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Introduction

+ Probing of the QGP in heavy-ion collisions through a range of complementary probes:
+ Jets, Quarkonia, Hydrodynamical Flow coefficients, Hadrochemistry,...

+ All of them are the integrated result over the whole medium evolution

However...
Strong time-dependence of the Small-size systems (high-multiplicity
medium properties (expansion and pp and pA collisions) show signatures
cooling of the system) of collective behaviour

Need to devise a strategy to probe the time-structure of the QGP!
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Jet Quenching

+ Jet Quenching probes so far: Dijets, Z+jet, ytjet, ...

o Q@@‘
+ Produced simultaneously with the collision; QGP \/
_ N\
+ Our suggestion: t+tbar events
QO
+ Leptonic decay: tagging; X
+ Hadronic decay: probe of the medium
o
+ Decay chain: top + W boson Q
N,
+ Atrest: tiop=0.15 fm/c; tw= 0.10 fm/c ‘_‘_/ 0\0@\
N(

= Qriginated jets will interact with the medium at
later times
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Jet Quenching

Closer look to g+gbar antenna...

+ Jet Quenching probes so far: Dijets, Z+jet, ytjet, ...
+ Produced simultaneously with the collision;
+ Our suggestion: t+tbar events
+ Leptonic decay: tagging;
+ Hadronic decay: probe of the medium
+ Decay chain: top + W boson

+ Atrest: tiop=0.15fm/c; tw= 0.10 fm/c

= Qriginated jets will interact with the medium at
later times
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Color Coherence

+ Moreover, W boson hadronic decay is the natural setup to study coherence effects:

Qs ~ Bgql Saturation
s < Baal scale:
: .
< QS — q L
Transport
Medium able to “see” both particles Medium “sees” both particles as coefficient: ¢
Color correlation is broken one single emitter Medium
Both particles emit independently Particles emit coherently length: L

+ Increases even more the time delay allowing to have a complete mapping of the QGP evolution:

1/3
+ Stay in colourless singlet state during: t, = 12 /
G602 Mehtar-Tani, Salgado, Tywoniuk (2010-2011)
Casalderrey-Solana, lancu (2011)
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Time Delayed Probes

+ Total delay time as a function of the top pr:
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Time Delayed Probes

+ Total delay time as a function of the top pr: 2
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Time Dependence Toy Model

+ From Z+jet measurements: AE/E ~ 15% (independent of the pt) 2
+ Particles emitted from gqgbar “antenna” lose energy proportionally §
to the distance that they travel. g'
O
-l

+ BDMPS (brick): AE/E ~ L2

+ BDMPS (expanding medium): AE/E ~ L

H |g h pt,topreco

Time (fm/c)
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Time Dependence Toy Model

+ From Z+jet measurements: AE/E ~ 15% (independent of the pt)

+ Particles emitted from gqgbar “antenna” lose energy proportionally
to the distance that they travel:

+ BDMPS (brick): AE/E ~ L2

+ EBDI\/IPS (expanding medium): AE/E ~ L]

AEIE
0.15

Tiot = ltop + tw + 14
time at which the
antenna decoheres
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+ What would be the observable to measure the amount of energy loss?

= Reconstructed W jet mass!

Unquenched KI5

Quenched 7

T, = 2.5 fm/c
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>
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+ What would be the observable to measure the amount of energy loss?

= Reconstructed W jet mass!
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Reconstructed W Mass

Functional form fit:

N(m) = aexp

(

o fitn2 ]
m mW) +b+cm

202

Measured shift will depend on AE/E
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W Mass vs Top Pt —
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W Mass vs Top Pt -

% unquenched @ 1,=1.0fm/c =~ @  T,=5fm/C

+ Relating the reco {o the average total delay time
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Boosted objects @ LHC

+ From FCC to LHC:

= Limited reach on the time handle at
HE-LHC (11 TeV)

= Not possible at LHC (5 TeV)

= (Cross-section rate and luminosity too
limited

L. Apolinério
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From pt Differential to Inclusive

% unquenched @ 1,=1.0fm/c =~ @  T,=5fm/C

+ Needed luminosity for LHC (PbPb) run?
y ( ) mss#m quenched e 1,=2.5fm/c e 1.,=10 fm/c
(Tior) (Unquenched) [fm/c] “bands” = 16

06 07 09 1.1 1.4
85 _ _ _ _

HE-LHC Vs, = 11 TeV
2 o™ pp, 30 nb™ PbPb -

80
N
L
®
®, 7 Inclusive
= (integrating over
70 top pr)
65
O 100 200 300 400 10 20 30 50 70100 200
piiss (bin average) [GeV/c] PbPb lumi [nb™]
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From pt Differential to Inclusive

% unquenched @ 1,=1.0fm/c =~ @  T,=5fm/C
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From pt Differential to Inclusive

% unquenched @ 1,=1.0fm/c =~ @  T,=5fm/C

+ Needed luminosity for LHC (PbPb) run?
y ( ) mss#m quenched e 1,=2.5fm/c e 1.,=10 fm/c
(Tior) (Unquenched) [fm/c] “bands” = 16
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85 _ _ _
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Maximum Timescales

+ Translate previous results into:

+ Maximum brick time, tm, that can be distinguished (from full quenching) with 20, as a function of &Lequiv"PPr:

—
o

= LHC (limited by planned
luminosities):

+ 10 nb': Tty ~ 1.3 fm/c.

+ 30 nb': Tty ~2fm/c

= Higher vsnn (11, 20 or 39
TeV):

+ Able to probe larger o | S
medium lifetimes 5 5 10 20 50 100

max distinguishable T,, (20)
O - N W H» 01 O N 00O ©

PbPb equivalent lumi [nb™]
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How about lighter
ions?
(HE/HL-LHC)




Lighter lons

Zi+Z,>(Z +e ), +Z,+e
+ Bound-free pair production cross-section: o, o< Z'[Alog Yem + B )

2
= Strong dependence on ion charges (and energy) )
-
= Easy to avoid the bound by going lighter!
”
= (Can effectively increase the luminosity with lighter ions
Z Z-1

+ Successful XeXe run at LHC!
+ For QGP tomography:
v Increase of luminosity

X Smaller energy loss

L. Apolinério 14 COST THOR Workshop



Lighter lons

Zi+Z,>(Z +e ), +Z,+e
+ Bound-free pair production cross-section: o, o< Z'[Alog Yem + B )

Z
= Strong dependence on ion charges (and energy) % O :
e
>

= Easy to avoid the bound by going lighter!

= (Can effectively increase the luminosity with lighter ions
+ Successful XeXe run at LHC!
+ For QGP tomography:
v Increase of luminosity

Accessible timescales (?)
X Smaller energy loss
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Energy Loss

+ Lighter ions considered: Xe and Kr

Pb Xe Kr

+ ' ~ A1/3- = ICI
Since L ~ A'3: N, = number of participants A =206 A =129 A = 80

= AEXX/EXX ~ (NXX/N,PbPb)1/3 AEPbPb/EPbPb

L. Apolinério 15 COST THOR Workshop



Energy Loss

+ Lighter ions considered: Xe and Kr

Pb Xe Kr
i ~ A1/3: - iCi
+ Since L ~ A13: N, = number of participants A = 206 A = 199 A = 80
= AEXX/EXX ~ (N XX/N,PbPb)1/3 AEPbPb/EPbPb
+ Glauber model:
+ NpPPPb ~ 356 [0-10]%, NpXeXe ~ 210 [0-10]% and NpKKr ~ 110 [0-10]% A AR

= AEXeXe/[EXeXe ~ (.13 and AEKKr/EKKr ~ () 1

+ Centre-of-mass energies:

= HE-LHC: VsXeXe= 11.5 TeV and vskr= 10 TeV C. Loizides, J. Nagle, P. Steinberg (2014)

http://arxiv.org/abs/1408.2549
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QGP Timescales @ HE-LHC

+ Maximum “brick” time, tm, that can be distinguished (from full quenching) with 2¢, as a function of ZequiFePP:

+ HL-LHC:

+ PbPb with Lint = 10 nb=1: 1.5 fm/c

+ XeXe with Lt = 2-3 x Lint from PbPb: 1-2 fm/c

+ HE-LHC:

max distinguishable t_ (20)

+ PbPb with Lint = 30 nb~1 (5 months): 5.5 fm/c

+ XeXe with Lint = 2-3 Ljyt from PbPb: 5-6 fm/c

| | ]
5 6 7 8 910 20 30 40 50 60 7080 10°
PbPb equiv. lumi [nb]
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Conclusions

+ Top quarks and their decays has a unique potential to resolve the time evolution of the QGP
+ A first attempt along this line of research (proof of concept):

+ Energy loss fluctuations, statistical significance assessment based on a “true-sized” sample (event
reconstruction efficiency, b-tagging efficiency,...), but no underlying event background or sophisticated
energy loss model...
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reconstruction efficiency, b-tagging efficiency,...), but no underlying event background or sophisticated
energy loss model...

+ Promising results:

+ FCC energies: should be possible to assess the QGP density evolution (control over timescales can be
done via pt dependence);

+ HE-LHC: still able to distinguish broad range of medium-duration scenarios/quenching dominated regions
from the inclusive top sample;

+ HL-LHC (lighter ions): more limited but possible to exclude short lived scenarios.
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+ Top quarks and their decays has a unique potential to resolve the time evolution of the QGP
+ A first attempt along this line of research (proof of concept):

+ Energy loss fluctuations, statistical significance assessment based on a “true-sized” sample (event
reconstruction efficiency, b-tagging efficiency,...), but no underlying event background or sophisticated
energy loss model...

+ Promising results:

+ FCC energies: should be possible to assess the QGP density evolution (control over timescales can be
done via pt dependence);

+ HE-LHC: still able to distinguish broad range of medium-duration scenarios/quenching dominated regions
from the inclusive top sample;

+ HL-LHC (lighter ions): more limited but possible to exclude short lived scenarios. Thank you!
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+ Average Jet Energy Loss:

+ Z+Jet: (CMS PRL 2017)
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+ Energy Loss
Fluctuations:

+ Gaussian at particle
level

= 150%/V(pT) = 15%
at 100GeV
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Jet Energy Loss

+ Average Jet Energy Loss: (Average number of Z + Jet pairs)
-liiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiil-
+ Z+Jet: (CMS PRL 2017) oo  CMS 10% less pairs-
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Jet Energy Loss

+ Average Jet Energy Loss: (Average number of Z + Jet pairs)
-liiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiil-
+ Z+Jet: (CMS PRL 2017) oo  CMS 10% less pairs
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Light Systems

+ Energy Loss of lighter systems (Glauber):

*

*

NL,PbPb ~ 356 [0-10]%: AEKKI/EKKr ~ 0 15

NXeXe ~ 210 [0-10]%: AEXeXe/EXeXe ~ (.13

*

NoKKr ~ 110 [0-10]%: AEKKI/EKKr ~ (.1

30% less than PbPb [0-10]%

+ Energy Loss of lighter systems (Y+jet):

*

PbPb [0-10]%: <xi> ~ 0.7;

*

PbPb [40-50]%: <x;z> ~ 0.8 (N, ~ 107 [0-10]%);

L. Apolinério

15% less than PbPb [0-10]%
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Simulation

+ Monte Carlo Event Generator (POWHEG NLO ttbar production + pythia 8 showering with
PDF4LHC15_nlo_30_PDF):

+ Rescaling at parton level with Gaussian fluctuations like:
+ Q1 +raopt/pt + 1 GeV)l2
+ Q = Quenching factor (Qo or Q(ttot))

+ r = random number from Gaussian with g = 1

+ opt=1.5GeV'"2 (=15% at 100GeV, arXiv:1702.01060: CMS Z+jet)
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Particle Decay and Coherence Time

+ To get an event-by-event estimate of the interaction start time each component has associated a randomly
distributed exponential distribution with a mean and dispersion:

+ Yitop Trop » = 0.18 fm/c , <ytw Tw > = 0.14 fm/c , <19) = 0.34 fm/cC
+ Reconstruction of the event (at parton level)

+ 1pwith pt> 25 GeV and |g| < 2.5

+ Jet reconstruction with anti-kt R = 0.3, pt > 30 GeV, |g| < 2.5. (recluster with kt R = 1.0 and decluster with
dcut = (20GeV)?)

+ 2 b-jets + >= 2 non-bjets

+ Quenching + energy loss fluctuations at parton level
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W Mass Reconstruction

+ W candidate reconstruction procedure:

*

L. Apolindrio

ptu> 25 GeV + 2 bjets + >= 2 non-bjets

Anti-kt R = 0.3, pt > 30 GeV, |n| < 2.5. (recluster with kT R =
1.0 and decluster with dcut = (20GeV)?)

W jets = 2 highest-pt non-b jets.

W candidate is reconstructed by considering all pairs of non-
b jets with m;; < 130 GeV; the highest scalar pr sum pair is
selected

b-tagging efficiency of 70% (pPb events)
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W Mass Reconstruction

+ W candidate reconstruction procedure:

*
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ptu> 25 GeV + 2 bjets + >= 2 non-bjets

Anti-kt R = 0.3, pt > 30 GeV, |n| < 2.5. (recluster with kT R =
1.0 and decluster with dcut = (20GeV)?)

W jets = 2 highest-pt non-b jets.

W candidate is reconstructed by considering all pairs of non-
b jets with m;; < 130 GeV; the highest scalar pr sum pair is
selected

b-tagging efficiency of 70% (pPb events)
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+ Ours:

+ Ty with pt>25 GeV and |p| < 2.5

+ Jet reconstruction with anti-kt R = 0.3, pr >
30 GeV, |n| < 2.5 (recluster with kT, R=1.0

and decluster with dcut = (20GeV)?)

+ “hadronic” W candidate is reconstructed by
considering all pairs of non-b jets with mj <
130 GeV;

= the highest scalar pt sum pair is selected

L. Apolindrio 25

Reconstruction procedures

+ CMS:
+ 1 with with pt > 30 GeV and |n| < 2.1

+ Jet reconstruction with anti-kt R = 0.4, pr >
25 GeV and |n| < 2.5

+ Reconstructed jets must be separated by at
least AR = 0.3 from the selected muon

+ “hadronic” W candidate is reconstructed by
considering the pair with the with the
smallest separation in (n,¢) plane
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Reconstructed W Mass

+ At Future Circular Collider (FCC) energies pp event scaled by

(«/SNN = 39 TeV): guenching factor
(embedded in PbPb)

+ ottbar—-qqgbar+pyv ~ 1 nb Unquenched N\\\ Unquenched (incorrect reco)

Quenched /] Quenched (incorrect reco)
+ At Large Hadron Collider (LHC) energies x107° x107

(VsNN = 5.5 TeV): sos. LHC 1s,=55TeV | o5f  FCC s, =39TeV
f (inclusive) } © (400 <p*° <600 GeV)

+ attbar—qgbar+uv ~ 10 pb 0.04[ - 0.2r ’
N 1 & | -
= I =

: : 8 _0.03- 4 8 _0.15¢ ]
+ Functional form fit: =T 3
SE! 9
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