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The first study of charm quark diffusion with respect to the jet axis in heavy ion collisions is presented.
The measurement is performed using jets wijﬁ'\ p 60 GeV=c and I mesons with § >4 GeV=c in
Eﬁ%"ﬁf@{gﬁf_ ib)and proton-proton (pp) collisions at a nucleon-nucleon center-of-massnergy of

SNN 74 O. eV, recorded by the CMS detector at the LHC. The radial distributiof ofd3ons with
respect to the jet axis is sensitive to the production mechanisms of the meson, as well as to the energy loss
and diffusion processes undergone by its parent parton inside the strongly interacting medium produced in
Pb-Pb collisions. When compared to Monte Carlo event generators, the radial distribution in pp collisions
is found to be well described byTHIA, while the slope of the distribution predictedseyRPAis steeper
than thatof the data. In Pb-Pb collisions,compared to the pp results the D° meson distribution for
4 < pP <20 GeV=c hints at a larger distance on average with respect to the jet axis, reflecting a diffusion
of charm quarks in the medium created in heavy ion collisioA$ higher p?, the Pb-Pb and pp radial
distributions are found to be similar.

DOI: 10.1103/PhysRevLett.125.102001

The quark gluon plasma (QGP}he deconfined matter for light flavored particles [21] and can provide new
created in collisions of heavy ions accelerated to ultra- information aboutHF jet fragmentation in both pp and
relativistic energies [1,2]can be probed by studying the lead-lead (Pb-Pb) collisionsMoreover,measurements of
remnants of hard scatterings occurring in this medium. Thangular correlations between HF mesons and jets can be
outgoing partons (quarks and gluons), which produce finalised to constrain parton energy loss mechanisms and to
state jets of particlesinteractstrongly with the QGP and better understand the heavy quark diffusion (i.e., propaga-
lose energy [3-5], a phenomenon known as jet quenchingjon) inside the medium [21-25].This is complementary
as observed atthe BNL Relativistic Heavy lon Collider  information to thatobtained with measurements of inclu-
(RHIC) [6,7] and the CERN LHC [8-10]. Jetquenching sive HF meson spectra [26-30], HF meson azimuthal
results in modifications of the energy and structure of jetsanisotropy [30-34],and HF-tagged jets [35,36].
observed in heavy ion collisions, compared to proton- In this Letter, the first measurementof the radial
proton (pp) collisions. One of the most striking features ofdistributions of D° mesons in jets from the same parton
jet quenching is the enhanced production of low transversecattering are presented, for twd Bheson g intervals: a
momentum hadrons(pr = 2-5 GeV=c) at large angles low-pt interval 4 < p? <20 GeV=c, and a high-g one,
with respectto the final-state jetaxis. This phenomenon p.? > 20 GeV=c. The D° mesons are measured via their
manifests itselfin the form of modifications of the jet  hadronic decay channelsD® - K~ and D% - K P
fragmentation function [11-13],as well as the jet radial  ith the CMS detector at the LHCThe observable is the

profile and the energy flow [14-17]. Interpretationsof  normalized radial distribution of the’ eson with respect
experimentaresults include medium-induced gluon radi- {5 the jet axis, defined as

ation, modification of jet splitting functions,and medium
response to the hard scattered partons [4,5,18-20]. 1 dNp ,, 1 Npip,

Studying heavy flavor (HF) mesons in jets should give Ne ar N—_T;
further insight into the origin of the observed modifications b b
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integral of the distribution in the r region from 0 to 0.3, the1.8 GeV=cc [53]. They are reconstructed independently
distance parameter used for the jetconstruction. from the PF jets, which do use the same track collection. In
The main feature of the CMS detector [37] is a super- order to suppress the combinatorial background, each track
conducting solenoidproviding a magnetic field of 3.8 T.  is required to have pr > 2 GeV=c, to be within jnj < 2,
Within the solenoid volume is a silicon pixel and strip  and pass a set of quality selections [3%for each pair of
tracker,which is used to detectcharged particlesa lead  selected tracks, two®Txandidates are created by assuming
tungstate crystaelectromagnetic calorimeteand a brass  that one of the particles has the mass of the pion, while the
and scintillator hadron calorimetergach composed ofa  other has the mass of the kaonand vice versa.The D°
barrel and two end cap sections. Hadron forward calorim-candidatesare required to have rapidity jyj<2 and

eters extend the coverage up to jnj % 5.2 and are used fopD > 4 GeV=c. They are further paired with every selected

CO||ISIOI"I event Se|eCtIOI”I MUOHS are detected in gaS- Jet in the same event and have the”' invariant mass
ionization chambersembedded in the steel flux-return  yistributions recorded in two @ bins, 4 <pP? <20 and
yoke outside the solenoid. D > 20 GeV=c, and four r bins, 0-0.05, 0.05-0.1,

. . . P
The pp (Pb-Pb) dataset used in this analysis correspongs|_g 3 and 0.3-0.5. In order to reduce further the

. . . — _1 .

to an integrated luminosity of 27.4 pb(404 ub™"). High- o hinatorial background, the Dcandidates are required
prjet events ‘vst/ere selected by a high-level trigger algorlth{g pass three additionalopological selections.The three-

[38] with a p ¥ threshold of 60 GeV=c.For the off-line  dimensional (3D) decay length (distance between the
analysis, events must pass a set of selection criteria primary vertex and I secondary vertex ko) normalized
designed to reject beam-gas collisions and beam scraping jts uncertainty is required to be larger than 2.34-4.00.
events[39,40]. The Pb-Pb results are reported for the  The pointing angle 6 (defined as the angle between the
inclusive sample: no selgc_’uon on cgnltrahty (.., the degre‘t8ta| momentum vector of the Dcandidate and the vector
of averiap of the two colliding nuclel) Is made. connecting the primary and secondary vertices) is required

Several Monte Carlo (MC) simulated event samples %o pe smaller than 0.020-0.046 rad. In both cases (the 3D

usc_aq to gvaluate the background contributio_ns,signal decay length and §), the selection criteria depend on the
eff|C|enC|es, and <_jetector acceptancecorrectlons_. The p? and r bins and are optimized separately for the pp and
simulated events include both prompfproduced directly Pb-Pb data. The selection is optimized using a multivariate

tati f gy 2 C
Lrgg; ot:edg (;qal,;asr)kére:g;irr: Z\I/Z:)tsaTn: enpos Erocl)lrizi%r:(;rgrz technique [54] in order to maximize the statistical signifi-
generated USINGYTHIA v.8.212[41] fune CUETP8M1 [42] cance of the Pmeson signals. Tighter selections are found

TheEvtGen 1.3.d43] generator is used to simulaté fMeson for the low-g? bin, with Increasing or Qecreasmg r yalues,
and b hadron decays, and final-state photon radiation in t{& % and th? 3D decay length significancegspectively.
D° meson decays is simulated withoTos2.0[44]. For the FlnaI_Iy, the x= probability of the secondary. vertex fitis
Pb-Pb MC samples, eaeivTHiA event is embedded into a required to be larger than 5% .These selections ensure a
Pb-Pb collision event generated with HYDJET 1.9 [45],  Prompt I meson fraction larger than 80% in botf pins
which is tuned to reproduce globakventpropertiesThe ~ Of this analysis. _ _
MC events are propagated through the CMS detector using The D’ meson yield in eachrgand rinterval is extracted
the GEANT4 package [46]. with a binned maximum likelihood fit to the invariant mass
The particle-flow (PF) algorithm [47] is used to  distributions in the range 1.7 < my < 2.0 GeV=cc. The
reconstructand identify each individual particle ina ~ combinatorialbackground originating from random pairs
pp or Pb-Pb event. To form jets, the PF particles are  of tracks not produced by & Eneson decay is modeled by
clustered using an anti-kt algorithm provided by the a third-order polynomial The signal shape is found to be
Fastet framework [48,49] with a distance parameter best modeled by the sum of two Gaussian functions with
of 0.3. In order to subtract the underlying event (UE)  the same mean but different widths. The two Gaussians are
background in Pb-Pb collisions [9,50], an iterative found to best capture the many contributions to fraeBk
algorithm [51] is employed. In pp collisions, jets are  resolution from tracks with a highly n-dependent p+
reconstructed without UE subtraction. The jet energy resolution.The common mean of the Gaussian functions,
corrections are derived from simulation, separately for  the DO yield, and all the background parameters are free
pp and Pb-Pb data, and are confirmed via energy-balancegarameters in the fit. An additional Gaussian function with
methods applied to dijet, multijet, photon pjet, and a larger width is used to describe the invariant mass shape

leptonically decaying Z p jet events in pp data [52]. of D? candidates with an incorrect mass assignment from
Jets with jrjéYj < 1.6 and corrected pj.?t > 60 GeV=c are the exchange of the pion and kaon designations. The widths
selected for this analysis. of the Gaussian functions that describe tResignal shape

The DX candidates are reconstructed by combining pairand the shape ofthe D° candidates with swapped mass
of oppositely charged particle tracks with an invariant massssignments are fixed by simulation, after correcting for the
within 0.2 GeV=cc of the world-average Pmeson mass, difference in resolution between data and MC simulations.
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The ratio between the numbers of the sign@icBndidates two same-sign trackswhich are assigned pion and kaon
and the ones with swapped mass assignments is fixed to th@ssesThe systematic uncertainty from the selection of
value extracted from simulationNo significant variation ~ the D° meson candidates (3.6% and 0.5% for the low- and
with r was observed for the shape ofthe combinatorial  high-p? bin, respectively, for pp, and 3.5% and 2.7% for
background or in the mean and in the root mean square dPb-Pb data) is estimated by considering the differences in
the distributions of signal Dnesons or Bcandidates with  the D? kinematic variables between simulation and data
swapped massTwo examples of D° candidate invariant when applying each of the Bandidate selection variables.
mass distributions, for pp and Pb-Pb collisions, are  The study is performed by varying one selection at a time
available in the Supplemental Material [55]. and by considering the maximum relative discrepancies in
The raw [P radial distributions undergo several correc- the yield between data and simulation. The total uncertainty
tions, all calculated in bins oPpand r. First, the Pmeson s the quadratic sum of the maximum relative discrepancy
yields are corrected for detector acceptance and for triggerptained by varying each of the three topological selection
track reconstruction,and selection inefficiencies. The  variables separately.
correction factorsare obtained from a PYTHIA (PYTHIA The systematic uncertainties for the jets include compo-
+HYDJET) MC sample for the pp (Pb-Pb) analysis. Secondnents for the uncertainty in the jet energy scale (JES) and jet
the background contribution from combining a®meson ~ €nergy resolution (JER).The systematic uncertainty per-

el ; : . taining to the JES is estimated by varying tHg by 2.8%
th eith t not fi th hard scatt
With Siiner a J& not coming from the same hard scatterin Qin both pp and Pb-Pb data), which represents the sum in

or with a misreconstructed jet is subtracted using an even uadrature of the observed data-to-simulation differences
mixing technique, in which the tz)ackground is estimated b 29%) and the nonclosure (i.e., deviation from unity) in
c.or.nimr}lng trtf dls.t”bllJtlonS to f Da :aet palrsfformeq \.Nlth simulation, when comparing reconstructed (detector-level)
(I.) Jets from the sighal even' andilesons from ”T'”'m‘;m versus truth (generator-level) jets smeared by the known
bias (MB) events [:_)’9]’(”) jets from MB gvents with D detectorand reconstruction effectsAn additional uncer-
mesons from the signal event, and (iii) jets arfinBsons  tainty 1.8%-42% for Pb-Pb data is added to account for the
from MB events. In this procedure,each signaleventis jtfarent detector response to quark versus gluon jets, since
mlxgq with a MB event, which has a S|mllar primary vertex, pp-pp eventsas opposed to pp eventsthe quark- vs
position, amount of energy deposited inthe forward g on.initiated jet composition is not known because of the
hadronic calorimetersand event plane angle [56]. The energy loss in the medium. The largest variation is

resulting background radial distributionsshich are inall  jpserved at highthand largest r value, a region influenced
cases less than 10%re then subtracted from the raw’D by the small sample sizeThe assigned uncertainty repre-
radial distributions measured in the signadvent.Finally,  gents the maximum difference from the nominalresults
the background-subtracted radidlistribution is corrected \yhen applying JES corrections obtained with a pure-gluon
for jet resolution effects, usimy THIA+HYDJETandPYTHIA sample or a pure-quark sample.
simulations, for the Pb-Pb and pp results, respectively. The The systematic uncertainty due to the JER in Pb-Pb
correction was calculated as the ratio between ?h_edhal collisions is estimated by varying th?tpnergy resolution
distributions after and before smearing the generé’féxyp by 15% to account for an imperfect description of the
energy and angular resolution corrections. fluctuations of the UE in the MC simulation. The variation
Several sources of systematic uncertainty are considerednsidered is estimated by studying the effects ofhese
for the I meson yield extraction and the jet reconstructiorfluctuations using two different methods: the random-cone
and are studied in bins oftband r. The uncertainty in the technique [52,57] and by embedding signaYTHIA dijet
raw yield extraction (2.6%-5.4% for pp and 1.4%-8.2% events into backgroungvDJET samples. The random cone
for Pb-Pb data) is evaluated by repeating the fit procedurenethod consists of reconstructing many jets in a zero bias
using different background and signal fit functions and by event, clustering particles in randomly placed cones in the
varying the widths of the Gaussian functions that describeentire on; ¢ spacé/hen the method is applied in events
the DO signal according to the differences (up to 20%s with negligible contribution from hard scatterings, as is the
observed for the mosfforward region) between data and case for zero bias events,the standard deviation ofthe
simulation.In the signal variation studythe sum of three  distribution of é?t obtained with this procedure can be used
Gaussian functions with the same mean but different widtts estimate the magnitude of the UE fluctuations. The
is consideredwhile in the background variation studya  relative variations in the B spectra are 0.3%-3.0% in pp
second-order polynomial function is used. This functional and 0.6%-5.6% in Pb-Pb collisions. The systematic uncer-
form gives a good description of the combinatoridlack-  tainties from the trigger efficiency correction are estimated
ground according to studies performed on same-sign by the difference between the resultwith no correction
pairs, which provide a pure combinatorial background and the nominalresult, which are 0.3%-2.7% in pp and
with the same kinematic conditionsln these studiesthe  0.7%-15% in Pb-Pb data. Finally, a remaining nonclosure
secondary vertex candidates are obtained by combining observedin MC simulations between generatedand

102001-3



PHYSICAL REVIEW LETTERS 125,102001 (2020)

(5.02 TeV PbPb)

27.4 pb™ (5.02 TeV pp) + 404 ub™

(5.02 TeV PbPb)

27.4 pb™ (5.02 TeV pp) + 404 pb
LA L L B L N

I T I T I -
- D -1 D u
L CMS 4<pT<20 GeV/ic CMS pT>20 GeV/c N
" D +jet Iy’ <2 T D° + jet lyl<2 3
ol Ip¥'1>60 GeVic | Ip"'1 > 60 GeVic 3
- M < 1.6 ] : Ml <16 J
E ] E: CCNU E
g, & 1 5. [ === -« PbPb i
% 5 i % © L : = pp (SHERPA) a
9 —e E : E
1_|Z |Z C ]
1:— L i
- i 107 —
- PbPb . g PbPb i s E
- S B ol ]

B e T 1072
PYTHIA L HERPA) 3 PYTHIA E
107 | | | I = C. N AP R B B
o 2f ==CCNU + 4 . 2F --CCNU =
oo C — oo C ]
oo - + 4 ola L ]
o 1 = T RiEE el e o 1 - ]
E . - 5
5 15 F # PYTHIA 3 5 15 F =
S, B . + : s, L E E
o . E 2o -
8l %° F ‘e SHERPA 3 8l °5F & SHERPA ;

0 0.1 0.2 r 0.3 0.4 0.5 0 0 0.1 0.2 r 0.3 0.4 0.5

FIG. 1. Distributions of B mesons in J§§lﬁ?ﬁg{%@ﬁ¥ﬁm of the distance from the jet axis (r) forjﬁbbs&ﬂ GeV=c and ji§ < 1.6

measured in pp and Pb-Pb collisions atsyy 72 . eV.The measurement is performed in th§ pange 4-20 GeV=c (left) and

p? > 20 GeV=c (right). Each spectrum is normalized to its integral in the region 0 < r < 0.3. The vertical bars (boxes) correspond to
statistical (systematic) uncertainties. The Pb-Pb spectra are compared to the CCNU energy loss model [21], while the pp spectra are
compared with predictions from theyTHIA andsHERPAPP MC event generators. The ratios of the’ Ilneson radial distributions in

Pb-Pb and pp data are shown in the middle panels. In the bottom panels, the ratiod ehéiserradial distributions of pp over the

two MC event generators are presented.

reconstructed distributions oD® mesons in jets,is cor-  matched to parton shower to generate the charm-jet events
rected bin by bin. The magnitude of the correction is quoté2i1]. For low-pr D° mesons, the measured spectrum in pp
as the systematic uncertainty in the resolution unfolding, collisions reaches a maximum at 0.05 <r < 0.1, consistent
which varies in the range 1.3%-31% in pp and 0.7%-32%with both pYTHIA and SHERPA[21]. In the r > 0.3 region,
in Pb-Pb data. however,PYTHIA captures the features ofhe data better
The top panels of Fig.1 show the measured Dmeson  thansHERPA which underpredicts the pp spectrum, in both
radial distributions in pp and Pb-Pb collisions. The calcu- p? intervals. The Pb-Pb spectra is compared to an energy
lated hri for the Pb-Pb (pp) distributionsis 0.198 loss model, CCNU [21], which usesiERPAfor simulating
0.0150statb0.0058systP [0.1600.007dstatb0.0098systP] the pp baseline. The CCNU calculation includes in-
and 0.048 0.002d8statb 0.0040systp [0.046 medium elastic (collisional) and inelastic (radiative) inter-
0.0016statb0.0038systP], for the low- and high-p?  actions for both the heavy and the light quarks. This model,
intervals, respectively. This result indicates tHati@sons  which predicts a small depletion (increase) of thex@on
at low p 1 are farther away from the jet axis in Pb-Pb  yield at small (large) r compared to pp collisions, is
compared to pp collisions. At high the measured spectraconsistent with data.
in pp and Pb-Pb collisions fall rapidly, at a similar rate, as a To measure the medium modification of the radial
function of r, similar to what was observed in inclusive jetrofile, the ratio of Pb-Pb to pp spectra is also presented
hadron correlation functions [16]. in the first subpanel of Fig. 1. In this ratio, the uncertainties
The pp results are compared to calculations from two from JES, JER, and Txandidate selections are considered
pp MC event generatorsPYTHIA [41], a leading-order uncorrelated between pp and Pb-Pb datasets and are not
matrix elementeventgeneratorand sHERPA[58], which  canceled in the ratio. The uncertainties from the modeling
computes the next-to-leading QCD matrix elements of the signal shape, as well as the nonclosures observed, are

102001-4



PHYSICAL REVIEW LETTERS 125,102001 (2020)

partially canceledthe systematic uncertainties are reesti- RPF (Cyprus); SENESCYT (Ecuador); MoER, ERC IUT,
mated directly on the ratio of the Pb-Pb to pp yields. The PUT, and ERDF (Estonia); Academy of Finland, MEC, and
ratio increasesslightly as a functionof rat lowp 2, HIP (Finland); CEA and CNRS/IN2P3 (France)BMBF,
corresponding to a small shift of the Dmesons to larger DFG, and HGF (Germany); GSRT (Greece); NKFIA

radii in Pb-Pb, while the ratio is consistent with unity ~ (Hungary); DAE and DST (India); IPM (lran); SFI
within the uncertainties athigh p2. This shows thatthe  (Ireland); INFN (ltaly); MSIP and NRF (Republic = of
modification of the radial profile of higtRgs small. These Korea); MES (Latvia); LAS (Lithuania); MOE and UM
features of the ratios at low and high are qualitatively ~ (Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP,
different from inclusive charged particle radial distributiongnd UASLP-FAI (Mexico); MOS (Montenegro); MBIE

with respect to the jet axis measured in similar transverse(New Zealand); PAEC (Pakistan); MSHE and NSC
momentum ranges [16]. The inclusive measurements (Poland); FCT (Portugal); JINR (Dubna); MON,
show a ratio significantly smallerthan 1, corresponding RosAtom,RAS, RFBR, and NRC KI (Russia);MESTD

to a shift of the light quark mesons to smaller radii in Pb-F{$erbia); SEIDI, CPAN, PCTI, and FEDER (Spain); MOSTR

for all tracks with pt > 4 GeV=c measured in jets with  (Sri Lanka); Swiss Funding Agencies (SwitzerlandJiIST
5 120 GeV. for r>01 and more central Pb-Pb  (Taipei); TREPCenter, IPST, STAR, and NSTDA (Thailand);

PT : ine);
collisions. The CCNU modelgives a good description of TLEJn?tIeTéAEir?ggoLA)I;Eg é-gu;zzyg\’l glf(sugs(}ikrame)’ STFC

the ratio of Pb-Pb to pp spectra. Although this ratio is Iess(
sensitive to the choice of pp reference spectra,the pp
measurements presented in this Letter could improve the
description of the pp baseline.
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