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OUTLINE. ...

O |ecture | [yesterday]
O general introduction
O what is Quark Gluon Plasma

O the states of a Heavy Collision

O lecture |l [today]
O how do we know what we know about Quark Gluon Plasma
© how do we get to know more

O focus on two classes of observables: particle correlations and jet properties
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MEASURING FLOW

O pressure gradients larger in reaction plane

O larger fluid velocity along reaction plane

in event plane

O more particles fly in this direction

b
.. quantify effect by measuring particle distribution in azimuth
dN N ' measures ellipticity of momentum distribution
1 +2 Z v, cos(n(¢ — w)) = Vopp y) Measu pticity
d¢ T

.. odd-coefficients [vs, ...] vanish by ¢ = ¢ + T symmetry

event plane angle: direction of maximum particle density
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MEASURING FLOW

V, .vs. Centrality

0161~ CMS PbPb |sy = 2.76 TeV E O strong centrality dependence
0.14|~ 0.3 <p_<3.0GeV/c, n| < 0.8 —
0.12- - O small for central [small spatial asymmetry]
0.1:— - - - ] —:
> 0.081- - - O maximum for mid-central
006 = o Vo{EP} -
0.04F ™ - O smaller for very peripheral [small QGP]
0.02533. ‘
LSS b O conversion of spatial asymmetry into momentum asymmetry
Centralty (%) is a key property of hydrodynamics
O @ @ V(" cos(ng)) + (" sin(ngh))
£, = >V
CMS, PRC 87(2013) 014902

Momentum distribution remembers shape of collision hydrodynamics



ENGINEERING THE SHAPE
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MASS DEPENDENCE OF FLOW o, 89 2014, o3, 54

ALICE VISHNU | © heavier particles flow less

O hydrodynamics does an excellent jobs

O mass ordering due to common fluid velocity
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FLOW AND FLUID PROPERTIES

[
)

-

v, (percent)

Phys.Rev. Lett. 99 (2007), 172301

O flow sensitive to fluid viscosity

O [recall slide with global Bayesian extraction
from yesterday]

O ideal fluids flow more - perturbations
propagate with no attenuation [note that an
ideal gas has oo viscosity]

O QGP is a nearly ideal fluid

] P/2
i Water
PC
10 5 2P,
] P./2
1 . PC
7 Helium

013 Quark—gluon plasma /
T T T
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HIGHER FLOW HARMONICS
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27

centrality [%]

1+2 ) v,cos(n(e - w))]

— Vo{2}

vo{4}
— v3{2}
— va{2}

O higher flow harmonics are non-zero
O flow is anisotropic

O importantly odd harmonics like v, are not zero as
they should from the ¢ — ¢ + z symmetry of the

definition

O what is going on ?
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ANISOTROPY FROM EVENT-BY=EVENT FLUCTUATIONS s o 112010, 0540

S 415 i il
0L 1ol | no odd-harmonics

X 4 "Q\‘\\;‘;‘:ﬁ’i/’

_— A ‘\. 1

_5| 20 2 =5t _
] | ] 1 ] ] | ] ] ] ] | ] ] ] 1 | ] ] 1 1 | ]
~10 -5 0 5 10
fluctuations generate odd-harmonics
MCGlauber IP-Glasma &

O symmetry argument for vanishing odd harmonics only holds for event-averaged geometry
O each event has a shape that cannot be described by eccentricity ¢, alone

O flow of average geometry is not the same as average of flow of all events



0DD-HARMONICS Sp——

L e V,{,} (CMS)
0.1 O V4{2,|An[>2} (CMS)
) O V,{V,}(ATLAS) [
> "+ V,{2,|An|>0.8}(ALICE) T
0.05F < v,4{W¥,} (PHENIX)
- |IP-Glasma+MUSIC
c)_'::::'::::'::::'::::'::::'::::'::::'::::
i (d) 20-30% (e) 30-40% ]
- i
> i
=N
R B B B B B B I L B L B L B R R R R R R R E R R R ERERERE
(f) 40-50% i (g) 50-60% I () 60-70% '
. O dominance of fluctuations implies centrality
g _ independence
O same holds for also measured higher harmonics




PARTICLE CORRELATIONS

O determination of event plane is not always easy, particularly so when multiplicity is low

O same flow information [and more] can be obtained from particle-pair correlations

dN dN
< depy dep, >events )
C(py, o) = o v =1+2) vZcos(n(g; — ¢y))

dep, events dep events
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PARTICLE CORRELATIONS PROTON-PROTON

60

< dN dN >
dpy dep, events

Cly, ) = o =1+2) vZcos(n(e, — ¢y))

(<)
dpy events dep, events

back-to-back jet

et peak

CMS pp \s =13 TeV

offline

10 <N, <20
1< ptT"g, p2>>* < 3 GeVic

h*-h'




PARTICLE CORRELATIONS IN AA

AN N
dp, de, events

C(py» ) = — v =142 ) vZcos(n(g; — ¢,))

dep, events dep events

ridge: long range rapidity correlation [boost invariance]

azimuthal structure from flow CMS pp \s = 13 TeV

10 <N "™ < 20

1< ptTrig, P2 <3 GeVic

d2 Npalr
ng dAn dAd

note the magnitude
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IS THIS PICTURE, PICTURE PERFECT ?

O there is a slight complication ...

62
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IS THIS PICTURE, PICTURE PERFECT ? s e 8774 2017) 35135

O there is a slight complication ...

High-multiplicity pp High-multiplicity pPb Central PbPb

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%
*data for vs=13 TeV
0.12 **v,, subtracted
0.1 ATLAS, Nch=60+ +—@— ) ATLAS, Ncp=110-140 +—@—
ATLAS*, Nch=60+ +—@— _ - CMS, N¢x=120-150 ——
0.08 CMS*¥*, N¢rk=110-150 —F— - ; ‘
s
0.06
0.04
0.02
0
0 0:5 1 1D 0] 0.5 1 1.5 0 0.5 1 1D 2
pT (GeV) pT (GeV) pt (GeV)

small systems also flow !



IS THIS PICTURE, PICTURE PERFECT ?

flow also in yPb collisions [ultra-peripheral HIC]

0.1

0.08

0.06

0.04

0.02
0

1.0 ub™-1.7 nb™

" 3 An>2.5, 0nXn 0.5< p?_’b <5.0 GeV _
‘_O4<pab<ZOGeV pp oV, Vs
- eV, Photonuclear p+Pb & Vo,  $ Vg T
- m V5 Photonuclear

- . # ” -
- ‘g O ® o O O

~ e } ;

:— . + " o 0
LR . -
1 1 1 1 1 1 1 1 | L 1 1 1 1 1 1 1 | | 1 1 1 | 1 1 1
20 30 40 50 60 70 80

rec
Nch

ATLAS, Phys.Rev.C 104 (2021) 1, 014903

_ ATLAS Template Fit

- Pb+Pb \'s,,,=5.02TeV 2.0<]|An|<5.0
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IS THIS PICTURE, PICTURE PERFECT ? pstens 856 2024) 158957

102 §| T 1 | T T T | T T 1 | T T 1 | T T 1 | T T 1 | 1T 1 IE
@) e 5
and oddly ... .of [TIBELLE, e'¢ 10.52 GeV
ALEPH, e*e" 91.2 GeV
1
- ALICE, pp 13 TeV
Thrust Axis o PP

B ALEPH, e*e 183-209 GeV T

o 107k =
Q - 3
> B ]
L®] 10_25_ Y =
e o f I | -
© 103 —¢— B
g 107
210 =7 T =
< - 0
10°F -o- Central value =
107 - — Limit (95% C.L.
unless noted)  :
+ _ 7F 50 >99% 98.4% >09% -
e - 4 ' e 10 EI | | | II | | II L1 | III L1 | L1 1 1 | L1 1 1 | L1 1 IE
, O 10 20 30 40 50 60 70
< NCOI’I’ >
trk
| 2ALEPHe'e, (S=183-200GeV  _  _  ThrustAxs
- 1.6 < |An| < 3.2 1 [ Ny 250 '
- Inclusive -
1.1_— - 4
5 |e aally -
2|3 1 - Data P
-5 = L e .‘. ] !
Z .t _
’ 0.9F o® . 3.5_
0.8_—*-‘.--(8),8_ = 0.8%) (sys. = 1.7%) -
I R TR T SN [ TN TR TR TR N T SR S T M PR R TR T AN TR SR TR MR R T M SR S
0 1 A0 2 3 0 1 A6 2 3

flow in eTe™ collisions [high multiplicity]



IS THIS PICTURE, PICTURE PERFECT ?

O unsurprisingly similar message from particle correlations

CMS pPb \/s, = 5.02 TeV, N°,"™ = 110 CMS pp \s = 13 TeV
105 <N{v " < 150
1< pT <3 GeV/c 1< p:IQ, p:ssoc <3 GeV/c

dszalr
Ntrig dAT] dA(l)
=
o

CMS pp \s =13 TeV
10 <Npy ™ < 20

1< ptT”g, pI**° <3 GeVic

h®-h'

= < -"-
L3 o121
< =
© g
- 2 0.104~

=




AN ATTEMPT AT AN EXPLANATION WITH MANY OPEN QUESTIONS

O in high-multiplicity pA and pp, correlations can be partly explained either as being remnants of
correlations in the initial state [CGC-Glasma] or by dynamics [recombination and shoving] of Lund
strings prior to hadronization. Nicely, these effects cannot explain the magnitude of correlations in AA

O or, by QGP being created in this systems and then explanation is analogous to AA

O hydrodynamics is a gradient expansion. In pp the gradients are huge and thus hydro should not be
applicable. That hydro appears to work well in high-multiplicity pp is [at least for me] very puzzling

O search for other evidence of QGP in these systems

O explore smaller [then PbPDb] nuclear systems to determine how small a droplet of QGP can be
[OO@LHC during Run 3]
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THE SPEED OF SOUND IN QGP ysons 809 2020) 1357497

O the geometry of ultra-central collisions is essentially fixed [ ~ 0] but multiplicity can vary by 10-15%
O variation is due to quantum fluctuations and {p;) increases as multiplicity increases it QGP is fluid

O the speed of sound is given by

d In{(pr)
d ln NCh

Impact parameter (b)

c; (T o) =

2 dP d(InT) B d(In{pt))
Cs = de ~ d(ns) ~ d(InNg,)

Temperature (T = (p7)/3)

o 0

Entropy density (s), # of charged particles (N,,)
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THE SPEED OF SOUND IN QGP

CMS PbPb (0.607 nb™") 5.02 TeV

:' |+ rprrrreprrre et | eyttt '/'.’: C\IUCD _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
1005 F p. > 0 GeV, Inl<0.5 S 5 | 52_ -o-lll, E; €lnl <0.8 ALICE Preliminary _:
e Data | /; "g s %V, E; €05<1Iy<0.8 Pb-Pb, \s\=5.02 TeV -
1.02 :_ — - Fit to extract Cg /./,174 _: 'E ) 4: + -=- CMS, Cent.: ET e3<Inl <5 B
_ - ---- TRAJECTUM ’/ : T -
-~ 1.015 . y — - a
o 015 T Gardim et al. o 03 % s
= 1.01 : 2 Y : - N
~ 1.01F - 4 N R - E N
o - ©=0.241=0.002 (stat) = 0.016 (syst) 7/ : F N, (b0 GeVic) u E
1.005 - . -7 /.'. ] _ @ * + Rl V’ Ntracklets E|77| =<0.8 _
- L ‘,.' . N g % VL Nyggyers €0.5 <1< 0.8 ]
1'i"-.—:-...__..-_'.__..:?-_.!:‘_'..:.! 2.0.9 g "‘ — 0'1—_ —+ VIII’ Ntracklets €0.7 < |77| =1 -
e S i : - = IX, N, e37<n<-1.7and2.8<n<5.1]

0995 :_ | | | | | CIMS’ Rept.Pll’og.Phys. 87' (2024) 7, 07|7801 _: O | (|) L1 1 1 O|5 L1 1 1 ‘ll L1 1 1 3 |5 L1 1 1 é L1 1 1 2|5| [ é

08 085 09 095 1 105 11 115 1.2 Minimum |A7|

0
Nch/Nch

extracted value in agreement with lattice QCD calculation, but precise value very dependent on
definition of centrality class



TOWARDS MORE DETAILED PROBING OF QGP

O all observables discussed so far are related to global [bulk] QGP properties

O need further probes sensitive to diverse space, momentum and time scales of QGP
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HOW 10 PROBE ANYTHING

so far we haven't invoked the best way of probing anything
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HOW 10 PROBE ANYTHING

scatter something off it

RIBBIT

__

— &3

—

¢« *
\C
¥ CY >
4%
XA
\w4 7/
" MY
— N
= —)) sl i
—yen || —
/%?' S\\\\

FUN FACT: Ex-particle-physicists
make the worst biologists.
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HOW 10 PROBE ANYTHING

deep inelastic scattering is the golden process for proton/nucleus structure determination

dial 0* = — (k' — k)? to probe distances A = 1/Q

QGP too short-lived ( ~ 30ys) for external probes to be of any use

O to mimic DIS paradigm need multi-scale probes produced concurrently with QGP
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TIMELINE OF A HEAVY 10N COLLISION

collision [out-of-equilibrium process]
®

O
O

O very few hard [large momentum exchange] collisions
O off-spring will slowly relax toward hydrodynamization, yet
remain out-of-equilibrium while traversing hot soup
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:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop ::



Jet definition [in elementary collisions] e n st s . Sl 0941652 g

:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying which particles are to be grouped together and
when to stop, and how to combine properties of constituents into jet properties [a recombination scheme] ::

e.g.. generalized kr family of sequential recombination jet algorithms

AR?.
. 2 2 1
dij = mln(ptf,ptf) sz ; AR@Qj = (yi — ?Jj)2 + (i — ij)Q :
d-B — p2p
1. compute all distances di; and di 7’ b
2. find the minimum of the di; and di
3. if it is a di, recombine i and j into a single
new particle and return to 1 p =1 :: kralgorithm :: ordered in transverse momentum
4. otherwise, it it is a dis, declare i to be a p =0 :: Cambridge/Aachen algorithm :: ordered in angle
jet, and remove it from the list of
particles. return to 1 p = -1 :: anti-kt algorithm :: anti-ordered in transverse momentum

5. stop when no particles left p = 1/2 :: 1 algorithm :: ordered in inverse time



:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop ::

theoretically calculable
experimentally measurable fragmentation of energetic parton
collimated spray of hadrons



:: a jet is defined by a set of rules and parameters [a jet algorithm] specifying how to combine constituents and when to stop ::

theory jet
experimental jet

theoretically calculable
experimentally measurable fragmentation of energetic parton
collimated spray of hadrons

ajet is ajet is a jet is a jet



* kr R=0.4 jets are different from anti-kr R=0.4,

p, [GeV] anti-k, R=1<-.A

““I““‘I‘“‘ AR
L
““‘“““

AT
At
U LA

“““
Ly
LN
AR

y Cacciari, Salam, Soyez 0802.1189

* also, anti-kt R=0.2 are not the inner R=0.2 core of anti-kt R=0.4 jets, etc.

jets reconstructed with a given algorithm [typically anti-kr for experimental robustness] can be
reinterpreted [reclustered] with a different algorithm to benefit simultaneously from
experimental robustness and direct theoretical interpretation

*  however, C/A reclustering of anti-kt R=0.4 jet is not C/A R=0.4 jet

- jet diversity is a tool rather than a hindrance :: grooming/substructure methods



Jets.in heavy ion collisions

* defined by same jet algorithm[s] as in elementary collisions with essential
background subtraction

jet algorithm

CMS. | CMS Experiment at LHC, CERN
~ v | Data recorded: Sun Nov 14 19:31:39 2010 CEST

e / background subtraction

Jet 0, pt: 205.1 GeV/

Jet 1, pt: 70.0 GeV




Jets.in heavy ion collisions

* defined by same jet algorithm[s] as in elementary collisions with essential
background subtraction

jet algorithm

CMS Experiment at LHC, CERN I

| Data recorded: Sun Nov 14 19:31:39 2010 CEST
~5—"/\| Run/Event: 151076 / 1328520
s { Lumi section: 249 b k d bt t n
Jet 0, pt: 205.1 GeV
Jet 1, pt: 70.0 GeV

what has to be calculated?

what is in a heavy ion jet?
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A JET IN.QGP :: HARD PRODUCTION

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 ]



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 :: response of QGP to jet becomes correlated with jet direction
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)

Zapp :: QM17 !

this is tough [anger |
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A JET IN.QGP :: HADRONIZATION

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

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

%

i j

1
high—pT quark Medium
J high—pT quark Medium

1 Nucleus 1 J 1
- - 1 Nucleus 1 1
1 - . -
o
hard process hard process
: Nucleus 2 . Nucleus 2
< - ! | S . 1
| / 1 /

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

if you let me do away with this, I will produce some results [bargaining]
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A JET IN.QGP :: JET RECONSTRUCTION

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

correlated
background

background

=

Zapp :: QM17

this is probably hopeless [depression]



A JET IN.QGP :: OBSERVABLES

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]
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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



PARTON ENERGY LOSS

A <<y’
O first step in understanding modifications of jets is to tackle energy loss of a single parton

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

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

O momentum exchange purely transverse — medium gauge field written as

A= (q) = 27 6(q™) / dzt e T A= (g, 2)

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

(A% (g, )AL T (g 1)) = 6% n(t) 6(t —t') (21)26P (g — ¢') v(g?)
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PARTON ENERGY LOSS

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

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

hard : 2 L )“."‘
production T
q-~H
A
medium

2
q(t) Easn(t)/ dq” q~(q”) D
lg|<g* fransport coefficient

[average momentum squared transfer per unit length]
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Brownian {2 2
ki - I\Icohle o=xE

motion

:: Brownian motion [accumulated transverse momentum |

9 R E é % 1-x)E
< k J_> Y q L g?gilluction T u E’ § 24‘%\‘
§q; % -
A @ ®
medium
:: accumulated phase characteristic [maximum] gluon energy
2 - 2 / A MQ
~N —m— A — A
w w w
:: coherence time [time it takes for a gluon decohere from its emitter]
. teoh
— number of coherent scatterings Neon ~ )\

:: radiated gluon energy distribution

W ~ W
dwdz N, ., dwdz

non-abelian LPM

Nas

:: average energy loss

v e dlmed 9
AFE = / dz/ wdw ~ QW ~ QgL
0 0

dwdz



:: eikonal [straight line] parton trajectory resumming multiple exchanges

Lf

Wafai(:chr,xH;r(f)):Pexp {zg/j3 +d§A(§,r(§))} §§ g §<_.§ g gg

1+

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

r(@yt)=xy (ip, [T dr\ 2’
Gayai (Tf+yXf5 Tik, Xi|Dy) Z/ Dr(§) exp 4 7+ & <d_§> e Wepa, (T51, Ti; r(6))

r(r+)=x; \ Tit




GLUON RADIATION WITH FULL RESUMMATION OF MEDIUM INTERACTIONS

Andres, Apolinério, Dominguez :: 2002.01517 [hep-ph]
Andres, Dominguez, Martinez :: 2011.06522 [hep-ph]

dl 20,Cp > g ~
= ——"R dt’ db q K(t', q;t k;t
wdwko (27_‘_)2w2 e/o /() /pqp q ( y g 7p>73(007 9 7Q)
/C(t’,Z;t,y)E/ e\ TZPY) (¢ q;t,p)
Pq
r(t)=z -t W 1 _
P - 2_ R
M(p)O p, A ) pi, A — /r(t):y Dr eXp /t ds ( 9 T 2n(8)0'(7°))
Yukawa g g p
: | 1
P(t", k;t', q) E/dQZe_Z(k_Q)'z exp ——/ dsn(s)o(z)
V(q) = 87 11” 2 Ju
RCEEaTE
HIL. ola) = ~Vig) + (2r)%6%(@) [V
1 gQNCm2DT l
“nVig) = 23
2" D= g )

92



THE NEXT STEP: CORERENT EMISSION

O bona fide description of parton branching requires understanding of emitters interference pattern

O qgbar antenna [radiation much softer than both emitters] as a TH lab

..vacuum::

* fransverse separation at formation time

0qq

rL o~ Ogq Ty~

02w
< k y W e wavelength of emitted gluon

for AL > T emitted gluon cannot resolve emitters, thus emitted coherently from
total colour charge

large angle radiation suppressed :: angular ordering
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MEDIUM ANTENNAS

kJ_,w

O new medium induced colour decorrelation scale

1 1
Amed ~ T

ki qL
O such that decorrelation driven by timescale

dN PaN
qq

many, many papers thereafter...
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many, many papers thereafter...

® ggbar colour coherence survival probability

Bune =1~ exp { — 2%} —1—exp{ - = 1L
med — 1 — €X — 75 7 — 1 —€X —
: P1™ 12%a P17 122
k‘J_,w
® time scale Fcr ciecjﬁe/ﬁence
Ta~ | -
G034

¢ total decoherence when L > 14

O colour decoherence opens up phase space for emission

w-—-0

O |large angle radiation [anti-angular ordering]

asCr dw sin@ db

T w 1—-cosb

medium-induced
N radiation

tot
qu,’y* o

[©(cosf — cosbyz) — Amed ©O(cos 8,5 — cos0)]

vacuum
radiation T @ To——_

O geometrical separation [in soft limit]

Amned = O coherence

Amed = 1 decoherence



FROM ANTENNAS 10 JETS

M\m - \AJMaJ ra\J;aL-kM

( Uoll;ua*)((r"




lessons from ohservables



JETS AND HADRONS LOSE ENERGY WHEN TRAVERSING QGP

98

- in steeply falling spectrum large energy losses translate into
very small effects

+ Ru provides quantitative handle on energy loss only within
some model framework

- it compares jets [hadrons] that were detected with same pr, not
born alike

D::E 1il‘|' Z, 6-10I°/o I(nlJIC|-IeXI/1I911(l)-13396) | o '"'"'-$| ________ | ____:___I__I__I__I_: O-leAifAL O-Ie)g — Upp
L % WY, 0-10% (EPJC 79 (2019) 935) - RAA off
| % prompt J/ v, 0-10% (EPJC 78 (2018) 762) i PP Ipr Ozfi m— UAA/<Ncoll>
0.8~ = Y(1s), 0-80% (ATLAS-CONF-2019-054) —
. jet, 0-10% (PLB 790 (2019) 108) _
0.6 o hf, 0-5% (ATLAS-CONF-2017-012) H [ . . . .
# - essentially measures fraction of jets that lost little or no energy

III|III|I

} Y ATLAS Preliminary
Pb+Pb 5.02 TeV, 0.49 nb™ + 1.38 nb’
pp 5.02 TeV, 25 pb™" + 260 pb” _
1 10 107 10°
p_ormy,, [GeV]

—

O Raa ONnly measures suppression :: it does not quantify energy loss in a model independent way

O both jets and hadrons (which belong to jets) are suppressed, but differently



SUPPRESSION IS NOT THE SAME AS ENERGY LOSS

* the standard approach to assess QGP effects on jets [quenching] compares a given
observable in AA and pp collisions for jets with the same reconstructed px

* e.g., a jet shape

. Zjets Z (ptlfk / pj;t) VS = 5.02 TeV pl > 60 GeV/c, '| < 1.44

(1’) _ ra <r<rp PbPb 404 ub™ P’ > 1 GeV/c, anti-k  jet R = 0.3

IO or Z ; Z (ptrk/pjet) ’ pp 27.4 pb’ pjTet>30 GeV/e, || < 1.6, A¢jy>%
B odrer DT CMS | Cent.30-100%] Cont.0-30%] _
| Supplementary ._%
10F® @ PoPb T @ :
= [ e @ [ e 3
= ‘ .- g
comparison between AA and pp at sume reconstructed jet 1 -~ - |3
. . . . . T o @ <
p: confounds QGP-induced shape modification with bin- N S N |
migration [survivor bias] effects 22 + S
- here the comparison is between jets that were horn 8 18 2
different < 14 + o 18
. . o e Il 2
- again, some model framework that must be invoked for : g;_—-----*----;----*----* ------ Fawme S 13

assessment of what was modified in a jet 0.8+
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BEITER CAN DE DONE Phys. Rev. Lett. 122 (2019), no. 22 222301

* divide jet samples sorted in p: [from highest] in quantiles of equal probability

* compare the p;of jets in AA and pp in the same quantile

AA
Q _ pT Zeﬂ:(pmin) :/OO dp dO’eﬂ:
AA T PP I pmin L de
pT Zeff

(1-QAA) is a proxy for the average energy loss :: would be exact if energy loss was strictly monotonic

QAA is also the (average) solution fo the optimal transport problem, in the space of all allowed theories, of deforming pp spectrum into AA spectrum
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QUANTILE PROCEDURE e v o, 12 20, 0, 222280

0.61 ~ 0.61
Raiq = —o—o— 0 Raias = |
i:‘ 0.5 f;“ 0.5 A
TAA 0.4 2iAA 0.4 /
G S| 03—
100_-b Ratio (RAA) %%{Iussi\?eo}e? 102?\‘\PSGUdO_RatiO JE‘S'/—]?]HEE
: : ] g 1I-J€
| | 100 LA (Ra4) -100
dZO.eff | 1'
10
101 A : eff |
dedU U . Pseudo-Quantile 150 ~quant - (pT) | 150 quant
nb | Q ( @AA) | Pr nb) 5 Pr
GeV 102 S GeV] 10™ 200 GeV]
5 200 | |
-3 TS PP 250 1074 === pp N 250
| —e— Pb-Pb (0-5% cent.) | —— Pb-Pb (0-10% cent.) 300
100 150 200 250 0.8 0.9 100 150 200 250 0.8 0.9
pr [GeV] ~ pr (GeV] pr
QAA — " pp QAA — PP




COMPLEMENTARY INFORMATION

050_ - Z—l—Jet

Ratio Procedure
JEWEL 2.1.0
Vs =2.76TeV, R=0.4

100 200

300 400

500

(a4

* Qaa and Raa provide very different information

0.90!
0.85!

0.80¢
100

Quantile Procedure
JEWEL 2.1.0
Vs =2.76TeV, R=0.4

00

'§6o' 200500
uall
pr o [GeV]

* Raa depends on ditferent spectral shape for quark and gluon initiated jets :: Qaa does not
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QUANTILE PROCEDURE AS PROXY FOR INITIAL ENERGY o, 12 2009, 0,2 2250

Raus—= 1 o o0 Rus= 7
P Y )
Oan| 0.4 ZiAA 0.4-//
%, 03] | | | S|, 0.37 | | |
(o, Ratio (R  GMS2006 107N, Pseudo-Ratio  JBWEL
] \ ~ Di-Jet
| 1100 (Rax) 100
dQO.eff 1
101
1 —1 N eff
dprdn 10 « Pseudo-Quantile | 15() ~quant X pr) 150 quant
Rl B (Oan) Pr mh] P}
GeV 102 GeV] 107 900 GeV]
200
(8| T& 1250 1071 === . 200
—0— Pb-Pb (O—5% CGHt.) —— Pb-Pb (0—10% CGHt.) _300
100 150 200 250 0.8 0.9 100 150 200 250 0.8 0.9
pr [GeV] _ p%A pr |GeV] p%A
QAA — "D QAA — - pp
pT oeff pT Y eft

* provides a proxy for the initial p: of a quenched [prior to QGP-induced energy loss]

sefl (pf*) = 5 ()
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1.00
1.04+
0.95r e e e e =
- 5‘4—»7 - ' e 1 |
0.90 et et - 1.02}
o~ _ s Ho——e— S
o ot o s N
~ orei ~ 1.00
= 0.80 11ttt 1 SR
= JEWEL 2.3.0 + Pythia (w/ recoils) = JEWEL 2.3.0 + Pythia (w/ recoils) e R—=04
075k anti-k; y-tagged jets | 098 anti-k; y-tagged jets '
' = R =0.6
_ q |
0.70 - <pT> / <p7%> pr>50 GeV |yY| <237 APV >7m/8 pr > 50 Gg\t/ ly7| < 2.37 | APVt > 7 /8 —— R =0.8
' ot <P’~F> / <sz> P >30 Gev  [yt| < 2.8 0.96 pr >30 GeV |y <28 e R =1
06305500 300 400 500 00 200 100 200 300 400 500 600 700
0%
pl (GeV) pr (GeV)

O guantile procedure closely reconstructs unquenched [initial] p: :: in this case measurable
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MITIGATION OF MIGRATION EFFECTS :: AN EXAMPLE e o, 1222009, 0,2 2200

i ] Di-jet Events
6 N _ JEWEL 2.1.0
- _ ' _I\/E =276 TeV, R=0.4
eff T ! AA
i 80,173| GeV
o 4_ . _J I“. p73 € [100,200] GeV pr” € [80,173] Ge
nb| | I |
I I 1
21 i — =
I - e I__.
- -
I R — I S
0=E= — ,
eif ST 1 -—== pp = AA quant P € 1100, 200] GeV
X 1  AA
O-fo s e
pp 0 | | | | —
0.0 0.1 0.2
m/pr

O part of observable modification due to bin migration [comparison of jets with different initial energy]

O guantile procedure isolates ‘true’ modification



survivor bias can be a very sizeable effect and obscure true QGP
Induced modifications of jet properties



Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]

° different suppression of hadrons and jets was long seen as a ‘puzzle’

o all bona fide MC, and all analytical calculations that treat jets as resulting from evolution
of a multiparticle state fully account for the different suppression

1.6 : —
: Jets R=0.4 0-10% mmm .
1.4 Hadrons 0-5% mm B -
| ATLAS Jets R=0.4 0-10% Vs =276 ATeV
1.2 + Corrected ATLAS Jets R=0.4 0-10% +—e— Lies = 2/7T 7
' CMS Hadrons 0-5% -
1+ Corrected CMS Hadrons 0-5% e . -
< osl Hybrid -
| '_
0.6 F %‘h i
X ® |
0.4 | w
0.2 kg @ __ T. =145 MeV — kg € {0.420,0.445} -
- T. =170 MeV — k. € {0.470,0.495} -

10 100

Hadron or Jet Pr (GeV)



Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]

1.6 : . . —_—y : : : : 0.8 — f . .
Jets R=0.4 0-10% - o7 | Wi inoreasing L. Siaay
i | adrons & jets *Global Fi
1.4 ATTAS Tot HSdBOZSOOi?)? ] \/g — 9276 ATeV 0.6 || preferred value is / obal it
' ets =0.4 0-107% ' more similar Lyes =2/7T
1.2 - Corrected ATLAS Jets R=0.4 0-10% e~ Lres =2/7T 7 S0} §P 3 #
[ CMS Hadrons 0—5% | 04 | * T .I. 'I' 'I' H T
1 Corrected CMS Hadrons 0-5% e . 03|
Z 08} : = 3 & & ®R|€ & B 8§ @
i - go) o) go) g = N ™ ) ~ ~
0.6 F % — = | Cm: Cm: f jj; f E E E E E
| ' j 5 3 8 5 Elz g % 3 3
.l - = 2 . % % %
| P . = Z Z < <=
0.2 =% " T, = 145 MeV — Ky € {0.420,0.445) - ° ° Y E E
Hadrons 0-5% | Jets 0-10% < <
| T. = 170 MeV — k. € {0.470,0.495} - *
0 . . . .
0

100
Hadron or Jet Pr (GeV)

excellent global fit for LHC data :: some tension with RHIC data

high pr hadrons originate from narrow jets [fragmented less] which are less suppressed than inclusive jets

simultaneous description of jet and hadron Raa natural feature of any approach that treats jets as such [ie,
objects resulting from evolution of state with internal structure]



(GP sees jet substructure

sensitivity to QGP of different scales present in jets can be used to
study QGP



dijet as

event fraction

MC /Data

o
@)
=
N

0.01

0.008

0.006

0.004

0.002

Jet asymmetry

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

— —e— CMSPbPbdata -
- —— JEWEL+PYTHIA PbPb-
- — JEWEL+PYTHIA pp
ED. — -
o Bl ]
- = g .
- - ]
— * —
R A AR R R A LA RAE -
- i =
;='_‘—|— | _;
:_II | 1 | | 11 1 | | 11 1 | |||| | ||| | | 11 1 | | 11 1 | | |_:
0.1 0.2 0.3 0.4 0.5 0.6 0.7

o
AR
—

enhanced pr imbalance in back-to-back dijet pairs in HI collisions

4

Ay

O JEWEL provides good data
description

O very tempting naive geometrical
interpretation

O one jet loses more energy than
the other DUE TO different
traversed amount of QGP matter
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dijet as

dijet asymmetry

o
@)
=
N

0.01

event fraction

0.008

0.006

0.004

0.002

1.4
1.2

MC /Data
=

0.6

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

— —e— CMSPbPbdata -
- —— JEWEL+PYTHIA PbPb-
L —— JEWEL+PYTHIA pp |
o —— .
- T . E
B : :+I |
L L -
- * —
HEERE NN RN AN NS R - |
S || o
;='_‘—|— | _;
:_|||||||||||||||||||||||||||||||||||||||_:
0 0.1 0.2 0.4 0.5 0.6 0.7 0.

D>OO

enhanced pr imbalance in back-to-back dijet pairs in HI collisions

AJ_Z? 1 — P12

O JEWEL provides good data
description

O very tempting naive geometrical
interpretation

traversegfam®unt of QGP matter

really not the case ...
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AUt aSYMIMETY

di-jet production points distribution of path-length differences

0.016 — 025 T 1T L ]

0.014 g - JEWEL+PYTHIA input distribution -

— — o, —— JEWEL+PYTHIA leading jets -

0.012 5 - —— JEWEL+PYTHIA di-jets :

=, 3 B o _

0.01 _§~ ; 0.15 :_ : _:

£ 0.008 = T - i
> C\IZ '-'q.l - |
© = a1 — ]

0.006 % = 1L :

5 ~ - :

0.004 < - 5

A 0.05 _— —_— —

0.002 - :

0 o 1 | | | L |
-10 -5 0 5 10

ALn — Ln,Z - Ln,l [fm]

density weighted path-length — —~ 7 _ [dr mn(x(7), )

[accounts for medium expansion, rapidity independent for boost invariant medium] f dr n(r(T) ; 7’)

O small bias towards smaller path-length for leading jets
O however, significant fraction [34%] of events have longer path-length for leading jet

O consequence of fast medium expansion
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: di. Et a Sy m m Et ..................................................................................................... Eur.Phys. ). C76 (2016)

di-jet production points

8 0.016 di-jet asymmetry in PbPb
—~ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T ]
6 0.014 I 25— -
' 2 B —— JEWEL+PYTHIA full geometry 7
< 'ch = j—“llil:,: —— JEWEL+PYTHIA central production -
4 1 0.012°% L | ]
2 0.01 ;>\~ —_ g’
= x — 1.5 — —
= ] o B
= 0 0.008 NE |
© = ]
P - 0006 % T M.
-4 0.004 < o5 [ ::|=|: B
-6 0.002 ’
O - ! N — —+— 1 | I —
-8 0 1.4 — —]
) 12 [ é
0.8 — . .
: % - A, — Pl P12
di-jet production points S ——— L b — J =
] , 0 0.2 0.4 0.6 0.8 1 pJ_7]_ —|_ pJ_72
A
J

SE O di-jet event sample with no difference in path-length has
'3 A, distribution compatible with realistic [full-geometry]
% sample

N}
1/Ndi-jet d

O ‘typical’ event has rather similar path-lengths

y [fm]
Idoc'»i;r{)om.houoo

O difference in path-length DOES NOT play a significant
role in the observed modification of A; distribution
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Jet energy loss dominated by fluctuations

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

@’: 107 — I ‘-I...| L L L -
< u leading parton . ) .
Tk sub-leading parton - O not all same-energy jets are equal

O number of constituents driven by initial mass-to-px
ratio :: vacuum physics

O more populated jets have larger number of energy
loss candidates

O more populated jets lose more energy and their
structure is more modified
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[analogous results within other approaches]

A
N

Chesler, Rajagopal 1511.07567

Rajagopal, Sadofyev, van der Schee 1602.04187
Brewer, Rajagopal, van der Schee 1710.03237
Escobedo, lancu 1609.06104 [hep-ph]



(GP sees inside jets
and total energy loss Is indeed dominated by number of constituents
need to be careful not to fall for simplistic intuition
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PbPb/pp

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4

0.2

0-10 Backreaction mmmm

B 7 No Backreaction s -
CMS Data —e—

)

- Hybrid -

- 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3

r

p(r)PPT® p(r)P

O propagating particles [what will be a jet] modify the QGP they traverse and

modification of QGP reconstructed as part of jet

O inclusion of QGP response in MC improves agreement with data

O first evidence for importance of QGP response was seen in MC

1.6

1.4

1.2

0.8

0.6

0.4

JEWEL+PYTHIA (0 — 10%), Pb+Pb /5 = 2.76 TeV

— w/o Recoils
— w/ Recoils 4MomSub
—— CMS |

anti-k; R=0.3, [7*| < 2 !
Pt > 100 GeV

O

0.05 0.1 0.15 0.2 0.25

0.3

r from jet axis

1 k
pr) == > oY

Py k with
ARy y€[r,r+dr]

O QGP response of full shower remains untractable in [semi-]Janalytic calculations
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1/N; dN;/dAR,
III|III||III|III|I“II|‘|{II

1.4

1.2

PbPb/pp

0.8

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /snn = D-02 TeV

— P*P

—— with medium response
—— without medium response

anti-k | R=0.4 jets
Pt > 140 GeV

SoftDrop z.y = 0.1; =0

“---.....

_I—r' '_'_::l_.

¢
|
L/

I I | Iqq_él.l.l I -I-Il‘h_lh

T

R

0 0.05 0.1

0.15 0.2  0.25

0.3

0.4

0.45
AR,

Milhano, Wiedemann, Zapp :: 1707.04142 [hep-ph]

O distance between main prongs of jet declustered with
SoftDrop [largest hard splitting angle]

O clear QGP response signal

O HOWEVER: effect also present for unmodified jet [no
interaction with QGP] embedded in HI event and
background subtracted

O QGP response signal overlaps with contamination
from imperfect background subtraction :: effect is
NOT observable
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not all ohserved modifications are due to quenching

0-10%, Ys=5.02 TeV, R=0.4, p*'>120 GeV, |1, |<1.6, p'*>0.7 GeV
T | jetl T

w

g B —+— PbPb + MR /pp DOI: 10.1007/JHEP05(2018)006 1 (k)
..; - —+— PbPb+ MR+ UE/pp + UE ,0(7“) = T Z Py
@ 25— —+— pp+UE/pp pJL k with
§ [ —+— PbPb+MR+UE/PbPb+MR ARy j€[r,r+07]
~  —JF— cms (2018) |
2_
1.5
- | O apparent agreement with data due to MR not
E | = | robust once UE contamination accounted for
05—
O:| 1 1 | L1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Ar Inclusive PbPb + MR / pp Inclusive PbPb + MR + UE / pp + UE

1 15 2 2.5 3 35 4 4.5 5 5.5
In(1/A R)
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ohservation of medium response

Summary and Outlook

h,Z)

« First p;*" differential measurement of CMS Preliminary CMS Preliminary
0 L S -
£’-hadron correlation in azimuthal 4 40<p%<350 GeV  1<p<2 GeV - 40<pZ<350 GeV  1<p®<2 GeV
angle and rapidity m T T - T n !
o 3FE ly,|<2.4 —ly,I<2.4, 100, JI<5
«  We report the first direct evidence of & [ - Jewelv22.0 - o PbPb 0-30%
) . &) — Jewel No recoill [ — Hybrid
medium response in QGP < 2 - ColBT | - - - Hybrid No wake
_g - - - PYTHIA8 p2>20 GeV |/ A - - PYQUEN ¢
+  High statistics analysis with Run3+4 X_ 1| — —— .
data in the near future —° -
<] F
N 4
© T

Jet-Fluid -
. Q F

o 1
| o O0f:
; al -
_i g e ©) _1__
“E;_(: :I_Illllllllll|IIII|IlII|II|l|||| D— :llll Lttt rirl
: 4 0 1 2 3 4 3 2 10 1 2 3
; A

Ocnz AY in 7

CMS-PAS-HIN-23-006

CMS

::':) HP2024 Yen-Jie Lee (MIT) Evidence of Medium Response to Hard Probes with Z°-tagged Hadrons in PbPb at 5.02 TeV 23 |y Reboratoryfor ,,




medium response IS an Intrinsic part of jets in HI

If medium response can be Isolated, a wealth of information can be
extracted

lit Is the response of we want to understand to an excitation we
control]
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PROBING QGP

* all QGP probing so far is only sensitive to its integrated time evolution [flows and
correlations, jets, ...]

* no time-differential information of a system whose properties are strongly time-dependent
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PROBING AGP TIME EVOLUTION

* need probes produced later than at collision time
* need time delay to be inferable from final state

* need process that produces time-delayed probes to be accessible [cross-section luminosity]
and findable in HI

in semi-leptonic top-antitop production the jets from W-decay
start interacting with QGP only after a series of time delays which is
strongly correlated with the p. of the top
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TIME DELAYS

* at rest 7, ~0.15fm/c and 7y ~ 0.09fm/c

* the hadronic decays of the W will not interact with QGP until they are resolved [sufficiently
tar apart to be ‘seen’ by QGP]

* decoherence delay

1/3
12
T, = Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk
d 402 .+ 1210.7765 [hep-ph] PLB725, 357 (2013)
1Y4q
* the average delay time [correlated with top pi]

<Tt0t> — yt,tothop + yt,WTW T (%

transverse boost

1
Vix = (pr/m)z( + 1)2

jets from hadronically decaying W only see QGP that remains after Tiot
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TIME DELAYS

—+— Total delay time and std. dev (G = 4 GeV~ fm™)
] Coherence Time

7 W decay Time

B Top decay Time

-~ Total delay time (q = 1 GeV* fm)

<t,..> (fm/c)
W

2

1

OO 100 200 300 400 500 600 700 800 900 1000
i, (GeV)

* Tiot correlated with top px

* dispersion from considering random exponential distribution for each component

* weak dependence on g
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PROBING AGP TIME EVOLUTION

* measure jet quenching as modification of the reconstructed invariant mass m;
* in pp closely related to W mass

e average time delay [thus time spent interacting with QGP] from reconstructed top p;

* long tails in delay time distribution add sensitivity to times significantly larger than average

6_IIII_llIIIJ-II-II|_IIII|IIII|IIII|IIII|IIII|IIII|IIII_ I I | | : : : | | | | I I | I I I I
- tt—-=W Wbb - - _ T :
g[ —— Total delay time and std. dev G=4GeV°fm") - " tTt>W'Wbb B
- [ ] Coherence Time - i LHC 5.5 TeV (inclusive) i
- [ W decay Time - i o reco
_ 4~ [ Top decay Time _ - 0.8~ FCC 39 TeV (300 < Prop < 400 GeV{
(\EJ - ---- Total delay time =1 GeV? fm'1) . _8§ I S N FCC 39 TeV (600 < ptriz; <800 GeV).
Ag 3:— —: % 0.6_ / —
’\7# B B Z B / 3
i — 7 o04H/ ]
- . | :
1 — ool S NN e —
OO 100 200 300 400 500 600 700 800 900 1000 OO e 1 - 5 - 5 y— . -
reco
Plog (GEY) T, (fM/C)



W MASS RECONSTRUCTION

0.05
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(nb)
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do/dm
o
o
N

0.01

» quenching shifts mass peak and reduces number of events that satisfy cuts

Y Unquenched (incorrect reco)

/1 Quenched (incorrect reco)

Unquenched
Quenched
x107°
__ LHC ‘ENN=5'5 TeV N 025_
(inclusive)
N _ 0.2
o
£
— 4 g 0.15
o =
=
LS,
= 1 5 0.1
— 7 0.05
- d
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x107°
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(400 < pT,tolo <600 GeV)

\\\}\\\\\\\\\ RSSO
<ﬁ§6¢’§§®§ﬁ§§§‘”50<h“f‘

“‘ SN

20 40 60 80 100 120
mie (GeV)

N(m) = aexp

» continuum [mis-reconstruction] reduced with increasing p;

+b+cm
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semi-leptonic channel measured in pA and leptonic in AA

pPb (174 nb™", Sy =8.16 TeV) pPb (174 nb", ﬁ =8.16 TeV) pPb (174 nb™, ﬁ =8.16 TeV)
% r CMS e* + >4j (=0b) % 30;_ CcMSs e* + >4j (=1b) % 235_ CMS e* + >4j (>2b)
Lﬁ 60:_ Supplementary { Data Lﬁ og[ Supplementary t Data Lﬁ 185— Supplementary t Data
_ B t correct B tt correct 16F B it correct
r tt wrong 20 tt wrong 1 4_ tt wrong
E B background B background 12E B background
i 15 10F

0 150 200 250 300 350 400 0 150 200 250 300 350 400 0 150 200 250 300 350 400
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pPb (174 nb™, {5, = 8.16 TeV) pPb (174 nb™, s = 8.16 TeV) pPb (174 nb™, sy = 8.16 TeV)
[72] £ [72] F 2] F
;E, 45E CMS it + >4j (=0b) *g - CMS ut + >4j (=1b) % 25~ CMS Wt + >4j (>2b)
Lﬁ 40;— Supplementary t Data Li 25[- Supplementary + Data Lﬁ L Supplementary t Data
350 B tt correct M i correct 20 B t correct
300 tt wrong 20:_ tt wrong C tt wrong
25' B background 15: B background 151 B background
20 - o
10 ’ 5[
i “ LU

300 350 400
My, [GeV]

{ nnllnn_n g il
150 200 250 300 350 400 150 200 250
My, [GEV]

150 200 250 300 350 400

My, [GeV]

CMS :: 1709.07411[hep-ex] PRL119 (2017) 242001

CMS

PbPb, 1.7 nb”, (s, = 5.02 TeV)

2l+N EPPS16 NLO
05+ Mp.-tag H——e—3H CT14 NNLO x S22
NNLO+NNLL TOP++
2l
pp, 27.4 pb’”, (Vs = 5.02 TeV) CT14 NNLO
(scaled by A®) NNLO+NNLL TOP++

_ NNPDF30 NNLO
2lygtjets/I+N H—-H NNLO+NNLL TOP++

-ta
JHEP 03 (2018) 115
Exp unc: stat, stat®syst

—Ee3—i
Th unc: PDF, PDF®scale

8
o [ub]

CMS :: 2006.11110 [hep-ex]

Electron
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SENSITIVITY T QGP SIZE AND DELAY TIME

85

80

75

mIec0 [GeV/c?]

70

65

WEmEE unguenched o
s quenched

Tn,=1.0fm/c =~ ©
s 1,,=2.5fm/c =e=m 1,=10 fm/c

Tm= 5 fm/c

(Tiory (Unquenched) [fm/c]

06 0.7 0.9 1.1

1.4 0.6

09 11 14 1.9 2.3

' HE-LHC Vs, = 11 TeV
2 fb™! pp, 30 nb™ PbPb

'+ FCCWsyy =39 TeV:
2 fo™"'pp, 30 nb~! PbPb

O 100 200 300 400

0

200 400 600 800

Piiop (bin average) [GeV/c]

* width of bands obtained from dispersion of results in large number of real size pseudo-

experiments

e distance between bands measures diference in quenching for each QGP size and delay time
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cases deemed distinguishable if
separated by at least 2o

mIec0 [GeV/c?]

wf T T T T
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2T pp | [ 2070
i - E B :
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70

65 | _ .......... ...... ........ é...15f>%.q.£|en.ching.§_-

10 20 30 50 7010010 20 30 50 70100 200

===== unquenched
s===== (quenched

Tm=1.0 fm/c o Tym=o fmlc
e 1,,=2.5fm/c mwesm 1.,=10 fm/c

PbPb lumi [nb™]

e at LHC [5.5 TeV, L=10 nb1] only a QGP of size Tm = 1 fm/c can be distinguished from a full

quenching scenario :: no sensitivity to QGP time evolution beyond 1 fm/c

* very significant improvements with increases in either or both /s and luminosity
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SCENARIDS

max distinguishable 1., (20)

, / 10 20 5() 100
PbPb equivalenf lumi [nb™']

full LHC PbPb programme
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SCENARIOS :: LIGHT IONS

max distinguishable t_ (20)

5 6 7 8 910 2D 30 40 50 60 7080 10°
PbPb equiv. lumi [nb™

full LHC PbPb programme QO

one month Krkr[max] ©



ACCESSING TIMES

O jet reclustering [infer a splitting history by regrouping jet constituents according to a specific ordering variable] allows us to
have a space-time picture of parton branching

O for example, can determine the time the first splitting occurred and look at jet properties as function of that time

© o o o o
W A~ O O N
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1/Nj dN/dJ?j,Z
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(94

the earlier a jet starts splitting [the more it splits], the more energy it loses
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jets can be used to probe QGP in a time differential way



