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PROBING QGP
• QGP is created, expands and cools down back to hadronic 

matter over a timescale of

time

~1 fm/c  
[~10-24 s]

~ 0.1 fm/c ~ 10 fm/c 

∼ 10 𝖿𝗆/𝖼 [ ∼ 30 𝗒𝗌]



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

time

~1 fm/c  
[~10-24 s]

~ 0.1 fm/c ~ 10 fm/c 



PROBING QGP 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 pt of the top



TIME DELAYS
• at rest                     and 

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

• decoherence delay  

• the average delay time [correlated with top pt]

jets from hadronically decaying W only see QGP that remains after τtot 

τtop ≃ 0.15 𝖿𝗆/𝖼 τW ≃ 0.09 𝖿𝗆/𝖼

τd = ( 12
̂qθ2

qq̄ )
1/3

⟨τtot⟩ = γt,topτtop + γt,WτW + τd

γt,X = (p2
t,X /m2

X + 1)1
2

transverse boost

Casalderrey-Solana, Mehtar-Tani,  Salgado, Tywoniuk  
:: 1210.7765 [hep-ph] PLB725, 357 (2013) 



TIME DELAYS

• τtot correlated with top pt 

• dispersion from considering random 
exponential distribution for each component 

• weak dependence on 

⟨τtot⟩ = γt,topτtop + γt,WτW + τd
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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.

Contributions to the average total delay time, h⌧toti
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.

̂q



PROBING QGP TIME EVOLUTION  
• measure jet quenching as modification of the reconstructed invariant mass 

• in pp closely related to W mass 

• average time delay [thus time spent interacting with QGP] from reconstructed 
top pt 

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

mjj
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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.

Contributions to the average total delay time, h⌧toti
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.



W MASS RECONSTRUCTION
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• quenching shifts mass peak and reduces number of events 
that satisfies cuts 

• continuum [mis-reconstriction] reduced with increasing pt 



ANALYSIS
• semi-muonic t-tbar only [NLO+showering] 

• hadron-level, no underlying event 

• expected number of events in HI  

• not embedded in QGP :: introduce momentum re-scaling 
factor to mimic all sources of fluctuations particle-by-particle 

• [embedding + background subtraction + detector 
resolution + quenching dynamics]

n( f ) ≃ ℒAA σtt̄
ppA2c( f ) c(0 − 10%) ≃ 0.42

(1 + rσpt
/ pt,i + 1 𝖦𝖾𝖵) r is particle-by-particle 

Gaussian distributed random



ANALYSIS
• baselines 

• pp :: no quenching 

• AA full quenching :: rescale all particle momenta by  

• particles from W hadronic decay scaled by  

• event tagging requires 

• muon + two b-tagged jets + at least two non b-tagged jets 
[details provided on request]

𝒬0 = 0.85

𝒬(τtot) = 1 + (𝒬0 − 1)
τm − τtot

τm
Θ(τm − τtot)



FEASIBILITY

Simone.Gennai@cern.ch

HI top anti-top candidate event

!14

Muon

Electron

b jet

b jet

Gennai :: CMS talk at LHCC 28 Nov 2018

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

semi-leptonic channel measured in pA

1st top-antitop candidate in HI



SENSITIVITY TO QGP SIZE AND DELAY TIME
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• width of bands obtained from dispersion of results in large number of 
real size pseudo-experiments 

• distance between bands measures diference in quenching for each 
QGP size and delay time



SENSITIVITY TO QGP SIZE [INCLUSIVE]

• at LHC [5.5 TeV, L=10 nb-1] only a QGP of size τm = 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        and luminosity 
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FIG. 1. Distribution of ⌧tot for events that pass all reconstruc-
tion cuts and have a top-quark candidate (independently of
the reconstructed top-quark and W -boson masses).
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FIG. 2. Di↵erential fiducial proton–proton tt̄ reconstruction
cross section as a function of mreco

W at the LHC and FCC.

former will provide our measure of quenching (and was
once before studied for this purpose [33]). The latter
can be translated to an average ⌧tot and for 200 GeV .
precot,top . 1 TeV the relation reads (see figure 6 in the
supplemental material)

h⌧toti(precot,top) ' (0.37 + 0.0022 precot,top/GeV) fm/c . (3)

The distribution of ⌧tot values is given in Fig. 1 for the
LHC

p
sNN = 5.5 TeV, inclusively over precot,top, and for

a future-circular-collider (FCC) with
p
sNN = 39 TeV,

considering events with precot,top > 400 GeV. Note the long
tails in both cases, which will contribute sensitivity to
times substantially beyond h⌧toti.

Fig. 2 shows the distribution of mreco
W , again for the

LHC and FCC, with a precot,top cut in the latter case. Re-
sults are shown with baseline full quenching for all parti-
cles and without quenching (the latter being equivalent
to pp events embedded in heavy-ion events to account
for the e↵ect of the underlying event). One sees clear
W -mass peaks, superposed on a continuum associated
with events where the W decay jets have not been cor-
rectly identified. The continuum is significantly reduced
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FIG. 3. The average (points) and standard deviation (width
of band) formreco

W across many pseudo-experiments, as a func-
tion of luminosity for an inclusive sample of tt̄ events, as a
function of the integrated PbPb luminosity at the LHC (left)
and the HE-LHC (right).

at high precot,top. The W peaks in the quenched case are
shifted to the left, and the extent of the shift provides an
experimental measure of the quenching. The peaks are
also lower in the quenched case, reflecting the smaller
fractions of events that pass the reconstruction (and, for
FCC, precot,top) cuts.
To estimate the sensitivity of top-quark measurements

to the time-dependence of quenching in the medium, we
consider a toy model in which the quenching is propor-
tional to the time between the moment when theW decay
products decohere, ⌧tot, and a moment when the medium
quenching e↵ect stops being active, ⌧m. This gives a
⌧tot-dependent quenching factor Q(⌧tot) for the W decay
products of

Q(⌧tot) = 1 + (Q0 � 1)
⌧m � ⌧tot

⌧m
⇥(⌧m � ⌧tot) . (4)

Recall that all other hadronic particles undergo quench-
ing with the factor Q0.
For each choice of ⌧m we obtain a mreco

W histogram as
in Fig. 2. We carry out a binned likelihood fit for the his-
togram and the background of incorrectly reconstructed
W ’s using the functional form

N(m) = a exp


� (m�mfit

W )2

2�2

�
+ b+ cm , (5)

which yields good fits. The free parameters a, b, c, � and
mfit

W are constrained to sensible ranges so as to increase
the stability of the fit in low statistics samples.
Fig. 3 shows the results for mfit

W . They are plotted as
bands for di↵erent ⌧m values, as a function of the PbPb
integrated luminosity, LPbPb. The width of each band
represents the standard deviation of mfit

W values that we

cases deemed 
distinguishable if separated 

by at least 2σ

s



SCENARIOS

PROBING TIME-DEPENDENCE OF QGP PROPERTIES
• lighter ions bring significant gains wrt to Pb at the LHC, however 

• mild gain from going lighter and lighter  

• inability to distinguish from full quenching dominated by 1% 
[syst]

Apolinário, Milhano, Salam, Salgado :: new result 
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SCENARIOS :: LIGHT IONS
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although all of this was strictly physics of QGP  

the yoctosecond chronometer could [should] be used 

 to explore physics of both short and long lived new  

states that decay into jets



backups



TOP RECONSTRUCTION
➤ requires a muon, two b-tagged jets and at least two non b-tagged jets 

➤ input jets obtained by 

➤ cluster all particles (except muon and any neutrinos) with anti-kt R=0.3 
[only jets with pt>30GeV and |y|<2.5] 

➤ recluster the constituents of each anti-kt jet with exclusive longitudinally 
invariant kt R=1 and dcut=(20 GeV)^2 

➤ for low pt anti-kt jets this gives jets identical to the original ones  

➤ for high-pt can give multiple exclusive kt jets associated with 
substructure of boosted tops and Ws 

➤ to identify the hadronic W-decay jets we take all pairs of non b-
tagged jets (j,k) that satisfy m_jk <130 GeV and m_jkb_h <250 GeV 
and select the pair with largest p_t,j+p_t,k 

➤ then m_W= m_jk and p_t top^reco = p_t,jkb_h


