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THE PROS AND CONS OF LIGHT[ER] IONS

PROS 
➤ [significantly] higher nucleon-nucleon luminosity  

➤ higher statistics for precision 
➤ access to rare[r] processes 

➤ lower background  
➤ reduction of systematics? 

CONS 
➤ smaller quenching  

➤ precision for effect size trade-off 
➤ when is smaller too small?
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THE SIZE OF QUENCHING :: ROUGH ESTIMATE
➤ assume 15% average jet pT-loss for [0-10%] central PbPb 

➤ conservative estimate from boson-jet data 
➤ assume [consistent with CuCu jet RAA@RHIC] scaling with 

➤ needs to be supported by MC studies 
➤ need hydro simulations… 

➤ XeXe data described by quenching models

( Alight

APb )
1/3

PbPb 15%

XeXe 13%

KrKr 10%

ArAr 8.7%

OO 7.3%
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HIGHER NUCLEON-NUCLEON LUMINOSITY
Gains in ULTIMATE integrated nucleon-nucleon luminosity 

PER FILL wrt Pb-Pb
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This would be on the assumption 
that a fill would be kept forever 
until one beam was exhausted 
(and other loss mechanisms are 
neglected).   Real gain/fill will be 
less.

In reality, one also gains from 
longer luminosity lifetime and 
less time spent refilling the 
machine.  

We will try to quantify this 
better in future. 
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Jet Quenching
✦ Jet Quenching probes so far: Dijets, Z+jet, ɣ+jet, 

… 

✦ Produced simultaneously with the collision;  

✦ Our suggestion: t+tbar events 

✦ Leptonic decay: tagging; 

✦ Hadronic decay: probe of the medium 

✦ Decay chain: top + W boson 

✦ At rest: !top=0.15 fm/c; !W=0.10 fm/c
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✦ Originated jets will interact with the 
medium at later times

Closer look to q+qbar 
antenna…

PROBING TIME-DEPENDENCE OF QGP PROPERTIES

• (top decay + W decay + qqbar coherence) delays interaction with 
QGP :: sensitivity to QGP time evolution 

• delay time accessible from reconstructed event kinematics 
[top pT]
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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.
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PROBING TIME-DEPENDENCE OF QGP PROPERTIES

• modification of reconstructed W mass as measure of quenching 

• longer delay leads to less modification 

• determine largest medium size that can be distinguished from 
full quenching [no delay] at 2σ+1%[syst]  
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FIG. 4. Dependence of the reconstructed W mass on the
reconstructed top pt for HE-LHC (left) and FCC (right) col-
lisions. The quenched result corresponds to baseline full mod-
ification of the pp results, which would in practice be obtained
using knowledge of quenching from other measurements.

obtain when we carry out fits for a large number of replica
pseudo-experiments. Two of the bands are independent
of the PbPb luminosity: the top, unquenched band, cor-
responds to the result that would be obtained by embed-
ding 2 fb�1 of pp (unquenched) data into minimum-bias
PbPb events. The bottom band is obtained by a similar
procedure, but with the pp jets’ particles simply scaled
down by the quenching factor Q0, i.e. by the quenching
factor that would be expected if the W decay products
were present and started interacting from time 0. In a
real experiment, the corresponding scaling factor could
be obtained by measuring quenching in another quark-
jet dominated process (e.g. with �+jet or Z+jet balance),
as a function of the jet pt.

For short values of the e↵ective medium lifetime, ⌧m,
the mfit

W result is close to the unquenched result. This re-
flects the fact that theW decay products start interacting
only towards the end of the medium lifetime. For larger
values of ⌧m they instead still see most of the medium
duration, and most of the quenching. A very short-lived
medium, ⌧m = 1 fm/c, could be distinguished from the
full quenching baseline at the LHC with its currently ap-
proved LPbPb = 10 nb�1. However, to distinguish larger
values of ⌧m would require either higher luminosities or
higher energies. This is illustrated in the right-hand plot
of Fig. 3 for a future HE–LHC (

p
sNN = 11 TeV), where

the tt̄ cross section is 6 times larger.

At higher-energies it becomes advantageous to explore
the precot,top dependence of mfit

W , illustrated in Fig. 4 for the
HE–LHC and the FCC (

p
sNN = 39 TeV). For each bin

of precot,top, the upper axis shows the corresponding aver-
age ⌧tot. For a given band of ⌧m, when precot,top is large

FIG. 5. The maximum medium quenching end-time, ⌧m, that
can be distinguished from full quenching with two standard
deviations, as a function of luminosity for di↵erent collider
energies and species. For the KrKr points, the LKrKr value
that is used is equal to LPbPb · (APb/AKr)

2, i.e. maintaining
an equal number of nucleon–nucleon collisions.

enough so that h⌧toti & ⌧m, the band merges with the
unquenched expectation. Thus the shape of the precot,top

dependence gives powerful information on the medium
time-structure.2

Fig. 5 shows our estimate of the maximum ⌧m that
can be distinguished at two standard deviations from the
baseline full quenched result, for di↵erent colliders as a
function of LPbPb. The number of standard deviations
takes into account the statistical uncertainty of mfit

W , for
both the actual heavy-ion data and a reference sample
as well as an additional 1% systematic uncertainty (see
supplemental material and Refs. [20, 34]). The reference
sample is obtained using the same procedure as for the
bottom bands in Figs. 3 and 4, i.e. using 2 fb�1 of pp
events with a rescaling of particle momenta by a factor
Q0 and inclusion of underlying-event fluctuations.
For each collider luminosity and energy the results are

obtained by choosing a precot,top cut so as to maximise the
significance. We have verified that if we increase the
fluctuations, �pt , the required luminosity scales as �2

pt
,

in line with expectations.
Lighter ions such as Kr are potentially promising, de-

spite their smaller quenching e↵ects [35], because of the
potential for order-of-magnitude higher e↵ective inte-
grated nucleon-nucleon luminosities [36, 37]. They are
discussed further in the supplemental material.

To conclude, in this work we have shown that the study
of top quarks and their decays has a unique potential to

2
The unquenched and baseline-quenched bands also have a precot,top
dependence, induced by the underlying jet and muon pt cuts,

as well as di↵erent amounts of final-state radiation outside the

R = 0.3 jet as a function of precot,top.
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PROBING TIME-DEPENDENCE OF QGP PROPERTIES

• lighter ions [Kr] bring significant gains wrt to Pb at the LHC 

• full PbPb programme [10 nb-1] :: 1.4 fm/c 

• 1 month KrKr [30 nb-1] :: 1.8 fm/c

Apolinário, Milhano, Salam, Salgado PRL 120 (2018) 232301 
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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 increasingly 
dominated by 1% [syst]

Apolinário, Milhano, Salam, Salgado :: new result 
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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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how over-conservative are our assumptions?  

[lower syst in lower background? :: higher eloss in reference PbPb?] �9



PRECISION JET MODIFICATION :: Z-JET
• Z-jet as cleanest process to study jet modifications 

• pTZ provides absolute pT reference for jet[s] 

• need pTZ substantially larger than pTjet, min for mapping 
entire eloss distribution, and to study jet modifications 
as function of eloss  

thanks to K. Zapp
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PRECISION JET MODIFICATION :: Z-JET
thanks to K. Zapp

[very] preliminary

SHERPA [NLO] :: √s=6.3 [5.5] TeV :: “CMS Z-jet cuts”r background?
�11
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PRECISION JET MODIFICATION :: Z-JET

[very] preliminary
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NEXT STEPS?
• light[er] ions give access to new QGP probing channels [eg, 

tops for time evolution, Higgs, …] and extended reach for 
precision jet modification studies 

• for YR:: consider also other cases ? improve estimates on 
already studied ones? 

• assessment beyond feasibility studies and rough estimates 
requires full simulation [hydro+jet quenching+detector effects] 

• reduction of systematics from reduced background remains 
unstudied :: essential to decide when smallness of quenching 
offsets luminosity gains 

• pilot run very useful to check accuracy of MC predictions 
[overlap in Npart with different geometry] and experimental 
improvements from reduced background
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