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v hard probes

v/ quarkonia suppression

v high-pt hadrons and jets

v/ wrap-up



guarkonia



QUARKONIA MELTING

v’ colour screening in a deconfined plasma reduces binding of
quarks

JeJ,eA 1L :uooueg

v bound states of heavy quarks [c-cbar: J/1{, {’][b-bbar: Y, ¥,
Y”’] have small binding energy and thus should be
suppressed [melt] in QGP

v eftect should increase with increasing QGP temperature

v/ avery simple, attractive and powerful idea [Matsui, Satz 1986]



JIY SUPPRESSION
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:: first measured at CERN SPS [Vs=17 GeV]
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RHIC vs LHC

R, -VS. multiplicity
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:: higher temperature at LHC, but more suppression at RHIC ?



RECOMBINATION

v/ number of c-cbar pairs increases with collision energy

v/ quarks from different pairs have increasing probability of
binding together at hadronization [later] stage :: cf
statistical hadronization models

Charm cross-section .vs. Vs
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J/v modification .vs. energy density 8 b e e O
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:: the simple idea quickly becomes less simple... JHEP 1207 2012) 19

:: also, quarkonia production in vacuum [pp] not fully understood...



SEQUENTIAL SUPPRESSION

v different states should melt at different temperatures

T<T
state J/P | xe Y’ Y Xb Y’ X}, Y < I
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high-pt hadrons and jets



HADRON SUPPRESSION
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v' hadrons yields are strongly suppressed with respect to pp

v effect increases with increasing centrality [larger and hotter QGP]
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HADRON SUPPRESSION
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v hadron spectrum is steeply falling
v suppression implies energy loss of what became the hadron [parton]

v this suppression was coined ‘jet quenching’ even before any jet was observed in
heavy-ion collisions
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PARTON ENERGY LOSS

v’ energetic hadrons come from hard partons

v

v

first step in understanding hadron suppression is to tackle parton energy loss

take a QGP as discrete set of non-interacting [screened] and recoilless
scattering centres expanding or not [here not]

interaction between parton and QGP on timescale much shorter than
characteristic QGP time scales [compute for fixed configuration and average
over ensemble later on]

momentum exchange purely transverse — medium gauge field written as

A= (q) = 2 6(q) / drt ¢ A (q 2
0

assuming gaussian distribution, medium properties enter via 2-point correlator

(Amea(a@: ) Arey (') = 0% n(t) 5(t —t') (27)*6®) (g — 4') 7(a®)



PARTON ENERGY LOSS

v/ parton can exchange 4-momentum with QGP
v transfer to QGP results in [elastic] energy loss

v transfer from QGP results in energy gain which can
stimulate radiation :: medium induced radiation is the
leading mechanism for parton energy loss

Brownian 2 o
[motion kl - Ncohu' l O=xE

hard 2 § -
production
g~ - |
'\ historical figure [one of the ugliest | have ever seen]

102

q(t) = asn(t) / dq® ¢*v(q?) G~
lg|<g*

transport coefficient
[average momentum square transfer per unit length]
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Brownian k2 2

:: Brownian motion [accumulated transverse momentum] e ”
~ : 2 g =
< kJ— > q g?giuction
: accumulated phase @/o characteristic [maximum] gluon ——
2 ~T 2 A
L) N = A
W W W
:: coherence time [time it takes for a gluon decohere from its emitter]
W W teon
tcoh ™~ 75 ~ 4| = — number of coherent scatterings Ngop ~
k q CcCO A

"\
ki ~ thcoh

:: radiated gluon energy distribution

wdlmed 1 " dl 1 o Q non-abelian LPM
dwdz ~ Neop ~ dwdz SV@/O

:: average energy loss

d[med

L We
AFE = / dz/ wdw—2C ~ qgw,e ~ agGL?
0 0 deZ
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:: eikonal [straight line] parton trajectory resumming multiple exchanges

+d§A-(£,r<£>)} 7993 139 118

A <<y’

Lf

Wa o ($f+7$7;+;1‘(§)) = Pexp {ZQ/

+

.. off-eikonal [transverse motion]| parton trajectory resumming multiple exchanges

r(zfq)=xy ip Tr+ dr 2
Gogoi(Tpe, Xp5Tig, Xi|p) Z/ Dr(§) exp —+/ dg§ <—) Wera: (@54, Tivsr(€))
r(zit ) =X 2 Ja d§

Mh(pO)O p,Ag . gpl,fh

q, B

:: calculations become rather complicated very quickly



HOW TO PROBE ANYTHING

so far we haven’t invoked the best way probing anything

16



HOW TO PROBE ANYTHING

scatter something off it

RIBBIT

|

By EANS

FUN FAC | : Ex-particle-physicists
make the worst biologists.




HOW TO PROBE ANYTHING

FUN FAC | : Ex-particle-physicists
make the worst biologists.
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cannot [easily] understand a frog from scattering it off another frog Abstruse Gooss
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HOW TO PROBE ANYTHING

scatter something you understand off it /
k/

q

\ 2R

deep inelastic scattering is the golden process for proton/nucleus structure determination
dial Q* = -g*=- (k’- k)? to probe distances A= ii/Q

QGP too short-lived for external probes to be of any use

:: to mimic DIS paradigm need multi-scale probes produced in
the same collision as the QGP

-|jets

19



WHAT IS A JET ?

jetis ajetis ajetisajet

[theory view]
the offspring of the QCD
branching of a hard parton

20



WHAT IS A JET ?

jetis ajetis ajetisajet

[theory view]
the offspring of the QCD
branching of a hard parton

[experimental view]
collimated bunch of particles

21



WHAT IS A JET ?
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jetisajetis ajetisa

[theory view]
the offspring of the QCD
branching of a hard parton

[experimental view]
collimated bunch of particles
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WHAT IS A JET ?

jetis ajetisajetisa jet

UNIQUE AMONGST QGP PROBES

o multi-scale
: broad range of spatial and momentum scales involved in jet evolution in QGP

o multi-observable
: Oifferent observable jet properties sensitive to different QGP scales and properties

e very well understood in vacuum
:: fully controlled benchmark

ofeasible close relative of a standard scattering experiment

23



A JET IN.QGP :: HARD PRODUCTION

robust arguments for non-modification wrt vacuum :: familiar
physics

hard scattering localized on point like scale
oblivious to surrounding matter
[calculable to arbitrary pQCD order]

nuclear structure sufficiently
constrained in relevant
kinematical domain

all will be easy [denial ]

24



A JET IN QGP :: PARTON SHOWER

shower constituents exchange [soft] 4-momentum and colour
with QGP :: shower modified into interleaved vacuum+induced
shower :: modified coherence properties :: single parton
intuition and results do not carry through trivially :: multi-scale

problem :: some shower constituents de-correlate :: some QGP

Mehtar-Tani, Milhano, Tywoniuk :: Int.J.Mod.Phys. A28 (2013)

Mehtar-Tani, Tywoniuk, Salgado :: many
Blaizot, Dominguez, lancu, Mehtar-Tani :: JHEP 1406 (2014)
Apolindrio, Armesto, Milhano, Salgado :: JHEP 1502 (2015)

becomes correlated

% T3 F\? L,

this is tough [anger]

Zapp :: QM17

25



A JET IN QGP :: HADRONIZATION

very little known about QGP induced modifications of already
ill-understood hadronization in vacuum

Beraudo, Milhano, Wiedemann :: JHEP 1207 (2012)

k
1 Nucleus

k .
J
1]
high—pT quark V> Medium
]
1< ] - 1
1 g
1 -
hard process hard process
i Nucleus 2 . . Nucleus 2
. 1 .
1

1 - -
-

v o

iet-QGP interaction modifies color connections in the jet and thus hadronization pattern
[in any reasonable effective model]
can learn about hadronization modifications af an EIC

1 Nucleus 1

A

A

if you let me do away with this, I will produce some results [bargaining]

26
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A JET IN QGP :: JET RECONSTRUCTION

uncorrelated QGP background needs to be subtracted :: jet-
correlated QGP should not :: do experimental and
phenomenological procedures do the same [and the right]
thing? :: how can I know?

correlated R
background

background

==

Zapp :: QM17

this is probably hopeless [depression |



A JET IN QGP :: 0BSERVABLES

keeping in mind all the caveats compute something that has
been/you want to be measured and understand what it might be

sensitive to and how it can help removing the caveats

work with what you have to eventually have more [acceptance]

28



THE FIVE STAGES OF HEAVY ION JET PHENOMENOLOGY

denial :: anger :: bargaining :: depression :: acceptance

the theoretical, phenomenological, and experimental challenges posed by the
complexity of jets in heavy ion collisions are the best shot we have at furthering our
understanding of the QGP

29



from partons [hadrons] to jets



31

MULTIPLE EMISSIONS :: VACUUM ANTENNAS

» bona fide description of multiple gluon radiation requires
understanding of emitters interference pattern

» ggbar antenna [radiation much softer than both emitters] as a

TH lab

]fJ_,CU

.vacuum::

® transverse separation at formation time

Oqq
T o~ quTf ~ %

* wavelength of emitted gluon

1 1
)\ ~N —m— N —
+ kJ_ wb

for A\| > 7| emitted gluon cannot resolve emitters,
thus emitted coherently from total colour charge

large angle radiation suppressed :: angular ordering



MEDIUM ANTENNAS

kJ_,(U
A 1 1
med k'J_ qAL

MAJOR EFFORT

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

Blaizot, Dominguez, lancu, Mehtar-Tani
Mehtar-Tani, Milhano, Tywoniuk [review]

» new medium induced colour
decorrelation scale

» such that decorrelation driven by
timescale

32



® qqgbar colour coherence survival probability

L
Aped = 1 —exp{ — Eqﬁgqt?’} =1 —exp{ —

® time scale for decoherence

TA N~ ~
! qegq

¢ total decoherence when L > 14

kJ_,w

» colour decoherence opens up phase space for emission
» large angle radiation [anti-angular ordering]

> geometrical separation [in soft limit]

1.1 }
12 A?

med

asCr dw sinf do

T w 1—-cos@

AN, = [©(cos 8 — cosbly5) — Amed ©(cos by — cosb)]
vacuum

radiati
Aned 2 0 coherence

Anmed = 1 decoherence

medium-induced
radiation

~<
~
~
~
-~
-~
-~
-~

33
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FROM ANTENNAS T0 JETS

.................................................................... Casalderrey. Mehiai-Tan, Salgads, Tywoniuk T1210:7765]

V' 1t < Amed :: antenna unresolved by medium :: vacuum like

V' It > Amed :: medium probes antenna :: strong suppression of
interference :: independent radiation from each constituent

v in-medium jet dynamics driven by number of resolved charges



HADRON AND JETS
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v hadrons belong to jets
v/ jets more suppressed than hadrons...

v the QGP resolves the jets [‘sees’ its components]



what can jets do for you?

better, what can you do with jets?



significant progress requires detailed understanding
of the sensitivity of each observable
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A TOOL :: MONTE-CARLO EVENT GENERATORS

v MCs implement most known jet quenching physics

v many MCs in the market [Q-PYTHIA, PYQUEN, MATTER,
MARTINI, Hybrid,...] implementing various ‘alternatives’

v MCs allow for fair comparison with data

v/ MC status not the same as in pp :: we don’t know all the
physics yet !

v" MCs that have been validated for a wide set of observables
can be used as an exploration tool



Zapp, Krauss & Wiedemann, JHEP 1303 (2013) 080

> jet evolution and interaction with medium described within single formalism

> jet evolution well understood in pp :: use standard tools from pp
description

» dynamical model of jet evolution anchored in analytical understanding of
pQCD

> key assumptions
» medium seen by jet as collection of quasi-free partons

> use infra-red continued perturbation theory to describe all jet-medium
interactions

» formation times govern the interplay of different sources of radiation
[vacuum-like and medium induced]

» LPM effect encoded through eikonal limit analytical results

39
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JEWEL: MEDIUM RESPONSE

Zapp and Kunnawalkam Elayavalli

» two possible operating modes in JEWEL

» medium partons not included in event record :: no tracking of medium
response

» medium partons that interact with jet included in event record
» part of the medium becomes correlated with jet and thus part of jet

> requires subsequent background subtraction :: only 4-momentum acquired
by medium partons should survive not that in thermal distribution

» no further re-scattering of medium partons :: jet-correlated medium
arguably too hard
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» di-jet asymmetry
| : energy imbalance of back-to-back jets

v/ A; distribution
shifted to larger
asymmetries

v’ no modification of
acoplanarity ATLAS :: PRL 105 (2010)
distribution



measurement of increase of di-jet
asymmetry without disturbance of
acoplanarity distribution

paradigm change triggering

experimental analyses and
theoretical developments

NOT out of cone semi-hard rare peeling-off of soft gluons is driving
emissions as previously thought mechanism of jet energy loss
J II"FT1
P o ommmes 6
/ | 5 0.1 $ qt szoscaeee\>/22((ha etfst)he ) p 4

Y

Eto<Et4

0.001 F

18 2 22 24 26 28 3
AD

Casalderrey-Solana, Milhano, Wiedemann :: J. Phys. G38 (2011)



E

T » cartoon implicitly suggests
' importance of path-length difference
in di-jet asymmetry

» follows naive intuition and
introduces cognitive bias that can
compromise your conclusions

» it should not have in this case as
peeling-oft of soft jet components
is the key mechanism for jet
energy loss [in whatever language
you choose to address it]

» however there is much more to it

43



KEY LESSON :: ALWAYS CHECK

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

di-jet production points

y [fm]

x [fm]

density weighted path-length

[accounts for medium expansion, rapidity independent for boost invariant medium] —

0.016

0.014

]

0.012 %
0.01

0.008
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0.004

1/Ng jor @°N/(dx dy) [fm

0.002

1/Ngijer dN/d(AL,,) [fm "]

0.25
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0.15
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Milhano and Zapp :: Eur.Phys.J. C76 (2016))

distribution of path-length differences

L L L LR R B B
B —— JEWEL+PYTHIA input distribution i
- —— JEWEL+PYTHIA leading jets ]
B —— JEWEL+PYTHIA di-jets 7]
- " E
L0 L oo | .

-10 -5 0 5 10

ALn - Ln,Z - Ln,l [fm]
de m™n(r(7), T)

[drn(x(r), 1)

v small bias towards smaller path-length for leading jets

v however, significant fraction [34%] of events have longer path-length for leading jet

v consequence of fast medium expansion

44
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Milhano and Zapp :: Eur.Phys.J. C76 (2016))

di-jet asymmetry in PbPb 0-10%, p, 1 > 120 GeV

L I L L L L L L L L L e
T [T [ [T W

oms — JEWEL+R¥FHAVSPBbrdatsy 1
%’ ﬁ]:‘:l —— JEWEL-+RYTH]RWditsd SFoACRORD-
5 >0 = — —— JEWEL+PYTHIA pp —
_ 30.008 E:,_l et —E
—  L5F > =
%, 0.006 JJ L._ - -
LE H E
0.004 T —— —
o5 - =y E
fo) ;\ 1 ‘ || \‘ | ‘H [ \‘ | ‘\ [l ‘ L | H - \T\ lall | \‘ \E
1‘4 ; LI ‘ T \‘\ ‘H T \‘ I ‘\ [ ‘ L H T [ I T ‘ \7:
==l
g o8 iﬂ_ﬂw@q E
d|'jet pI’OdUCtIOH pOII"ItS 0'6 :j -} ‘ Il 1 \‘ | ‘H (N \‘ | ‘\ L1 (| H [ | ‘ (N |\ I‘ | |\ | ‘ \7:
7 o] 0.1 0.D0.2 0.30.4 0.4 % 0.6 0.8.7 0.2134]1
® 1,1 —PL,2
w; A J — PL, PL,
1 °= P11+ D12
E 143
> | % > di-jet event sample with no difference in path-length have A,
22 distribution compatible with realistic [full-geometry] sample
1
. > ‘typical’ event has rather similar path-lengths

» difference in path-length DOES NOT play a significant
role in the observed modification of A; distribution



JET ENERGY LOSS DOMINATED BY FLUCTUATIONS

Milhano and Zapp :: Eur.Phys.J. C76 (2016))

Mass distribution of partons in the initial configuration in p+p

oo el D L s > DOt all same-energy jets are
£ ‘ ’ —— sub-leading parton
s sr equal

» number of constituents
driven by initial mass-to-p,
ratio

el ﬂwmm% > more populated jets have
1.2 — : —

g ok : E larger number of energy loss
candidates

Escobedo, lancu 1609.06104 [hep-ph] for related work



JET ENERGY LOSS DOMINATED BY FLUCTUATIONS

Milhano and Zapp :: Eur.Phys.). C76 (2016))

p | loss of quark jets in pp y-jet events in JEWEL+PYTHIA

g ~ I I ‘ I I I ‘ I I I ‘ I I I ‘ I I —
S eab - 2 > transverse momentum loss largely
N B "o — . T H ' . .
R s ill_lpq determined by mass-to-p; ratio of
015 |- pE=E=Es . L
3! : initial configuration in both pp and
fo1 —— 25GeV < p'’ < 50GeV _
o - —— 50GeV < p‘f‘) < 100 GeV 7 AA
-+ — —— 100GeV < p'” < 150 GeV -
a.05 — 150GeV < P < 200GeV _]
i T ecw < b imce ] » strong dependence for bulk of
P=— A A A distribution
0* 0.2 0.4 0.6 0.8 1
i/ pt . : :
» saturation at high ratio result
_ Pu lossofiquark jets in PbPb yjet events in JEWEL+PYTHIA from reconstruction cone radius
fj "t L \ \ e [large angle structure beyond R]
< . - ) — . . .
H: i [, Lk .. will shift to higher values for
fos T P H e e .
S | : + LT higher R
co2 | [ —— 25GeV < p’ < 50GeV -
= ‘—— 50GeV < p'” < 100 GeV . . .
o S o 100Ge < P < 130GV ] > effect of medium induced
5 F s —— 150GeV < p’ <200GeV ] . . .
L 200GeV < i <250GeV fluctuations seen in flattening
i o —— 250GeV < p’ < 300GeV ]
N ..'..L | ‘ s® ”\ | ‘ | | | ‘ | | | ‘ | | - 1
0 oz P 0.4 0.6 0.8 1 for IOW pt Jets

m™ / p(in)



understanding of sensitivity of an observable paves
the way for physical understanding of QGP properties

experimental measurement of di-jet imbalance allows
for identification of leading mechanism of jet energy
loss and isolates the importance of all same energy
jets not all losing the same energy
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DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES

Milhano, Wiedemann, Zapp :: 1702.xxxxx

» instead of looking at back-to-back jets, focus on what happens
inside each jet

» look at the widest angular separated hard prongs in a jet

SoftDrop procedure:: Larkoski, Marzani, Soyez, Thaler :: JHEP 1405 (2014)

min(pJ_,lapJ_,Q)
PL1+DL2

Zg = zg > 0.1

» in vacuum this measures the fundamental [Altarelli-Parisi]
QCD splitting probabilities
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..: GROOMED SHARED MOMENTUM FRACTION

modified Mass Drop Tagger / Soft Drop [=0]

1. cluster jets with anti-k;

2. re-cluster with Cambridge/Aachen [from closest to
furthest in angle]

3. undo last clustering [jet as 2-prong object] step
and compute zg

4, lf Zg > Zcut StOp, B mln(pj_71,pj_,2)
else discard softer prong and go back to 3

at LO B

Groomed Momentum Fraction |
P(zg) + P(1 — z4) Herwig++, 13 TeV LHC .

I
p(2g) = —55 O(zg — zcut) 6L gl Ry=05 8 =0 A
fzcut dz (P(Z)+P(1_Z)) ] —=-pr>50GeV
1 do i e pr > 100 GeV i
. i ~ pr>500GeV A
> in vacuum, the procedure measures the % | | N .. pr > 2000 GeV
LO Altarelli-Parisi splitting function N




DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES

Milhano, Wiedemann, Zapp :: 1707.04142

» substancial modification observed in PbPb collisions

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /snn = 5.02 TeV

& 2 —e— CMS Data
3 with medium response
4:: _ without medium response
1.5 = anti-k| R=0.4 jets
i 140GeV < p'}' < 160GeV
%:—l— SoftDrop z.,; = 0.1; B = 0; ARy, > 0.1
11— # | 4}_|_'7
. 1 +
05 |- | ' '—+—+
g J )t S A | I I | |||||||| | L 11 1
14—
s 120 |
5 —— |
~ N I
O : |
S o8E i
O.6:|||| |||||||| |||||||||||||||||||||||||
01 015 02 025 03 035 04 045 0.5
z
8

» proceed as with di-jets to isolate physical origin
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DIGGING DEEPER :: A NEW GENERATION OF JET OBSERVABLES

Milhano, Wiedemann, Zapp :: 1702.xxxxx

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /syn = 5.02 TeV

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /sSyn = 5.02 TeV

g 0B p+p o i p+p
~ 8k —— with medium response < = —— with medium response
% ; = —— without medium response % o= —— without medium response
= = an’gi—k | R=0.4 jets % - anti-k | R=0.4 jets
S 6= P > 140 GeV = 8 = |, P'Y > 140 GeV
5 = SoftDrop z.+ = 0.1, B =0; AR, > 0.1 - - SoftDrop z., = 0.1; =0
- 6
4 = -
3 4F
- - L] N
2 — I - ““ Yo,
i —— 5 _l_l R \“
1 T - ~
= - - :|_-"
O:\\ | I I \\\\‘\\\\‘\\\\‘\\\\ I 0|||.||||||\\\\‘\\\\‘\:\\\‘\\\\\\\\\\
T4 e 14 B :
& 12 — o 12 ‘Qd_'_l_’_‘_'_ o
g — | 8“ E 0..; N ‘:’
5 TE ' = 1 =
£ o8 e R - ’
0.6:111‘1111 llll‘llll‘llll‘llll | | 0'6:_||||||.| llllll‘llll‘llll‘llll‘llll‘“ll
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 005 o01 015 02 025 03 035 04 045
Zg ARy

> requires account of QGP response
» predicted additional measurable component at large angular separation

> effect conceivably arising from promotion of configuration where
sub-leading prong became hard enough due to contribution from
QGP response to pass hardness cut :: seeing QGP response



THE GIRTH OF PRONGS :: MEASURABLE CROSS CHECK

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /syn = 5.02 TeV JEWEL+PYTHIA Pb+Pb (0 — 10 %) /snn = 5.02 TeV
B - — p*p 0 - — pp
fﬁl 0.08 — —— with medium response T o1 —— with medium response
5 = —— without medium response <
B 0.07 — &

- —— without medium response
~ . 1 | I I -
0.06 — I ' T L

" E + ' ] 0.06 == : : '_'_\———._|_|_|_
0.04 = L

0.03 E- anti-k | R=0.4 jets 0.04 — anti-k | R=0.4 jets
= P > 140 Gev - Pl > 140 Gev
0.02 SoftDrop z., = 0.1; = 0; ARy, > 0.1 o0n SoftDrop z.,; = 0.1; B = 0; ARy, > 0.1
0.01 — leading subjet - sub-leading subjet
0 :\ | 1 1 ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I o %\ | [ ‘ [ ‘ [ | ‘ [ ‘ I I ‘ I | ‘ I |
4 e
& 1.2 ; & 1.2 ; T 1
3 1k > 1E
W) ~ ; [ :_'_|_._|
B o8 2 08 —
06 : L1 1 ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I 06 : [ ‘ [ ‘ [ ‘ L1 ‘ [ ‘ [ ‘ L1 ‘ L1l
01 015 02 025 03 035 04 045 0.5 01 015 02 025 03 035 04 045 05
z z
8 8

pLiAR;;

7 :: first radial moment of the intra-jet p, distribution
Py

g:

» modification of girth distribution of sub-leading prong
should be unique to jet-correlated medium mechanism



Increasingly engineered jet ohservables can provide
direct access to AGP response to jets

or better, how the energy lost by jets couples QGP
with the jet

trade-off between observable complexity and
iImproved potential for insight worth it



what is hot nuclear matter?

\ 4

what do jets interact with?

gas of quarks and gluons no quasi-particles
[weakly coupled] [strongly coupled] 55



what is hot nuclear matter?

what do jets interact with?

can jet-QGP interaction be consistently described for a
strongly coupled QGP?



HYBRID STRONG/WEAK COUPLING MODEL

Can Gulan, Casalderrey, Milhano, Pablos, Rajagopal :: JHEP 1410 (2014) 019
JHEP 1603 (2016) 053
1609.05842

Gauge Theory

DGLAP

— » physics at different scales merit different
treatments

Induced
Vertex

» vacuum jets where each parton loses
energy non-perturbatively [as given by
a holographic AdS-CFT calculation]

Falling
String

Horizon

> lost energy becomes a wake [QGP
response], part of which will belong to

the jet
e ! E ” ! 1 Eiln/g
dr -~ Fin35 3 Lstop —
dx strongly coupled Q Lstop \/ xgtop — 2 2kge TH/3

/"

single free parameter
[accounts for QCD/N=4 SYM differences]
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HYBRID STRONG/WEAK COUPLING MODEL :: POSTDICTIONS

0.8 |

Jet Raa

0.2 |

O L 1 L 1 L 1 L 1 L 1

0.6 | ‘
04 4

Strong Coupling mesms

Data +——i i
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5 observables

and centrality dependence
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HYBRID STRONG/WEAK COUPLING MODEL :: PREDICTIONS

Theory Comparison: Central PbPb xy,

\Syy = 5.02 TeV

1 PbPb 10-30%
- Preliminary 4 — ,_FJ)EY\-/I-VI-E“LA +F|)'|YYT|?_|JIET 1
[ Prelmine 1 — ;
150030 ) Gevic + —_LBT(CCNU-LBNL) T
= [P 1w Hybrid Model
5 |—E§ 1k 10-30%

-IZ | : 1
] | %
_>O: } . 1 . / : I

0 0.5 1 1.5 0.5 1 1.5

pJet/pY

T T T T Tet T T T
T
16-002
40<pv<50 S0<prv<60 60<prv<80 80<prv<100

 In general, models appear to describe xyy
 LBT has normalization issue relative to other curves
* To be fixed in conjunction with analyzers
 JEWEL and HYBRID comparable through all bins

cms,
é '

pry> 100

N ..
U
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Theory Comparison: ny in PbPb

PbPb 404 ub™, pp 25.8 pb™

\Syn = 5.02 TeV
--NN |||||||||||||||||||

[ LI R I B B B L L
L CMS (O Pbe 30 - 50%
[ Preliminary —— PYTHIA + HYDJET
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] ”\ p! > 60 GeVic
: \ Al AN

4
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Theory Comparison: Distribution of x;, vs. y pr

VS = 5.02 TeV
2 T T

anti-k; Jet R = 0.3, pJet>SOGeV/c \nJet\<1 6, A0, > T

8
1

PbPb 404 ub pp 25.8 pb1

10-30%
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CMS

L d

Theory Comparison: Ry, in PbPDb
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Theory Comparlson XJy In PbPDb

\'Syp = 5.02 TeV A, > ? PbPb 404 ub™, pp 25.8 pb”
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Theory Comparison: xy,in PbPDb

Sy = 5.02 TeV Ap >TT PbPb 404 ub™', pp 25.8 pb”
Jy 8
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Theory Comparison: Ay, in PbPb

\Sy = 5.02 TeV anti-k; Jet R = 0.3, pft >30 GeV/c, [ < 1.6 PbPb 404 ub™, pp 25.8 pb™
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HYBRID STRONG/WEAK COUPLING MODEL :: PREDICTIONS

Jet |, ,

Jet |, ,

F 5.02 TeV

PbPb 404 ub™', pp 25.8 pb”

2 : T
18F CMS 0 30%.% :_
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jet-QGP interaction can be described in strong
coupling

however, effective models are most informative
when and where they fail



THE FAILURES OF THE HYBRID STRONG/WEAK COUPLING MODEL

sk | ratio of jet transverse density profiles
T 0-1 Backreaction mmms 1
1.6 | 0-10% No Backreaction s
- CMS Data —e—
14| }
2 1.2 | }
E L
noo1 ) T
0 | [) t
. .
0.8 |
0.6 |
| T —
0.4 |
0.2 I N N S S -
0 0.05 0.1 0.15 0.2 0.25 0.3
r

» an example of generic failure to describe edge structure of jets
» what Physics is missing?

» possibly not all lost energy hydrodynamizes...

» need improved treatment for conclusive check

> fate of lost energy best handle on thermalization [how QGP came into
being]



a look Into the future
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PROBING QGP TIME EVOLUTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» all current observables are
sensitive to the integrated effect
of the entire QGP lifetime

» use boosted objects to switch oft
jet-QGP interaction for some
time

Time (fm/c) Timescale Sensitivity vs Energy Configuration
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hut that 1s not all !
oh no.

thatis notall ...
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v all T had to skip [hopefully not too much]

v' physics of initial condition: small Bjorken-x/saturation/non-
linear parton evolution/CGC

v physics of initial stages: Glasma, ...

v heavy flavour [beyond quarkonia]

v hadrochemistry: statistical hadronization models, ...
v/ strangeness

v femtoscopy

v/ all I forgot



v #HI physics is broad spectrum in #theory and #experiment
@RHIC @LHC

v #HI is #NewPhysics

v #QGP is collective, an almost perfect liquid of #SM
fundamental particles

v #HI physics at play in #pp and #pA
v #jets can image #QGP and help to understand #BirthOfQGP
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