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PHYSICS MOTIVATIONS - CORRELATIONS

Study of hard probes correlations in PbPb provide

Trigger
ege . . . . Near pargt?cle
additional information w.r.t. single particle observables side

* Probe QGP effects on hard partons via modifications
of correlation pattern w.r.t. vacuum

v" Peak yields modifications (l,,) to address jet
quenching

v" Jet structure modification (particle multiplicity,
opening angle, intra-jet p; distribution)

* Investigate redistribution of parton energy loss
(spatially and in momentum)

* Put constrain on models describing energy loss, in
combination with single particle Ry,

« Study of collective effects — also in small systems!
(not discussed here)

Underlying
event
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PHYSICS MOTIVATIONS - CORRELATIONS

In particular, for heavy-flavour correlations
Flavor Creation (“F%R”} Flavor Excitation (“FEX")
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PHYSICS MOTIVATIONS - HF JETS

Inclusive jets already discussed in Leticia’s talk
Let’s deal with heavy-flavour jets (with b, c content)

« Tight connection with HF correlations Jets in vacuum Jets in medium
(some shared goals, alternate approach): A SRR
v" Spatial distribution of energy lost in ; . #sup
the medium by heavy quarks I"‘x 7 R ™
v" Modification of heavy-quark @ ~SFec7> ;,f"'im.:c:an;?;gf

fragmentation (via D-,B-tagged jets)

 Study of di-jet imbalance useful also in the HF sector
v" Further motivation: address NLO contribution to heavy-quark production
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PHYSICS MOTIVATIONS - HF JETS

Model by Vitev et al., radiative energy loss + collisional parton shower energy dissipation
v Mass effects relevant for p;<75 GeV/c, dead-cone effect enters in play
v Measurements vs opening radius R to characterize energy dissipation and possibly

separate collisional and radiative energy loss

v" Energy loss in gluon splitting cases: b-pair seen by medium as massive gluon?

Vitev et al., PLB 726 (2013) 251

What about c-jets? Some studies by Cao et al. 1.2 ——— ——
» mexd -2.0 i
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HIGH p, CORRELATIONS

Parton energy loss and jet quenching via high py
hadron-hadron correlations in Pb-Pb

Away-side suppression at high p,

» Large in-medium energy loss due to surface bias

Near-side peak enhancement, potential interplay of:

» Modification to quark/gluon ratio
» Bias in parton p; spectrum due to energy loss
» Modified parton fragmentation

g

—

2.0

1.0 F
05|

0ok

Similar results from in extended p; range via t°-hadron correlations
» Enhancement of low-p; track in away-side peak - Redistribution of lost energy
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ALICE, Phys. Lett. B 763 (2016) 238
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HF CORRELATIONS

Do same features hold also in the heavy-flavour sector?

e HF electron-hadron correlations from ALICE, currently sensitivity only for near-side

e At high p®°c, yields are consistent within uncertianty

» Going lower with p;#°¢, hints of a hierarchy in NS yields, despite large uncertainties

e Direct comparison with h-h not fair (different fragmentation, energy loss, ...), interesting
to have predictions from models
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JET-TRACK CORRELATIONS

Jet tomography and quenching via jet-track and jet-jet correlations
e Large imbalance in di-jet p; in central Pb-Pb collisions, consistent with jet quenching

» Softened and broadened sub-leading jet fragmentation, due to energy redistribution
from parton-medium interaction

e Full momentum balance recovered integrating over a wide away-side area
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JET-TRACK CORRELATIONS

Modification of jet shape and yields vs track p; via via jet-track correlations
o Excess of low-p; tracks (1 < p; < 2 GeV/c) in PbPb w.r.t. pp both for leading and sub-
leading jets, spatially extended over a |Ag| < 1, |An| < 1 region
> Up to 30-40% larger width of jets in Ag, An, for low p; tracks

» Enhancement of yield for both leading and subleading jets for tracks up to 4 GeV/c,
decreasing with track py, stronger in more central collisions

» Results consistent with quenching of leading jet as well, despite shorter path lenght
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JET-TRACK CORRELATIONS

Modification of jet shape and yields vs track p, via via jet-track correlations

o Excess of low-p; tracks (1 < p; < 2 GeV/c) in PbPb w.r.t. pp both for leading and sub-
leading jets, spatially extended over a |Ag| < 1, |An| < 1 region

> Up to 30-40% larger width of jets in Ag, An, for low p; tracks

» Enhancement of yield for both leading and subleading jets for tracks up to 4 GeV/c,
decreasing with track py, stronger in more central collisions

» Results consistent with quenching of leading jet as well, despite shorter path lenght

CMS, JHEP 02 (2016) 156
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HADRON-JET CORRELATIONS

Quenching of recoiling jets via high p; hadron-jet correlations
» Recoll jet yield suppressed by up to a factor two in 0-10% Pb—Pb collisions w.r.t. pp
e From measurements at different R, no evidence for intra-jet broadening

» Comparison with CMS results not straightforward (different observables, different
fragmentation bias), need predictions for the two observables to interpret the results

» A distribution of recoil jets in pp/Pb-Pb shows no significant medium-induced acoplanarity
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FUTURE PERSPECTIVES

Large benefit from detector upgrades during LHC long
shutdown 2 (2019-20)
» e.g. ALICE: x100 statistics + improved spatial, d, resolutions

o
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Let’s focus given on HF Correlations
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* HF jet tomography and fragmentation studies via «indirect»
observables, including intra-jet effects
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_ ide! i 0 05 1 15 2 25

» eg.e-h ALICE & access also to away side! How jet Eharged hadron min p.-(GeV/e)
quenching differs from light flavour sector?

L, I s ]
&

0.05- =

Relative uncertainty on near side yield
o
@

ALICE Preliminary
\S=5.02 TeV

————
2< p:_sm <3 GeV/e
# Pb-Pb, 0-20% central
A p-Pb

corr. sys. unc. Pb-Pb £ 4%
corr. sys. unc. p-Pb +1.5%

i

AL L L L L L
(c,b)— e-charged particles Ag distribution
4<p$< 12 GeV/c 1 <p:55°°<2{3evzc

6

5

4
[An| <1

3

2

1

0

1IN AN 255G A g (rad™)

-1 | | J + y
@ Uncorr. sys. unc.
—pf- corr. sys. unc. Pb-Pb+ 2% Stat. err. b baseline, Pb-Pb
cor. §ys. unc. p-Pb £ 11 % 1 1 | wm Stat. err. on baseline, p-Pb 1 |
— T - T - T - - - T - AL L TN TN TR TN N TN TN TN TN N TN TN T T N T O - T -1 -
3—2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4

A¢ (rad) A (rad)

F. Colamaria — Il incontro fisica ioni pesanti ad LHC Torino, 10/10/2017




FUTURE PERSPECTIVES
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D-TAGGED JETS - pp

First measurements of D-tagged jets production and fragmentation at LHC
* Help to better constrain HF production models introducing fragmentation effects
» DO jet production cross section (ALICE) within POWHEG+PYTHIA uncertainty bands

» D™-jet production vs z (ATLAS) underestimated by models at low z
» Larger discrepancy at lower py, predicted (pz)-integrated rate lower by a factor 2

* Production of HF jets and/or fragmentation in D-meson to be refined in MC generators?
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D- AND c-TAGGED JETS - p-Pb

« D™-jet production cross section (ALICE) on upper band of POWHEG+PYTHIA predictions

« Alternate tagging approach from CMS (via displaced vertices)
» c-jet Ryp, consistent with unity and flat in py, with large uncertainties

*  What about R, in the low p; region? No available results, but work is ongoing
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Data/ MC

BEAUTY JETS - pp

Measurements of b-tagged jet and b-tagged di-jet differential cross sections

b-jet cross section described by POWHEG+PYTHIA predictions, some tension with MC@NLO
di-jet production cross section vs azimuthal separation
> Kinematic selection favours 3 b-jets topologies
> NLO models overpredict small Agp contribution, underpredict production for Ag > 0.5
Current MC generators struggle in describing regions not dominated by two hard b-jets
b-jets cross section vs p; (ratio data/MC) bb di-jets cross section vs Agp)
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BEAUTY JETS - Pb-Pb (AND p-Pb)

Nuclear modification factor of b-tagged jets in p-Pb and Pb-Pb
* Rypp, Mmeasurements compatible with absence of cold nuclear matter effects in all n ranges
« Similar Rpp, for b-jet and inclusive jets, though with large uncertainties

» Region where mass effects could enter in play still not covered by the measurements

pr 35 nb’' (5 02 TeV)
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BEAUTY DI-JET CORRELATIONS - Pb-Pb

Momentum imbalance of b-tagged jet pairs in Pb-Pb

 First measurement of b-bbar correlations in heavy ions

« Selection of back-to-back pairs tend to favour LO pair-production production process

« As for Ry, also b-jet imbalance looks like inclusive jet (but min p; is very high)
» pp-based reference predicts much smaller imbalance: effect of jet quenching

404 ub™ (5.02 TeV PbPb 404 pb' (5.02 TeV PbPb)

—

Event fraction
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Mistagging efficiency (g—bb)

° Extend D_jet measurements to Pb-Pb systems %10 —ALICESllmuIa:mlnPYTLIA52|5Perugllaup.rl\s=2!?BTe\!f_
. . . L C Scaleq 1o 80x10° Pb-Pb {00-10%} eventfs. mult.iplied by
» Compare fragmentation function with pp e ooty
L Charged jets P >10 GeVic
» Study charm jet-shape modifications L Ak A-0a <08 P20V
» Study cross-section ratio for different R 107 5= g
r —_—O— —— .
. . C —— ]
«  Access to low p; region for b-tagged jets i —4=
- ® Input 4
> PrObe energy IOSS mass dependence, o] Sbran:ga:redwithbackgroundflucluations
e Study color coherence for beauty quarks 10_—%: 1 o o 6 Gl and datctresponse
CMS-PAS-BTV-15-002 BRI ¥ Y - T 3 A R
CMS Simulation Preliminary (13 Tev) :
1t — double-b-tag
g e « Studies for double b-jet
0_?%_;:8<m<200 GeV , 800 <p_ <2000 GeV tagglng algorlthms
i : 1 17 » Can we identify b-jets
05 from gluon splitting and
ot study their features?
03t > How HQ pair and single
ozt HQ energy losses differ in
o1

presence of color
coherence effects?

0 01 02 03 04 05 06 07 08 09 1
Tagging efficiency (H—bb)
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CONCLUSIONS

Lots of measurements already available for hard probes and heavy flavour
correlations and jets from the LHC (this was only a selection!)

Shed light of some fundamental question about the hard-parton — medium
interaction, like:

» How does lost energy redistribute in the event?

> How is jet structure modified?

» How mass effects influence parton energy loss?

» Color coherence: how does the medium sees two collinear partons?
...but lots of open points remain!

More precise and more differential measurements expected already from Run2,
but especially in Run 3 after the upgrades

Constant interaction with theorists is crucial!
 New models and predictions for available/ongoing measurements

e Which furhter observables to explore? o
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HF CORRELATIONS - SMALL SYSTEMS

D-h azimuthal correlations: compatible
correlation pattern (after baseline subtraction) in
pp and p-Pb collisions in all kinematic ranges

> No CNM effects can
uncertainties level

» Similar yield and wid
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be claimed, with this
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HFe-h correlations in p-Pb: evidence for a
non-zero v, of heavy-flavour decay electrons
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[pb/GeV]

bb

do(pp—bb+X)/dm

LO/Data NLO/Data

BEAUTY DI-JET CORRELATIONS - pp

di-jet production cross section, additional dependencies

>

>

point where flavour-creation process begins to contribute).

>

NLO models give bad description of lower p; region of di-jet system

Mass of di-jet system very good described by PYTHIA, with the exception of the
MC@NLO is consistently below data up to m,, < 350 GeV, then becomes higher (the

Current MC generators struggle in describing regions not dominated by two hard b-jets
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FUTURE PERSPECTIVES

* How well can medium can resolve nearby partons?
Studies ongoing with inclusive jets, what about HF?
» g—>bb/ce is the dominant process at large jet p;
» How energy loss from a HQ pair and of single HQ
differ in presence of color coherence effects?
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HEAVY QUARK PRODUCTION

PYTHIA (E Norrbin, T. Sjostrand Eur.Phys.).C17:137-161,2000)

: o] 10000 Flavor Creation (“FCR"”)
1000 F 8 b
10000 : 100 L
g 1000 3 10 ¢
o e 1 - :
§ twop A E ol £/ ] g b
& "/ Total charm —— 3 "~ # Total bottom —— ]
0f Pair creation ------- € o001l / Pair creation -~ :
~ Flavour excitation -~ 1 / Flavour excitation -~ ] Fl r Excitation (“FEX”)
1 Gluon spiitting - ] 0001 | Gluon splitting - a:{:l xcitatio 5
0.0001 |/ 1
01 il e — = 18'05 L ul Laausal Ll 1 ]
100 # 1?300 10000 2 1000 10000 b
s (GeV) P,y -integrate Js (GeV)
g g

HERWIG 6.5 (A. Banfi, G. Salam, G. Zanderighi, JHEP 0707:026,2007,

—rr e —r 1 arXiv:0704.2999) Gluon Splitting (“GSP”)
Herwig 6.5 GSP ! Y b
- 05
FEX pp @ 14 TeV I b
100 1000 b jet p; [GeV] ! ‘
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BJORKEN X REGIONS AT THE LHC AND PDF

—— M(% = 2.4 GeV: charm [] central barrel: p < 0.9
..... M™% = 9 GeV: beauty B Muonarm:25<n <4 ALICE, J. Phys. G, 32 (2010) 1295
- 1
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Angular correlations with heavy-flavour signals

;r'

Py

Correlations of heavy-flavour signals vs. light particles
* Trigger particle defined by identity, not by momentum range as in e.g.
hadron-hadron correlations = (heavy)quark tagging
* Different fragmentation than light quarks and gluons
» Different energy loss for heavy quarks than light quarks and gluon
Cr, “dead-cone”effect Wr .
* Possible different contributions of radiative and collisional energy a,i; f;?_.its gfhaasfgggied
loss, which have a different path length dependence yield (Au-Au)/pp
- Different “kinematic bias”, different “geometrical bias”
—> Different biases might translate into different I, for light and heavy quarks.
—> Complementary information than v, and R,, = further constrain energy loss models

2+ “trigger”
hadron

szathlength dependence L pathlength dependence
- 10 GeV 16 GeV 20 GeV 20 GeV i ““‘\\ // T
= /| ;'1 Y /:j AN / ™,
? A FL 5 = 5 4 N
o f— 4 { s W ) Y / y
1R R A~ - -
o . - V i
2 . Ge‘."\_ L, 4 GQV‘_ L hard process "
trigger medium-induced  vacuum radiation —
radiation subleading hadrons T Renk

A. Rossi @
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Heavy-flavour electron — charged
particle correlations at RHIC, PHENIX

PHENIX Coll.: PRC 83,044912 (2011) |aa= ratio of associated vleld (Au-Au)/pp
A dlstrrbutlons Near side . Awayside
0e7 T  pep ' F Au+Au 0-80% \[sy, =200GeV | . @ eHF-h 2.51 <a¢<nrad N
n.u§ ::".:":' - 2.0<p,, <3.0GeV/c’ - Ohh 2.0<p,, <3.0GeVic
assf PP O Cpegh P F h-h 40<p, :SDGeWc : - 40<p, <5DGeWc
oodf- * 20<p,, <30GeVic i 2 . B
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0.02 3 | ] F L N S T ]
0.0 g 0: - 1' C* (*(* @ e =
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o R - Associated hadron p; (GeV/c) Associated hadron p; (GeV/c)
Large uncertalntles in Au-Au measurement prevent firm conclusions - Higher precision
Suggest a decreasing |, trend with hadron p; in the away side with new data
Similar results than hadron-hadron correlations (a coincidence?)
A. Rossi
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HF electron- hadron correlations
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CHARM AZIMUTHAL CORRELATIONS

Can we disentangle the charm
production mechanisms?

> Pair production (a, b)
» Flavour excitation (d)

> Gluon splitting (e)
(d)

()

Sjostrand et al.,, Comput.Phys.Commun. 135 (2001) 238
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PREVIOUS RESULTS ON HF CORRELATIONS

e STAR measurements for D%-HFe

correlations in pp collisions at 200 GeV,

compared with PYTHIA simulation and

MC@NLO theoretical predictions

e« CDF measurements for D%-D** and D*-D** correlations
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» Comparison to PYTHIA, with different production mechanism breakdown

> PYTHIA overestimates LO (b2b) and underestimates NLO contribution (collinear production)
CDF, Nucl.Phys.Proc.Suppl. 170 (2007) 243-247
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PREVIOUS RESULTS ON HF CORRELATIONS
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Selection of LHCb measurements = ;% A ERERL ®)3

- FLHCH L E LHChH 4

for DD (top row) and DDbar oo 55 o3

(bottom row) angular correlations ¢

in pp collisions at 7 TeV: o FRE s ,

0.05F E T ]

» DD are uncorrelated e g
(independently produced) A 2

B (e — 04— . —

"|§ 0.14: - e D'B? 2) 3 7‘:" (1.355— a) =

> PDbar are mostly produFed i# e TSR e 8 N

in the same hard scattering o P 12 o E

v NS and AS peaks are oost| o | I e I S = G

L. 0.04F ﬁﬁ;tﬁ— I i*++ ‘ 0.1 .=,: =

clearly visible 4 T s ==

OU o IUI U!-’L 0‘{) ‘078 1 UU_ - |0_5‘ o I[ ‘I‘ 1'_5 .I._H“l};:‘_}

|Ag| /7 Ayl

LHCb, JHEP 06 (2012) 141
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PREVIOUS RESULTS ON HF CORRELATIONS

LHCb, JHEP 06 (2012) 141
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PREVIOUS RESULTS ON HF CORRELATIONS

Observables directly tracking QQbar azimuthal correlations:
D-D, B-B (or proxy)

b jet—Db jet

B or D - HF (e/w) ; .
: Reduced angular and kinematic

GIF (E/p) —~lets correlation w.r.t. parent quarks

HF (e/u) — HF (e/u) ik PERERE

PHENIX: e*- y* correlations in pp and d-Au
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PREVIOUS RESULTS ON HF CORRELATIONS
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PYTHIA 6/8 - DETAILS

Large set of hard parton processes, including heavy quark generation
Hard scattering only at leading order (2—2 processes)

» Next-to-leading order processes mimicked in the parton shower
pr ordering for initial-state and final-state radiation

» Change from virtuality ordering in previous versions
Lung string model for hadronization
Includes multi-parton-interactions (MPI)

PYTHIA 6 Perugia tunes: differ from the previous (“S0") for improved initial- and final-state
radiation models, underying event, color reconnection. CTEQ5L PDF set is used.
» Perugia O: first of the series
> Perugia 2010: different amount of final-state radiation, modification of z
fragmentation (hardening of spectra)
» Perugia 2011: first tune to use LHC data

PYTHIA 8: better treatment of MPI and color reconnection w.r.t. PYTHIA 6

Reference manuals: arXiv:hep-ph/0603175 (v6.4), arXiv:1410.3012 [hep-ph] (v8.2) e
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POWHEG - DETAILS

* Hard processes provided at NLO level
* Replaces the harder part of parton shower (up to a
certain Q? threshold) with its own, with NLO accuracy
» Softer part of the parton shower dealt by a subsequent
shower Monte Carlo (i.e. PYTHIA or HERWIG)
» Feeding done via Les Houches interface
» Easy matching in case of pT-ordered parton
showers (like PYTHIA), more tricky for angular-
ordered ones (like HERWIG) — “double” showering
must be avoided

* For open heavy flavour production, comparison with
FONLL and GM-VFNS gives agreement within models
uncertainties

* Non negligible dependence on the shower Monte Carlo
(and even on its tune) is observed

arXiv:hep-ph/0709.2092
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EPOS 3 - DETAILS

 Initial conditions based on Gribov-Regge theory

* pp (Pb-Pb) collision decomposed in simple
interactions, called “parton ladders”, composed of
an hard scattering e ISR/FSR.

* The parton ladders decay producing quark-
antiquark pairs, creating in this way fragments,
identified with hadrons

* Multi-parton interactions are also accounted for

* Non-linear effects are included via a saturation
scale

* Hydrodynamic behaviour can be switched on for
the core of the collision

» Already for pp collisions, the energy density is
enough to justify this treatment

arXiv:hep-ph/0709.2092
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POWLANG: initial hard
production of the QQ pairs
and parton-shower stage
through the POWHEG-BOX
package + successive
evolution in the plasma
through the relativistic
Langevin equation

Left: Azimuthal D-h
correlations in pp collisions
at Vs = 7 TeV for various
cuts compared to
preliminary ALICE data

Right: Azimuthal e-h
correlations in p—p
collisions at Vs = 7 TeV for
various kinematical cuts
accessible by ALICE
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AMPT MODEL

Phys.Rev.C72:064901,2005

The AMPT model consists of four main components:
the initial conditions, partonic interactions, the con-
version from the partonic to the hadronic matter, and
hadronie interactions. The initial conditions, which in-
clude the spatial and momentum distributions of minijet
partons and soft string excitations, are obtained from
the HLJING model [51, 52, 53, 54]. Currently, the
AMPT model uses the HLJING model version 1.383 [55],
which does not include baryon junctions [56]. Scatter-
ings among partons are modeled by Zhang’s parton cas-
cade (ZPC) [18], which at present includes only two-body
scatterings with cross sections obtained from the pQCD
with screening masses. In the default AMPT model
(39, 40, 41, 42, 43, 44, 46, 47, 49], partons are recombined
with their parent strings when they stop interacting, and
the resulting strings are converted to hadrons using the
Lund string fragmentation model [57, 58, 59]. In the
AMPT model with string melting [45, 48, 50], a quark
coalescence model is used instead to combine partons into
hadrons. The dynamics of the subsequent hadronic mat-
ter is described by a hadroniec cascade, which is based on
the ART model [14, 25] and extended to include addi-
tional reaction channels that are important at high en-
ergies. These channels include the formation and decay
of K'* resonance and antibaryon resonances, and baryon-
antibaryon production from mesons and their inverse re-
actions of annihilation. Final results from the AMPT
model are obtained after hadronic interactions are ter-
minated at a cutoff time ({..¢) when observables un-
der study are considered to be stable, i.e., when further
hadronic interactions after t.,, will not significantly af-
fect these observables. We note that two-body partonic
scatterings at all possible times have been included be-
cause the algorithm of ZPC, which propagates partons
directly to the time when the next collision oceurs, is
fundamentally different from the fixed time step method
used in the ART model.

Structure of the default AMPT model

A+B
HLJING energy in nucleon
excited strings and minije spectators

ZPC (Zhang's Parton Cascade)
fill parton freeceout

recombine with parent strings

Lund string fragmentationl

Structure of AMPT model with string melting

A+B

fragment into partons

nucleon
spectators

till parron freezeout

ZPC (Zhang's Parton Cascade) I

Quark Coalescence

I ART (A Relativistic Transport model for hadrons) I I ART (A Relativistic Transport model for hadrons) I

FIG. 1: (Color online) Illustration of the structure of the
default AMPT model.

FIG.
%\[I’T model with al.uug melting.

(Color online) Illustration of the structure of the
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