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• Electromagnetic probes
• Heavy quarks and quarkonia
• Jets
• Strangeness
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Direct Photon Measurement

PHENIX: arXiv:2203.17187 

Nihar Sahoo

• High pT (> 5 GeV/c):
Ncoll-scaled p+p results and pQCD calculation 
→ Prompt direct photon 

• Low pT (< 5 GeV/c):
Excess yield compared to prompt photon 

Being emitted from hot-expanding fireball 
→ Non-prompt direct photon 
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Direct Photon Measurement

PHENIX: arXiv:2203.17187 

Ø Non-prompt direct photon by subtracting of scaled p+p yields

High-pT (Teff = 376 MeV): from earlier phase the evolution
Low-pT (Teff = 260 MeV): from QGP phase until FO → Blue shifted 

Nihar Sahoo
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Dilepton Measurement

IMR thermal dielectron: TIMR ~ 320 MeV 

First QGP temperature measurement at RHIC 

Nihar Sahoo
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Eur. Phys. J. C (2019) 79:277 
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Vector Meson Photoproduction 
Subash Chandra Behera 

Ø Power law dependent photoproduction cross section 
for exclusive Υ(1S) : 

Ø Power law dependent cross section for exclusive
ρ(770)0:

Eur. Phys. J. C (2019) 79 :702 
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J/𝜓 Photoproduction in d+Au Collisions

Ø Total cross-section consists of coherent 
and incoherent sources 

Ø CGC without subnucleonic fluctuations
describes data at low t (mostly coherent)

Ø The coherent component extracted 
constrains gluon distribution inside 
deuteron 

Ashik Ikbal

without 
subnucleonic
fluctuations 

with 
subnucleonic
fluctuations 
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Spin interference effect for ρ0 in UPC
Ashik Ikbal

Ø cos(2φ) oscillation pattern is measured for ρ0 decay in UPCs, φ angle between ρ0 
and one of its decay daughters 

Ø Interference between two identical sources in Au+Au and U+U collisions

Ø Oscillation is absent in p+Au system => Needs two photon sources to observe this 
effect

Ø Interference measurement for J/ψ is important to further understand this 
phenomenon  
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Photon Induced Processes

Ø Ultra-peripheral p/A+A collisions provide opportunities to study photoproduction 

Prithwish Tribedy
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Testing the baryon junction conjecture 

Rapidity dependence of soft baryon 
stopping observed in RHIC 
photonuclear events 

Midrapidity baryon density slope is consistent 
with baryon junction prediction 

Ø Predictions form Regge theory & baryon 
junction picture: 

Prithwish Tribedy
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Collectivity in small collision systems

PHENIX results decisively establishes hydrodynamic final state is essential

Prithwish Tribedy

Ø Color Glass Condensate (initial state momentum):

Ø Hydrodynamics (final state)



17/11/2022 CETHENP2022 11

Heavy Flavour: RAA

Ø RAA of bottom-decay electron less than that of charm-decay

PHENIX, arXiv:2203.17058 

Nihar Ranjan Sahoo
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Heavy Flavour: RAA

Ø Rise of inclusive J/ψ RAA at low pT, stronger effect at midrapidity in central events 
-> strong signature of recombination 

Ø Models that include regeneration either at the phase boundary (SHMc) or during the 
medium evolution (TAMU) are both in agreement with data at low pT

Biswarup Paul
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Charmonium: Flow

Ø Prompt J/ψ: significant v2 up to high pT (~30 GeV/c), while triangular flow (v3) is smaller
Ø Largest J/ψ v2at low pT (~5 GeV/c, expected from recombination)
Ø High pT v2: path-length dependence effect at play for all particles 

Biswarup Paul
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Charmonium: Flow

Ø Hint of prompt ψ(2S) v2 > 0 (pT >5 GeV/c), larger than v2 of prompt and non-prompt J/ψ 

Ø Prompt ψ(2S) v3 found compatible with 0 and with J/ψ v3 

Biswarup Paul
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J/ψ polarization in Pb–Pb 

arXiv:2204.10171 

Ø The angular distribution of the leptons in the 
quarkonium rest frame: 

Ø Significant non-zero polarization (3.5σ) 
observed in the 40-60% centrality 
interval for 2 < pT < 6 GeV/c 

Biswarup Paul
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Bottomonium: RAA

Ø Clear indication sequential melting both at RHIC and LHC 

Subikash Choudhury
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Bottomonium: RAA

Ø Sequential suppression both at mid and forward rapidity
Ø No rapidity dependence
Ø Model calculations suggest regenaration effect is insignificant 

Subikash Choudhury
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Bottomonium: Flow

Ø Υ(1S) v2 consistent with zero -> Leaves the medium very early 

Ø Simultaneous description of RAA & v2 can constrain model parameters better 

Subikash Choudhury
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Jet: Nuclear Modification Factor
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Figure 9. Nuclear modification factor RCP for charged jets with a leading charged particle with
ptrackT > 5GeV/c, with R = 0.2 (left panels) and R = 0.3 (right panels) and different centrality
selections.

R = 0.3 jets in central and peripheral collisions. This rising trend is due to the increased

fragmentation bias and is compatible with the fragmentation bias observed in PYTHIA.

Jet quenching in most central heavy-ion collisions is quantified by constructing the jet

nuclear modification factor RCP,

RCP =
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which is the ratio of jet pT spectra in central and peripheral collisions normalized by the

nuclear overlap functions 〈TAA〉 as calculated with a Glauber model for each centrality

class [19]. If the full jet energy is recovered within the cone, and in the absence of initial

state effects like parton shadowing [45–47], RCP is unity by construction. In that case,

jet quenching would manifest itself as redistribution of the energy within the cone as

compared to jet fragmentation in the vacuum. The jet suppression factor RCP is shown in

figure 9, using centrality class 50-80% as the peripheral reference. A strong jet suppression,

0.3 < RCP < 0.5, is observed for 0-10% central events, while more peripheral collisions (30-

50%) are less suppressed, RCP # 0.8 at high pT,ch jet. A mild increase of RCP with increasing

pT,ch jet is observed at low jet energies while at high pT ! 50GeV/c the suppression is

– 21 –
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Fig. 5. RCP values as a function of jet pT for R = 0.2 (left) and R = 0.4 (right) anti-kt jets in four bins of collision centrality. The error bars indicate statistical errors from the
unfolding, the shaded boxes indicate unfolding regularization systematic errors that are partially correlated between points. The solid lines indicate systematic errors that
are fully correlated between all points. The horizontal width of the systematic error band is chosen for presentation purposes only. Dotted lines indicate RCP = 0.5, and the
dashed lines on the top panels indicate RCP = 1.

New response matrices were generated using the calculated
!p′

T values according to prec′
T = ptruth

T + !p′
T, and these modi-

fied response matrices were used to estimate the JER systematic
uncertainties following the procedure described above. The sys-
tematic uncertainty on the spectra due to the JER for the 0–10%
centrality bin was taken to be one-sided as all evaluations indi-
cate that the MC simulations slightly overestimate UE fluctuations.
Asymmetric errors were obtained for the other centrality bins by
applying the positive and negative !ET scalings separately. The
JER systematic uncertainties were assumed to be fully correlated
between different jet R values but uncorrelated between differ-
ent collision centralities, so the uncertainties on the spectra were
combined in quadrature in evaluating δRsys

CP . The conservative as-
sumption that the JER uncertainties are fully uncorrelated between
different centrality bins is based on the observation that the differ-
ences between data and the HIJING MC sample in the fluctuation
analysis are not the same for all centralities.

The systematic uncertainties associated with the non-UE con-
tributions to the JER (described by the a and c terms in Eq. (4))
were evaluated following procedures used by ATLAS in previous
pp jet measurements [41]. New response matrices were generated
by applying an additional stochastic smearing to the !pT values,
and the systematic uncertainty was obtained by applying the pro-
cedure described above.

Systematic uncertainties on RCP due to the unfolding were eval-
uated by changing the power index (n) in the functional form
for xini by ±0.5 and by varying the regularization parameter. The
±0.5 change in the power law index was chosen because it pro-
duces a spectrum that changes relative to the default xini over the
measured pT range by a factor of about two – the typical suppres-
sion observed in central collisions. Thus, it covers the possibility
that the true RCP could increase to one or decrease to 0.25 over
the measured pT range. To evaluate the potential systematic un-
certainty due to regularization, the unfolding was performed with
regularization parameters obtained from the fourth and sixth sin-
gular values of the unfolding matrix, τ = s2

4 and τ = s2
6. Systematic

uncertainties on the spectra were determined from the differences

in the unfolded spectra. The resulting δRsys
CP values were obtained

assuming that the regularization uncertainties on the two spectra
are uncorrelated.

The systematic uncertainty on the efficiency correction was
evaluated by comparing MC overlay and data overlay samples
where differences less than 5% were observed on the “turn on”
part of the efficiency curve. A 5% uncertainty due to the efficiency
correction was applied to RCP for pT < 100 GeV in the four most
central bins. To check for biases introduced by the UE jet rejection,
the analysis was repeated with a significantly weakened rejection
criterion in which jets were required to match a single track with
pT > 4 GeV. No significant differences in the RCP were observed
except for pT < 50 GeV where differences as high as 4% were
found. These differences can be attributed to the contribution of
additional UE jets.

The different contributions to the total δRsys
CP are shown in Fig. 4

for R = 0.4 jets in the 0–10% centrality bin. The JES and xini uncer-
tainties are approximately independent of pT, while the JER uncer-
tainty decreases with increasing pT. The regularization uncertainty
grows with increasing pT due to the poorer statistical precision of
the high-pT points. The systematic uncertainties for the other radii
show similar pT and centrality dependence, with the JES and JER
uncertainties increasing with jet radius as expected.

9. Results

Fig. 5 shows the RCP values obtained for R = 0.2 and R = 0.4
jets as a function of pT in four bins of collision centrality with
three different error contributions: statistical uncertainties, par-
tially correlated systematic uncertainties, and fully correlated un-
certainties. The RCP values for all centralities and for both jet radii
are observed to have at most a weak variation with pT. For the
0–10% centrality bin the RCP values for both jet radii show a factor
of about two suppression in the 1/Ncoll-scaled jet yield. For more
peripheral collisions, RCP increases at all jet pT relative to central
collisions, with the RCP values reaching 0.9 for the 50–60% central-
ity bin. A more detailed evaluation of the centrality dependence

V. KHACHATRYAN et al. PHYSICAL REVIEW C 96, 015202 (2017)

FIG. 7. Inclusive jet spectra for PbPb jets of distance parameter
R = 0.4, in different centrality bins, and pp reference data. The
PbPb jet spectra for different centrality classes are scaled by 〈TAA〉
and multiplied by a different factor for better visualization. Vertical
bars represent statistical uncertainty (too small to see on this scale)
with the systematical uncertainty in the colored boxes around the data
points.

In this analysis, a novel data-driven technique, based on
control regions in data, is introduced to derive the spectrum of
misreconstructed jets from the minimum bias sample. This
spectrum is then subtracted from the jet-triggered sample.
Two methods, operating in different kinematic regimes, are
combined to get a correction factor. The first method (labeled
the trigger object method) selects all events with a leading HLT
jet pT of less than 60 GeV/c as a control sample potentially
containing misreconstructed jets. This pT threshold is chosen
based on analysis of random cones in minimum bias events,
with the leading and subleading jets removed. The second
method (labeled the dijet method), performed in parallel with
the first method, selects minimum bias events with dijets,
which can originate either from a hard scattering or fluctuating
background. There are two thresholds defined in this method,
one for the leading jet (pmin1

T ) and another for the subleading
jet (pmin2

T ) in the reconstructed event. If an event fails any of
the following selections, it is tagged as a background event.
An event is tagged as a signal if it passes all of the criteria:
Leading jet pT > pmin1

T and !φj1,j2 > 2π/3 and subleading
jet pT > pmin2

T . To choose the thresholds for the dijet selection,
the mean and rms of the subtraction step in the iterative
subtraction algorithm are mimicked by applying a cutoff on the
transverse energies of the PF towers used in the random cone
study. The rms of the background subtracted event energy
distribution is used as an estimate of the fluctuation. The
thresholds are set as follows: pmin1

T = 3 rms for the leading
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FIG. 8. Inclusive jet RAA as a function of the jet pT, for anti-kT jets with distance parameters R = 0.2 (red stars), 0.3 (black diamonds), and
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Ø Centrality dependent RAA/RCP in PbPb collisions 
at 2.76 TeV

Ø Strong jet suppression in central collisions

Ø RAA/RCP: mild pTdependent

Ø Dense medium formation in central collisions

Sidharth Kumar Prasad
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Jets 114 The ATLAS Collaboration / Physics Letters B 790 (2019) 108–128

Fig. 7. The ratio of RAA to the RAA value for |y| < 0.3 as a function of |y| for jets in 
four pT intervals (158 < pT < 200 GeV, 200 < pT < 251 GeV, 251 < pT < 316 GeV, 
and 316 < pT < 562 GeV) shown for the 10% most central Pb+Pb collisions. The er-
ror bars represent statistical uncertainties, the shaded boxes around the data points 
represent systematic uncertainties.

pT ! 250 GeV the LBT model describes the data better. Disagree-
ment between the data and the EQ model using the parameters 
of the jet energy loss from 2.76 TeV Pb+Pb data can be explained 
as a consequence of stronger quenching in 5.02 TeV Pb+Pb colli-
sions.

7. Summary

Measurements of inclusive jet yields in Pb+Pb collisions, jet 
cross-sections in pp collisions, and the jet nuclear modification fac-
tor, RAA, are performed using 0.49 nb−1 of Pb+Pb collision data 
and 25 pb−1 of pp collision data collected at the same nucleon–
nucleon centre-of-mass energy of 5.02 TeV by the ATLAS detector 
at the LHC. Jets, reconstructed using the anti-kt algorithm with 
radius parameter R = 0.4, are measured over the transverse mo-
mentum range of 40–1000 GeV in six rapidity intervals covering 
|y| < 2.8. The jet yields measured in Pb+Pb collisions are sup-
pressed relative to the jet cross-section measured in pp collisions 
scaled by the mean nuclear thickness function, 〈TAA〉. The magni-
tude of RAA increases with increasing jet transverse momentum, 
reaching a value of approximately 0.6 at 1 TeV in the most central 
collisions. The magnitude of RAA also increases towards periph-

Fig. 8. The RAA values as a function of jet pT for the 0–10% centrality interval and 
|y| < 2.1 compared with theory predictions. The uncertainties of the data points 
are the combined statistical and systematic uncertainties. The vertical width of the 
distribution shown for the LBT and SCETG NLO models represents the uncertainty 
of the theory prediction.

eral collisions. The RAA value is independent of rapidity at low jet 
pT. For jets with pT ! 300 GeV a sign of a decrease with rapid-
ity is observed. The magnitude of the jet suppression as well as 
its evolution with jet pT and rapidity are consistent with those re-
ported in a similar measurement performed with Pb+Pb collisions 
at √sNN = 2.76 TeV in the kinematic region where the two mea-
surements overlap.

The results presented here extend previous measurements to 
significantly higher transverse momenta and larger rapidities of 
jets and improve on the precision of the measurement. This allows 
precise and detailed comparisons of the data to theoretical models 
of jet quenching. These new results can also be used as additional 
input to understand the centre-of-mass energy dependence of jet 
suppression.

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and 
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; 
COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech 
Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-DRF/IRFU, 
France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, 
Greece; RGC, Hong Kong SAR, China; ISF and Benoziyo Center, Is-
rael; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO, 
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portu-
gal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Feder-
ation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slove-
nia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg 
Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, 
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United Kingdom; 
DOE and NSF, United States of America. In addition, individ-
ual groups and members have received support from BCKDF, the 
Canada Council, CANARIE, CRC, Compute Canada, FQRNT, and the 
Ontario Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7, Hori-
zon 2020 and Marie Skłodowska-Curie Actions, European Union; 
Investissements d’Avenir Labex and Idex, ANR, Région Auvergne 
and Fondation Partager le Savoir, France; DFG and AvH Foundation, 
Germany; Herakleitos, Thales and Aristeia programmes co-financed 
by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, 
Norway; CERCA Programme Generalitat de Catalunya, Generalitat 

MEASUREMENT OF INCLUSIVE JET CROSS SECTIONS . . . PHYSICAL REVIEW C 96, 015202 (2017)

jet, and pmin2
T = 1.8 rms for the subleading jet, to allow for jet

modification in the medium.
Since these two methods operate in different kinematic

regimes, the average of the two is used to estimate the data
driven correction factor for misreconstructed jet rates as can
be seen in Fig. 3, as a function of the jet pT. These rates
for different distance parameters are shown in the different
panels (left: R = 0.2, center: R = 0.3, and right: R = 0.4).
The symbols correspond to the centrality bins in the analysis.
The minimum bias background jet spectra are then normalized
to a per-event yield and the background is removed from the
measured jet spectra, resulting in an inclusive jet spectrum
without fragmentation bias. The correction, estimated in a
similar way from PYTHIA dijet events, where one does not
expect any background, is added as an additional systematic
uncertainty, ranging from 6% at 70 GeV to 1% at 100 GeV.
The data driven method was also applied to PYTHIA+HYDJET
simulations without quenching and, using the same pT thresh-
old, this yielded a recovery efficiency of greater than 98% for
signal jets, which is well within systematic uncertainties as
described in Sec. IV.

B. Unfolding studies

An unfolding method is required to remove the smearing
and bin migration in jet pT due to detector resolution, and
to extract the jet cross section measurement. Three different
techniques are used to determine the final jet pT spectra:
Single value decomposition (SVD), Bayesian, and a bin-by-
bin unfolding technique [42–46]. Results presented here are
based on the SVD technique, while the others are used as a
crosscheck, giving consistent results within their respective
uncertainties. The three aforementioned procedures use a
response matrix from PYTHIA + HYDJET of reconstructed jets,
matched to generator-level jets in the η-φ space, that originate
from the PYTHIA QCD hard scattering.

The SVD unfolding is performed with a regularization
parameter, which is optimized for each centrality class and
each jet resolution. The simulation and data used in unfolding
have a reconstructed jet pT larger than 50 GeV/c for all
distance parameters, with unfolded results reported for jets
larger than 70 GeV/c.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainty is calculated from a number
of sources and is shown in Table I. For R = 0.3 jets, in the
low pT < 80 GeV/c region, a large contribution to the jet
yield uncertainty in PbPb collisions is from the data driven
corrections (20%). The data driven systematic uncertainty
is estimated from the overlap of the two different methods
(trigger object and dijet methods as described in Sec. III A)
along with an additional uncertainty of 1–6% across all jet pT,
centrality ranges, and jet distance parameters determined from
its application on a PYTHIA sample. The jet energy scale (JES)
uncertainty ranges from 6–32% (from peripheral to central
events), varying due to the uncertainty in the heavy ion tracking
and the quark/gluon fragmentation. The fragmentation differ-
ence is included in the JES uncertainty for pp, but is extended
for PbPb jets due to expected asymmetric jet quenching

effects for quark and gluon jets. The jet response matrix
is smeared by 1%, at both the generator and reconstructed
levels to account for variations in the simulations. Separately
the regularization parameter used for the unfolding is varied
between 4 and 8 resulting in at most 8% systematic uncertainty
for the PbPb jet yield and at most 2% for the pp jet cross
section.

A residual jet energy correction, using the dijet balance
method [41], is derived and applied to the jets from pp
collisions. It corresponds to less than 1% correction to the jet
pT. The jet energy resolution (JER) uncertainty is estimated for
each pT bin in the analysis and is found to be at most 3%, for
both pp and PbPb. Studies of the underlying event fluctuations

FIG. 9. Inclusive jet RAA for anti-kT jets with distance parameters
R = 0.2 (red stars), 0.3 (black diamonds), and 0.4 (blue crosses),
as a function of the average Npart for each collision centrality, for
jets of 80 < pT < 90 and 130 < pT < 150 [GeV/c], in the top and
bottom panels, respectively. Points are shifted to the left (R = 0.2)
and right (R = 0.4) for clarity. The statistical uncertainty is indicated
by colored vertical lines (smaller than the markers). The systematic
uncertainty is represented by the bounds of the dotted, solid, and
dashed horizontal lines for the corresponding distance parameters.
The uncertainty boxes at unity represent the TAA and luminosity
uncertainty.

015202-7

ØRAA/RCP decreases monotonically with increasing <Npart>

ØAt low jet pT: no significant rapidity dependence
ØAt higher jet pT: suppression towards higher rapidity

Sidharth Kumar Prasad
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Jet Shapes and FragmentationCMS Collaboration / Physics Letters B 730 (2014) 243–263 247

Fig. 3. (Color online.) Top row: Differential jet shapes in PbPb collisions (filled circles) as a function of distance from the jet axis for inclusive jets with pjet
T > 100 GeV/c

and 0.3 < |η| < 2 in five PbPb centrality intervals. The measurements use charged particles with ptrack
T > 1 GeV/c. The pp-based reference shapes (with centrality-based

adjustments as described in the text) are shown with open symbols. Each spectrum is normalized to an integral of unity. The shaded regions represent the systematic
uncertainties for the measurement performed in PbPb collisions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear modification factors,
ρ(r)PbPb/ρ(r)pp. The error bars show the statistical uncertainties, and the shaded boxes indicate the systematic uncertainties.

two systems. In more central PbPb collisions (0–70%), a depletion
is observed in the region 0.1 < r < 0.2 with a typical value of the
ratio ρ(r)PbPb/ρ(r)pp around 0.84 and a total uncertainty of less
than 7%. In the most central PbPb collisions (10–30% and 0–10%),
an excess of transverse momentum fraction emitted at large ra-
dius r > 0.2 emerges, indicating a moderate broadening of the jets
in the medium. At the largest radius 0.25 < r < 0.3, the value of
the ratio ρ(r)PbPb/ρ(r)pp is 1.04±0.09 (stat.)±0.05 (syst.) for the
most peripheral collisions (70–100%), while in the central collisions
(10–30% and 0–10%) it increases to 1.27±0.03 (stat.)±0.15 (syst.)
and 1.35 ± 0.05 (stat.) ± 0.16 (syst.), respectively. These observa-
tions are consistent with previous studies in CMS which find that
the energy that the jets lose in the medium is redistributed at
large distances from the jet axis outside the jet cone [22]. The dif-
ferential study of the jet structure presented here provides impor-
tant additional information and shows that nuclear modifications
are also present inside the jet cone. Qualitatively, a similar trend is
predicted by theory [34,35] based on parton level calculations for
PbPb collisions at a different centre-of-mass energy. It is expected
that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include
all experimental cuts that would influence the observed correla-
tions, and model the effects due to the hadronization process. This
comparison will contribute to our understanding of the medium
properties.

6. Summary

The first measurement of jet shapes in PbPb collisions at√
sNN = 2.76 TeV has been performed. The results have been com-

pared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with pjet

T > 100 GeV/c and
0.3 < |η| < 2 have been reconstructed using the anti-kT algorithm
with a distance parameter R = 0.3, and the jet shapes have been
studied using charged particles with pT > 1 GeV/c as a function
of collision centrality. In peripheral collisions, the shapes in PbPb
are similar to those in the pp reference distributions. A central-
ity dependent modification of the jet shapes emerges in the more
central PbPb collisions. A redistribution of the jet energy inside the
cone is found, specifically, a depletion of jet transverse momen-

tum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at
large radii, r > 0.2. These results are important for characterizing
the shower evolution in the presence of a hot and dense nuclear
medium.
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Fig. 8. Ratios of unfolded fragmentation functions, D(z) (top) and D(pT) (bottom), for central (0–10%) collisions to those in peripheral (60–80%) collisions for R = 0.2 (left) 
and R = 0.3 (right) jets. The fragmentation functions were evaluated using charged hadrons within !R = 0.4 of the jet axis. The error bars on the data points indicate 
statistical uncertainties while the yellow shaded bands indicate systematic uncertainties. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Table 3
Differences of D(z) distributions in different centralities with respect to peripheral events for R = 0.3 jets. The errors represent combined statistical and systematic uncer-
tainties.

Centrality z = 0.02–0.04 z = 0.04–0.2 z = 0.4–1.0
∫

!D(z)dz
∫

z!D(z)dz
∫

!D(z)dz
∫

z!D(z)dz
∫

!D(z)dz
∫

z!D(z)dz

0–10% 0.79+0.19
−0.25 0.020+0.005

−0.007 −1.7+0.6
−0.8 −0.14+0.04

−0.06 0.06+0.05
−0.04 0.033+0.026

−0.021

10–20% 0.66+0.17
−0.18 0.016+0.005

−0.005 −1.6+0.7
−0.8 −0.12+0.05

−0.06 0.05+0.05
−0.04 0.029+0.026

−0.021

20–30% 0.52+0.13
−0.18 0.013+0.004

−0.005 −1.3+0.6
−0.6 −0.12+0.04

−0.04 0.04+0.04
−0.04 0.025+0.024

−0.020

30–40% 0.39+0.12
−0.17 0.009+0.004

−0.005 −1.3+0.6
−0.7 −0.10+0.04

−0.05 0.06+0.04
−0.04 0.036+0.020

−0.019

40–50% 0.38+0.11
−0.15 0.009+0.003

−0.004 −0.6+0.6
−0.8 −0.07+0.04

−0.06 −0.01+0.04
−0.04 −0.005+0.024

−0.021

50–60% 0.28+0.15
−0.21 0.006+0.004

−0.006 −1.2+0.9
−0.7 −0.08+0.06

−0.06 0.04+0.04
−0.04 0.025+0.021

−0.021

Table 4
Differences of D(z) distributions in different centralities with respect to peripheral events for R = 0.2 jets. The errors represent combined statistical and systematic uncer-
tainties.

Centrality z = 0.02–0.04 z = 0.04–0.2 z = 0.4–1.0
∫

!D(z)dz
∫

z!D(z)dz
∫

!D(z)dz
∫

z!D(z)dz
∫

!D(z)dz
∫

z!D(z)dz

0–10% 0.65+0.21
−0.20 0.017+0.006

−0.005 −1.7+0.5
−0.6 −0.14+0.04

−0.05 0.07+0.05
−0.04 0.037+0.030

−0.022

10–20% 0.60+0.16
−0.16 0.016+0.005

−0.004 −1.6+0.7
−0.7 −0.12+0.05

−0.05 0.08+0.05
−0.04 0.046+0.029

−0.025

20–30% 0.48+0.11
−0.14 0.013+0.003

−0.004 −1.6+0.6
−0.5 −0.13+0.04

−0.04 0.04+0.05
−0.04 0.026+0.029

−0.024

30–40% 0.44+0.11
−0.15 0.011+0.003

−0.004 −1.4+0.6
−0.7 −0.11+0.05

−0.05 0.07+0.04
−0.05 0.044+0.021

−0.028

40–50% 0.33+0.09
−0.14 0.009+0.003

−0.004 −1.0+0.6
−0.8 −0.09+0.04

−0.06 −0.03+0.05
−0.04 −0.011+0.030

−0.020

50–60% 0.27+0.12
−0.18 0.007+0.003

−0.005 −1.0+0.8
−0.7 −0.07+0.06

−0.06 0.04+0.04
−0.05 0.027+0.024

−0.029
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Fig. 5. Unfolded R = 0.4 longitudinal charged particle fragmentation function, D(z) and the charged particle transverse momentum distribution, D(pT), for the seven centrality 
bins included in this analysis. The statistical uncertainties are everywhere smaller than the points. The yellow shaded error bars indicate systematic uncertainties. Grey lines 
connecting the central values of distributions are to guide the eye. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)

Fig. 6. Ratios of D(z) for six bins in collision centrality to those in peripheral (60–80%) collisions, D(z)|cent/D(z)|60–80, for R = 0.4 jets. The error bars on the data points 
indicate statistical uncertainties while the yellow shaded bands indicate systematic uncertainties. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

8. Results

The unfolded fragmentation functions, D(z) and D(pT), for R =
0.4 jets are shown in Fig. 5 for the seven centrality bins included 
in the analysis with the distributions for different centralities mul-
tiplied by successive values of two for presentation purposes. The 
shaded error bands indicate systematic uncertainties as discussed 
in the previous section. The D(pT) and D(z) distributions have 

similar shapes that are characteristic of fragmentation functions 
with a steep drop at the endpoint.

To evaluate the centrality dependence of the fragmentation 
functions, ratios were calculated of the R = 0.4 D(z) distributions 
for all centrality bins excluding the peripheral bin to the D(z)
measured in the peripheral, 60–80% centrality bin. The results are 
shown in Fig. 6. The ratios for all centralities show an enhanced 
yield of low z fragments and a suppressed yield of fragments at 

ØDeviations from unity indicate a
modification of jet structure in the
nuclear medium

ØPeripheral: Ratio is close to unity
ØCentral: No change at core,
depletion at intermediate r and
enhancement at larger r

Ø Jet fragmentation ratios D(z) central/peripheral
Ø Enhanced yield of low and high z fragments and a suppressed yield of fragments at
intermediate z values

Sidharth Kumar Prasad
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Jets

Ø First indication of jet shape modification due to medium induced gluon radiations at 
RHIC 

Nihar Ranjan Sahoo
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Strange Particles Femtoscopy

Ø Source size is extracted from K0SK0S correlation and it is increases from peripheral to 
central collisions as expected. 

Ø First measurement of                 correlation in PbPb collisions at LHC
interaction : Attractive -> Not strong enough to produce the H-dibaryon 

Raghunath Pradhan
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Summary
Ø Impressively rich harvest of data obtained from RHIC and LHC:

• Electromagnetic probes
• Heavy quarks and quarkonia
• Jets
• Strangeness

Ø Many more exciting analyses are ongoing/planned at RHIC and LHC:

• Hot-QCD program: Study the microstructure of the QGP

• Cold-QCD program: Transition towards EIC program 

Stay tuned!



Thank you
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Photon Interactions in UPC
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Heavy Flavour



17/11/2022 CETHENP2022 28

Jets: Future
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Jets
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FIG. 18. RD(z) (left) and RD(pT ) (right) for 126–158 GeV jets for collision energies of 5.02 TeV (this analysis) and 2.76 TeV [16]. The
vertical bars on the data points indicate statistical uncertainties while the boxes indicate systematic uncertainties.

The shapes of the RD(z) and RD(pT) distributions are similar
for all centralities: inside the jets; the yields of particles with
low pT or z are enhanced; there is a reduction for particles
with intermediate pT or z; and the yields of particles with
high pT or z are enhanced. This is qualitatively consistent
with previous measurements of jet fragmentation at

√
sNN =

2.76 TeV [14–16]; a quantitative comparison is provided in
Sec. VIII. The magnitudes of the deviations of the ratios from
unity decrease with decreasing collision centrality. In the most
central collisions, the size of the enhancement is as large as
70% at low pT or z and 30% at high pT or z. The depletion of
charged-particle yields at intermediate pT and z is as large as
20%. In some centrality andp

jet
T ranges there is a decrease of the

fragmentation functions at the highest z values. In this region
the statistical and systematic uncertainties are the largest; more
precise measurements are needed to determine if a significant
decrease exists.

Figures 14 and 15 show the RD(z) distributions for jets in
the most central and most forward rapidity intervals, 0.0–0.3
and 1.2–2.1, respectively, for the six centrality intervals used
in this analysis and for four p

jet
T intervals: 126–158, 158–

200, 200–251, and 251–316 GeV. Figures 16 and 17 show
RD(pT ) distributions for the same jet rapidity, centrality, and
p

jet
T ranges. In all rapidity ranges, the RD(z) and RD(pT )

distributions have the same qualitative shape and centrality
dependence as the rapidity-inclusive results presented above.

VIII. DISCUSSION

In this section, the results from the previous section are
further discussed and compared to theoretical models.

In order to make a direct comparison with measurements at
2.76 TeV, Fig. 18 overlays the RD(z) and RD(pT ) distributions
measured in 2.76 TeV collisions [16] on those obtained in this

FIG. 19. RD(z) (left) and RD(pT ) (right) ratios for three p
jet
T ranges: 126–158 GeV (circles), 200–251 GeV (diamonds), and 316–398 GeV

(crosses). The statistical uncertainties are shown as bars and the systematic uncertainties as outlined boxes.
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