p. <500GeV
= TL A T,jet 1 s T,jet 1 s T,jet J
E I 24 A -
12 ] ¢ ¢$\
1: - i\ BEETT
0.8f
0.6 T SCET
- 1 Chien-Vitev HTq =4 GeV/im? - E
0.4F ] g=1.8 - = Coherent I J
[ I o g 2 2 | Incolherent | | I | | | | | i
O 1 0.2 0.3 04 0.5 0.1 0.2 0.3 0.4 0.5
Zg Zg

additional advantage: some substructure
observables robust by construction against
HI background...
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GATLAS

A EXPERIMENT

Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

did both jets lose
energy?

was the surviving
jet created near
surface?

do selected jets have
same flavor fraction as
pp comparison jets?



Cent: 124877733 | EW boson-tagged jet
2015-11-28 01:15:42 CEST

Pb+Pb Vsnn = 5.02 TeV quenChing

photon + multijet event
2 EqFCal = 4,06 TeV

pr =200 GeV

balancing 70
ATLAS jet(s)?

EXPERIMENT



or Z
yore _<) What is the (absolute) amount
of energy lost in cone?

yor Z >
...... > How is the parton shower in
“>

jet jet cone modified by medium?

particles

Where does the lost energy end up
(angular and momentum modes)?

quenched
energy

21



ATLAS
pp 5.02 TeV, 25 pb™

Photon+|et pr balance  fhbbs021ev. 049 nb

pYr = 100-158 GeV

Xy = pret/ pre <] pp (same each panel)
= Pb+Pb
~ 2 ppTT L A A AN
5.2 i 50-80%3 5 2t . 0-10%
= 16 Z 16F Phys. Lett. B
S 14F +A S 14 | ™ 789 (2019) 167
< £ 3 =
T 08¢ - 88_
8'25 0.4F 4
T ... ——t EX IR .

Jy
et Y
P(priet ~ pr¥) = large P(pret << pr¥) >0 |
P(pret ~ pr¥) > 0
in 50-80% Pb+Pb events, in 0-10% Pb+Pb events,

sharp peak at xx~1, as in pp distribution of outcomes!
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Photon-taggeda |et structure

ISy = 5:02 TeV pYr > 60 GeV/c
PbPb 404 ub™ anti-k, jet R = 0.3

nuc/ ex/ 1 902 10007, in press PRL

pp 27.4 pb'1 p' >30 GeV/c, Ag s I

—— 8 o §1 65— ytag(p = 80-126 GeV, p“_63144GeV)_

CMS Cent 0 10% my, i [ Data, 5.02 TeV, 0-30% Pb+Pb / pp -

3 " Supplementary = o 1.58 [ SCET, E

| R 'c.% 1_43_ Inc%sive jets (p’:t=80-110 GeV) =

| Bl Data _ E o0 1.32_ ++ Dggt;,éje TeV, 0-10% Pb+Pb / pp —i

o | I SCET, Chien-Vitev 1 1.25- L * 3

- —LBT 1 © 11 e R

13 T — N — :

S 0.95ATLAS -¥*¥ —~

1O 0.8F-PP 25 pb’ ———— =

AT R B O7§Pb+PbIO.49|nb'1IIIIH| E

O O 1 02 O 3 .10‘2 10—1 5 1
I

ratio of (radial) jet shape ~ compare photon-tagged (quark) and

for photon-tagged jets inclusive jet (gluon) frag function ratios

test multiple aspects of theory: flavor difference, multiple
momentum scales, etc.
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1.6

1.4

1.2

I:1AA

0.8

0.6

0.4

0.2

Heavy 1

PRL 123 (2019) 022001
27.4 pb” (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)

= Prompt D’ lyl<1
Charged hadrons ni<1

Global uncertainty

4y

- CMS ¢ D

from b hadrons lyl<1
¢ Blyl<2.4
J/p from b hadrons:
& 1.8<lyl<2.4
+ lyl<2.4

+ﬁﬁ?ﬁ @5** +

0%- 1 00% centrality

2 3 4 5 675310

20 30 40 100

P, (GeV/c)

data compatible with physically
intuitive ordering of E-loss:

light < charm < bottom
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- _30 50% Pb-Pb, \s,, = 5.02 TeV

T T T New 2018 Pb-Pb
- ALICE Prellmlnary

i?zﬁ:#+ =

==

== ==
[]Syst. from data +
Syst. from B feed-down

E

4 6 8 10 12 14 16
P, (GeV/c)

(\)

charm “feels the shape”
of the QGP region




LHC report: xenon in action

The LHC had the unique opportunity of colliding xenon nuclei over several hours

24 OCTOBER, 2017 | By Michaela Schaumann for the LHC team

CMS Experiment at the LHG, CERN
Data recorded: 2017-Oct-12 20:44;56:751360 GMT
Run / Event / LS: 304899 / 8743861% 90

One of the xenon ion collisions recorded by the CMS detector. (Image: CMS/CERN)

Change nuclear species: change QGP size/shape/
temperature — crucial lever arm for nuclear physics!
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Hovv does energy \oss depend on system size”

<
<

C 1-|
0.8F

__I ALICE
[ ® Xe-Xe,\sy=544Tev I
[ O Pb-Pb,\s,,=502Tev I

a3 y 1
O'6: R

0.4F r —— T
[ .o —o— I
0.2[ ¥ ®pe® 0-5% T

charged particles
Inl<0.8

1
0.8"
0.6F
0.4

0.2} 20 30% T+

30-40% T
] LT

1.2
1
0.8F +
0.6} F.

0.4
0. 2

50 60/ :

60 70% :

o

70 80/

O 10203040500 10203040500 1020304050

Obvious “non-scaling” in relative
fractions of AA cross-section...

..select same (dN/dn) range —
l.e. similar eL2 (radiative E-l0ss?)

P, (GeV/c)

Phys. Lett. B 788 (2019) 166

1-2:_ ALICE charged partlcles I77I<08
- p =12-4.2GeVic ]
‘-‘\ " w :
L0850 . sensitive to flow? -
o 06T iR - . ]
- e Eeg . e . ]
b e e s ma oy
0.2 B
| . l ' ' ' ]
1.2F T
- p,=5-8GeVic ]
1} —=-Xe-Xe, |5, =544 TeV
0_8:=r\l~ +Pb-Pb,m=5.02TeV _
< j%_ ~—Pb-Pb, |5, =276 TeV ]
o 0.6F¥; E
-t N T4l ]
sl ™%, Sensitive to 77 ]
i ]
- r@. _——
025 Rt 4 +
127 | | | ]
1‘% " p.=10-20 GeV/c 1
o.s%;i'ﬁ ) y f)_:
s H&y  sensitive to E-Ioss? ]
o 0.6 .- E
B AN | '
[ LN RO
0.4F Yoo o E
L e T
0.2F TS L
I | . | . | 1
/ 0 500 1000 1500 2000
(dN _ /dn)
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1.60

1.4

1.2

Theory/Data
o

At a glance, good matching

o .
T

Impact on theory comparisons...

27 4 pb (5. 02 TeV pp) 3.42 ub (5 44 TeV XeXe

C 1 "OMS 5.44 TeV XeXe
:CMS e LBT

— Djordjevic

B CUJET3.1/CIBJET
Andrés et al.
SCET,

gl Normalization uncertainty

N

—
—af
o
—
o_

to theory models...

404 ub (5.02 TeV PbPb), 3.42 ub’! (5.44 TeV XeXe)

]

g CMS E

- Supplementary -

1.6:— E

1.4;— ]

1.2 =

S 4 1: - ¢
<
0.8 ml <

"L I Normalization uncertainty
0.6 —PYTHIA 8 expectation
- =—LBT (0-10%)
0.4 - Djordjevic (0-10%)
- —CUJET3.1/CIBJET (0-10%)
0'2: — Andrés et al. | 0'5%
| | | | | | I I | | | | | L1

II-I

—_ |
O bkLL
N

p, (GeV)
Cancel common data & theory
uncertainties in the Pb/Xe ratio...

... better extract temperature /
path-length dependence of E-loss

not shown: ATLAS dijet pt balance, anisotropic flow measurements 27



How does the nucleus = test in p+Fb collisions

affect hard processes
before QGP effects? — @ —

Run 1 p+Pb/pp ratios of dijet-n, bins of pv9

- ave - ave pPb (35nb™), pp (27.4pb™)
1.4 55 <p° <75 GeV [ 75 <pl® < 95 GeV CMS ey
i [ anti-k, R = 0.3 jets
1.2 - P, >90GeV,p__>20 GeV
o B B A(ﬁ1 5 > 2n/3 ’
o |& 1 .
o pp NLO pQCD: CT14
0.8 = Data DSSz
. [ Syst. uncert. EPS09

[ p2e > 150 GeV
L T




L5 [ T o

hep-ph/1903.09832

0.5

— EPPS16

= reweighted

1074 1073 102
X

10~!

RAA

[+]0-10%, |5,y = 5.02 TeV

_ [+ ]30-40%, | Syy = 5.02 TeV
llll (TAA> and luminosity uncer.

ATLAS ' anti-k, R=0.4 jets
[ [5]0-10%, s, = 2.76 TeV [PRL 114 (2015) 072302]

175730 7 40%, s, = 2.76 TeV [PRL 114 (2015) 072302]

Clyl<21

EL'_‘_IIP——':# l - T3
et ! /7
i e /
IZF?I ~ | '
] R V]
0.5F-f-- Rl S R Cohrtt RECEEEY LREEREALS
' \ —
| | | | | | | | | | | | |
40 60 100 200 300 500 900
p. [GeV]

Phys. Lett. B 790 (2019) 108

Input for universal
‘nuclear-PDF" picture

impact of Run 1 dijet data on nPDF
modification for gluons

Information on “cold” nuclear
effects before “hot” quenching

large-x EMC
effect region!
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EW probes in Run 2 p+Pb 8.16 TeV

pPb 173.4 nb™

VS = 8.16 TeV

R L -

1.45— W+ s M+ + VM CMS —E

1.3 P;>25GeV/c Preliminary 3

= - ]

= 0O 1.2_— ]

T -

= 1.1_— \__
Z 1_ — ‘\ ‘§\

~— -

—~ W \\ ‘\ \\\on
= 09[ WO " ,,v,',',».ommm
1:0 .

- E
;l-/ 08¢ ¢ Data -
5 478 —cTia CMS HIN-17-007
- A\ CT14+EPPS16
0'6; 4 CT14+nCTEQ15
I T N N N A R R B L |
055 oL : . )
Y]M
CM

Forward/backward ratios of

W production

0.4

1.84 < 1 <0.91 .

nucl-ex/1903.02209

ATLAS N
Vs =8.16 TeV p+Pb, 165 nb™"

0.8

0.6

—— Data _

+
[ —.—.- JETPHOX + CT14 ‘
--------- JETPHOX + nCTEQ15
] 1 1 1 1 1 L1 I 1 -
30 40 50 107 2x10*
E: [GeV]

p+Pb/pp ratio of isolated y

production
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Ultra-peripheral processes

e EM interactions with nuclei separated, such as light-by-light scattering

e Photo-nuclear (Y+A) interactions:
= significantly cleaner environment than p+Pb
= opportunity to do some “nuclear-DIS"-like physics before LHeC/EIC

I LAS Run: 286717
Event: 43643466

EXPERIMENT 2015-11-26 09:53:40 CEST

Pb+Pb, ‘/SNN =5.02 TeV




- ALICE Pb+Pb — Pb+Pb+Jy |5 =5.02TeV .-~
~ [ ALICE coherent Jhy g
6? - - - - Impulse approximation
T e STARLIGHT
- —— EPS09 LO (GKZ)
S5 .. LTA(GKZ)
- - --- GG-HS (CCK)
. — — IPsat (LM) P
4~ — . BGKI (LS) —
SR IIMBG (GM) -~ T :
§ N =
3
ol -

- nucl-ex/1904.06272
| | | | | | | | | | | | | | | | | | |
—04.2 -4 -38 -36 -34 -32 -3 -28 26 -24 22

y

Coherent photo-production of J/p
as probe of nuclear gluon content

(see also: photo-nuclear dijets in ATLAS,
Upsilon in CMS, far forward J/ in LHCb)

32

ATLAS-CONF-2019-022

0.1 6:— 0 pp Vs=13TeV  ATLAS Preliminary
" ) p+Pb \/s=5.02 TeV .

0.14- N* =260 x4, 5 , g
. AL i
0.12:— AA A E
o1, A T
- g 000g .
0.08- ° _ga 1ty b
0.06 = ] T -
L o] * Pb+Pb 2018, 1.73 nb™ [ .
0.04 E} + \S\y = 5:02 TeV, OnXn [#ZI ~
0.00 3,AN2.5, 3 An<3 E
T ¢ photo-nuclear, 20 < N <60
_I L 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L 1 1 1 | L 1 1 1 | | I_

OO 1 2 3 4 S 6

p_[GeV]

symmetric “ridge” in high-
multiplicity Y+A events!
Interpreted here as vo...

...QGP-like signatures even in lower-
energy p+A collisions?



Electromagnetic processes still
occur even it nuclei overlap

Recent interest iIn YYy—¢+¢- as
probe of the QED content of QGP

PRL 121, 212301 (2018)

oy .. 600 — — I/
2l b 0-10 %-
e [ —— Pb+Pb data ]
400 |- —+—>80%data - di-muons balanced in UPC events. ..
_ STARlight + - | _
+ + | + : when passing through the
- deconfined quarks of QGP
o_____’_‘_ci-i-t«}-o-i-{»%:- 9
| 1 Le

0 0005 001 0.015
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Future hard probes of QCD matter

|

outer HCal

hep-ph/1812.06772 ™ 26,201

|
|

v

Future physics opportunities for high-density QCD
at the LHC with heavy-ion and proton beams

Report from Working Group 5 on the Physics of the HL-LHC, and Perspectives at the HE-LHC

& i T T T T T 11 ‘ T T T T T 11 ] inner Hcal SOlenOid
g 1.6 7/ ATLAS Preliminary 7 oy e, W
i Projection from Run-2 data ] o LA = EM |
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SPHENIX @ RHIC: dedicated “LLHC-

HL-LHC WG5S report for HI style” jet detector in early 2020's

physics opportunities in Run 3+4.:
Complementary scientifically (colder

Higher luminosity, detector QGP. smaller UE) and technically

upgrades, smaller collision systems  (uses copy of ALICE ITS upgrade)
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