Using “Hard Probes” — High p; Particle

& Jet Suppression — to Study the QGP

e o8 Cover 3 decades of energy
' in center-of-mass

Vsyn = 5 - 200 GeV

Investigate properties of hot QCD matter at T ~ 150 — 1000 MeV!



Definition of “Hard Probes”

Definition of “Hard” — “relating to radiation that is highly
penetrating or energetic”

Definition of “Probe” — “device to explore properties of
something that cannot be viewed directly”

“Hard Probes” —
“highly penetrating observables (particles, radiation)
used to explore properties of matter that cannot be

viewed directly!” .




Probing Hot QCD Matter with “Hard-Probes”

Initial Hard Parton Scattering
gluon-gluon
gluon-quark
quark-quark

hadrons

— Hard Probes
Large “p;~ partons
Heavy quark — anti-quark

hadrons

This is what we wish to “see” and investigate!
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Hard Processes

In QCD: y/
Highly penetrating probes originate from hard processes.

In QCD hard processes are those where perturbative
QCD is applicable and are characterized either by:
* large momentum transfer Q2
(— 4-momentum transfer squared)
* large transverse momentum p+
* large mass m scale
(e.g. heavy quark production also at low py)



QCD - Factorization in Proton-Proton Collisions

/2

“QCD Factorization” + Universality of non-pQCD
Parton Dist. Functions (f) and Frag Functions (D)
allow calculation in pQCD

proton

proton
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Hard Scattering in Nucleus-Nucleus Collisions

. s, o cone Same as pp case
P2 except: partons propagate in medium

~‘radiative corrections”

Gyulassy et al., nucl-th/0302077
— D(z) Vacuum
D(z) Medium

in jet
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Probing Hot QCD Matter with Hard Probes

7" Pre-Equilibrium
Phase (< 1)

“‘\I 4 (quenched) jet
LS




I Embedded event, energy weigthed | PhiEtaW

Entries 4933

Mean x 0.0006558

A Meany 2077

RMS x 0.4002
RMS y 0.5943

Hard Probes with Heavy lons at LHC

Significant increase in hard cross sections
(pror mass > 2 GeV/c) at LHC —

— Ojarge pT /Ototal ~ 2% at SPS
50% at RHIC
98% at LHC
“real” jets, large p; processes
- abundance of heavy flavors
- probe early times, calculable
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High p; Particles and Jet Rates at LHC

Hard probe physics measurements: E Annual Yields of Hard Processes

- High p; hadron (PID) suppression (Rx,) | Pb+Pb minbias, 5.5 TeV

- Di-hadron A¢ correlations to ~100 GeV/c binary scaling from p+p

min
T

' L=0.5 mb's"'; 1 year=10° s

T

- Jet spectra & shapes

- v, Z, y-jet (Z-jet) corr’s (statistics?)

Hard Probe statistics with 0.5 nb! in
ALICE/ATLAS/CMS:

inclusive jets: E;~ 200-325 GeV Ve \
dijets: E;~ 170-250 GeV gk e
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rompt y: hep-ph/0310274

n0: pr~ 75-150 GeV/c e

Z+jet: F. Maltoni

inclusive y: p;~ 45-100 GeV 200 250 300 350
ET™ (GeV) or pf”‘ (GeV/c)




Why Study pp, pA (dA) & A-A Collisions?

Can pp, pA (or dA) and A-A all be understood in a consistent framework?

« Can we separate the initial state from final state? (Is it even possible?)
Is the initial state composed of gluon fields?
It has to be saturated? But, isita CGC?

What is the effect of cold nuclear matter (on final state observables)?

Can we understand multiplicity and energy dependence of pA & AA?
e.g. compare high mult pA at LHC & same mult AAat LHC & RHIC

Can we extract information on parton energy loss mechanisms?




RHIC and LHC Suppression of Charged Particles

Pb-Pb (Au-Au) Central Collisions

SPS 17.3 GeV (PbPb) GLV: dN,/dy = 400

O =° WA98 (0-7%) GLV: dN/dy = 1400
GLV: dN,/dy = 2000-4000
RHIC 200 GeV (AuAu)

— YaJEM-D

O b[o PHENIX (0-10%)
elastic, small P___

* h™ STAR (0-5%

. ( ) -~ elastic, large P__

LHC276TeV (PbPb) .

® CMS (0-5%) — ASW

¢ ALICE (0-5%) PQM: <> = 30 - 80 GeV?/m

2 34 10 20 100 200
o (GeV/c)

CMS, arXiv:1202.2554v1

Suppression

*,

ALICE



Reduced a. Describes LHC Trend

_—m

a=0.3,z=1

" ¥ ALICE,Pb+Pb(2.76,0-5%)—h’*
A CMS,Pb+Pb(2.76,0-5%)—h*

® PHENIX Au+Au(0.20,0-5%)—n°

RHIC, Glaub. —e—

LHC, Glaub. —#- -
LHC, Glaub., redqced X —if -

60 80
pr [GeV]

B. Betz & M. Gyulassy, arXiv:1201.0281

100

Ry at LHC in pQCD:

Suppression
described with
reduced o/

Some details remain.
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<+ W, Z
(p-Pb —
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(factor 2 -5
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Dynamical Origin of High p; Hadron Suppression?

How does parton
lose energyy

|[Medium|
What is the dependence For collisional energy loss
on the type of parton? what about recoil energy?
AEgluon > AEquark, m=0 > AEquark, m>0

Important to measure AE of gluons — light — heavy quarks...

A
One parameterization of energy loss — [l q = u? / A



Parameterization of Parton Ener

Eskola, Honkanen, Salgado, Wiedemann C PHENIX 7°
[ Nucl Phys A747 (2005) 511 STARh

PHOBOS h
BRAHMS h

q = 0, no medium

LT H 1 a =5 GeV “/fm

L T

— L L

10,15 GeV “fm
d
nE

p, (GeV)
g = 5-15GeV2/fm  from RHIC Ry, Data




R.n.and R,, Comparison RHIC and LHC
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RHIC d-Au and LHC p-Pb (p; > 2 GeV/c
- Binary scaling (Rya, ~ Rppp ~ 1), except note "bump” at ~ 4 GeV/c
- Absence of Nuclear Modification —

RHIC Au-Au and LHC Pb-Pb
- Suppression (Ryay << 1, Rpppp << 1) —



pgb for Different Particles

T

at LHC

R,p,— charged particles
enhancement

- p-Pb

Rpr
is ~ flat ~ 1

L TT I T 17 l L T ] L
£~ ALICE Preliminary
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L l T 1 L l Ll T 1 l T 1 1 l T T 1
e 0 - KK, -0

m,-05<y-«

TITT]TTTTIT1T

ITTT]IIIIIIIII3TTIITTIII]ITTIITTIIIIII:]IITT[IIT\'

|

ALICE p-Pb | 5,,=5.02 TeV, NSD
arXiv:1405.2737

"]llllllllllllllllll

—e+

IlllillllllllllIlllllllllll

0.6}
Rpr _ 0.5 charged particles, |ncms| <0.3
slight enhancement ' T — 3
04510 15 20 25 30 35 40 45 50
M. Knickel, ALICE QM14 (o (GeV/e)
e 2r : -
= 1.85— ALICE preliminary ; ALICE preliminary f— = ALICE preliminary
1.6F = = "
L - - =
1.4f T = K S
1.2 q = - .
- Tole ——q - - =
- S e e - T e L L L b 2 S P e e
o T {[ T ]L — » ?— ‘T
0.8 — — !
0.6 NSD, p-Pb | s, = 5.02 TeV ; NSD, p-Pb \'s,, = 5.02 TeV ; r NSD, p-Pb \'Snn = 5.02 TeV
0.4 » | m4x,-05<y,, <0 forp <20GeVic |- K'+K,-05<y_ <0 forp <28GeV/c [ = | Z+%, -05<y_ <0
C ' - r T CMS
= -O.3<yc‘_,s<0.3f0r p.>2.0GeV/c - -O.3<yms<0.3 for pT>2.8 GeV/c :_ all char ed, <03
0.2 C all charged, mc”s| <0.3 - all charged, |17CMS| <03 - 9 InCMSl
”..ll‘;ll,‘tl..tlill.l...l.l‘Fl,JAL.lljillljll.Jll‘Ll.liﬁli.l‘ljlllll‘illi‘llx‘lJ.lt
0 2 4 6 8 10 12 1) 2 4 6 8 10 12 1D 2 4 6 8 10 12 14
p. (GeV/c) p. (GeV/c) p. (GeV/c)

_



at LHC???

RERGE T % ¥ LT o0 T T T T TTT] Npan‘icle
AA

N particle
pp
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ALICE, n|<0.3

p-Pb 2 <p; <20 GeVic
* Binary scaling (R;p, ~ 1)
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p-Pb 20 <p; <150 GeV/c
« CMS/ATLAS enhancement?

pPb |/s,, = 5.02 TeV, charged particles  ALICE data disagree
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Comparison p-Pb, pp — Hadrons at LHC??2?
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pp ref], ALICE ([n|<0.8) / CMS (In|<1)
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« ALICE/CMS agree + pp reference differences p; > 25 GeV/c

Y-J Lee, QM 2014




Jets in Heavy lon Collisions at RHIC & LHC

Central Au+Au Vsy,=200 GeV Central Pb+Pb Vs, =5.5 TeV
STAR EMC + tracking data |[E{et ~ 21 GeV ALICE EMCal + tracking sifi-E{* ~ 120 GeV|
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Why measure jets in heavy ion collisions? [inclusive, di-jets, hadron-jet, y-jet,..]
« Determine the kinematics of the binary hard-scattering (parton-parton) interaction
» Characterize the parton energy loss in the hot QCD medium
[Requires detailed measurements for theoretical comparison / understanding]
Establish energy-loss mechanisms and modification of fragmentation
— energy flow within jets, quark vs gluon jet differences
— flavor and mass dependence

Study medium response to parton energy loss — establish properties of the medium



Jet Reconstruction in Heavy lon Collisions

Primary Jet Reconstruction Approaches

“Cone”
Cone-based algorithms algorithms y
» Cone shape restriction g
» Seeded-cone & strong trigger seed biases jet«,

Recombination algorithms — kT (anti-kT)
» starts from low (high) p+
* merges weighted by 1/ p; (p+)
— high (low) p; disfavored

Recombination
algorithms
p, [GeV]

<{ Fragmentation

Hard scattering

25
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R — resolution
parameter

FastJet M. Cacciari, G. Salam, G. Soyez JHEP 0804:005 (2008)



Jets at the LHC — Di-Jet Energy Imbalance!

. Calorimeter ATLAS, Phys. Rev. Lett. 105 (2010) 252303
B0 - ] Towers

for A¢p > m/2
Away-side jet
(less energy)

(Eq, > 100 GeV,  Eq,> 25 GeV)



Jets at LHC & RHIC — Di-Jet Imbalance!

LHC  CMS, Phys. Rev. C84 (2011) 024906 RHIC STAR, QM 2014
= QM 2014 —
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Momentum and Centrality Dependence
of Jet Quenching

LHC ALICE, CMS QM 2014 ALICE 0-100%
ALICE 10-30%
CMS 0-5%
CMS 10-30%

ALICE Preliminary Pb-Pb \s,, =2.76 TeV

p.-dependence of jet quenching

Lower p+ jets more strongly _ t”} =
quenched t2 '
CMS: Read from HIN-12-004-PAS
centrality-dependence CMS: Syst. Unc. R=0.3
jets in more central collisions

150 200 250 300
more strongly quenched Pr et (GeV/c)

ALICE Rya(jet) ~ CMS Rya(jet)
at overlap



RHIC

J. Rusnak, STAR
HP 2013

Jet Quenching at RHIC

Charged jets

—%— AuAu/Pythia
|:] tracking eff. uncertainty
0-10% Central Collisions [ unfolding uncertainty

[ ] Taa uncertainty

Uncertainties added linearly

Run 11 Au+Au s =200 GeV, 60 ub™

Anti-k, R=0.2
p$°“s‘ > 0.2 GeVic
p'Tea‘”"g > 5.0 GeVic

A >0.09 sr

reco jet

<
I
I_
>
e
=
<
+
-
<
2
4

STAR Preliminary

St5 | bjo d 25 30 35
rongly biase pcharged (GeV/c)

T, jet
IR cutoff: 200MeV/c

At RHIC: Jets are less suppressed than high p; particles
Rauau(®) ~0.2-0.3 for pr =4 — 20 GeV/c
— suggests modification of fragmentation function!




Jet Quenching at RHIC vs LHC

RHIC

Charged jets ALICE Preliminary Pb-Pb \ s\, =2.76 TeV

—¥— AuAu/Pythia anti'k-r R=0.2

I:] tracking eff. uncertainty ALICE 0-10%

0-10% Central Collisions [ unfolding uncertainty ALICE 10-30%

|:} T, uncertainty CMS 0-5%
Uncertainties added linearly CMS 1 0_30%.,

Run 11 Au+Au {5,,=200 GeV, 60 b

Anti-k, R=0.2
p;°“s‘ > 0.2 GeVic
p'f""‘"g > 5.0 GeVic

A > 0.09 sr

reco jet
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STAR Preliminary CMS: Read from HIN-12-004-PAS

CMS: Syst. Unc. R =0.3
25 30

Strf)ngly b?gsed pcharged (GeVi/c)
IR cutoff: 200MeV/c T jet 150 200 (Zé% v/ 103;)0
'DT,jet

RHIC Jets less suppressed than LHC Jets
at low jet momentum




Momentum Dependence of Jet Quenching

Pb+Pb \/STJN=2'76 TeV
—e— CMS anti-k; jet R=0.2 0-5%

e ALICE anti-k . R=0.2 jet 0-10%
—e— ATLAS anti-k . R=0.4 jet 0-10%

ATLAS QM 2014
CMS (black)

30 40 50 60 100 200 300 400

Jet P, (GeV/c)

F ATLAS Rpa(jet)
at lower jet p;
vs ATLAS R=0.4




R - “cone size” Dependence of Jet Quenchin

I

Pb+Pb \s,, = 2.76 TeV
jL dt =7 ub™ ATLAS

ATLAS HP 2013

Anti-k; jet “cone sizes™:
R=020.3,04,05

IIIIIIIIIIIIIIII

RRep/ R%?~pincreases for larger R
— more jet energy in larger cones, especially below 100 GeV
— thus, jet shape changes in central Pb-Pb compared to pp




R - “cone size” Dependence of

R (Au+Au/PYTHIA)

Charged jets
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ATLAS QM 2014 Jet R-pb & RPb-Pb

CMS (black)
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e ATLAS full jet, -0.3< n_< 0.3 —e— ALICE anti-kT R=0.2 jet 0-10%
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aas  awaois |Ry.pp Jets vs Charged Particles

CMS (black)
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e CMS full jet, -0.5 < n,, < 0.5
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If correct: fragmentation function must be altered or .... what?
Need jet fragmentation function in p-Pb

& measurements in pp at Vs = 5 TeV for comparison!
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Fragmentation Function in Pb-Pb at LHC

® CMS-HIN-12-013
0-10%/pp
100 < p°' < 300 GeV/c
o ATLAS bM2014
QM 2014 _ 0-10%/60-80%

ATLAS Rcp [D(E)] | p’:t > 100 GeV/c Bﬂ »
CMS Rpy, py, [D(E)]

Results consistent

7 = p_l_track / p_l_jet

Fragmentation Function in Pb-Pb modified compared to pp
and central Pb-Pb compared to peripheral Pb-Pb!!




Excess of Low p, Particles in Jet Cone

T T T

m Aut+Au, 0-20% — YaJEM-DE CMS Preliminary
[ detector uncertainty

v, and v, uncertainﬁ‘ . QM 2014
B trigger iet nncertainty STAR o
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Path Length Dependence of Di-jet Topologies

p;"99e'=4-6 GeV/c, 2<p,2ssociated<p lrager, || <1

]
Q
=
—
-=-
S
=
Z.
o

trigger

ptp .
= Aut+Au, in-plane

in-plane .
P * Au+tAu, out-of-plane

A ¢ (radians)

Back-to-back suppression out-of-plane stronger than in-plane

Effect of path length on suppression is experimentally accessible



Path-length Dependent R, ,

(@) Au+Au 0-5% s, =200GeV

T T 117

——

Data (Centrality 0-5%)
AMY, b =2.4fm, o, =0.33
HT, b =2.4fm, E;o =1.9GeV¥fm, Ce =02

[s]
s O

ASW,b =24fm,K=3.6
L

PR ST S S [T T S Y T SO A M N

Ce——1

(b) Au+Au 20-30% |[S,=200GeV

.l

———

Data (Centrality 20-30%)
AMY, b =7.5fm, o, =0.33
HT, b =7.5fm,§ = 1.9GeV?/fm, €, =02

w ASW, b =7.5fm, K=3.6

[——]

P IR SR EN ST NS SN RS

107

10 12 14 16

p.. (GeV/c)

Centrality and angle relative to plane differences!
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PHENIX, arXiv:1208.2254
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Significant v, Observed at High p,
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Significant charged particle v, (4) observed up to 100 GeV/c




v, Observed for High p, Particles & Jets!

Jets (ATLAS)

2f CMs L =150b7  O-10%

: JLdt=0.14nb" 5-10% -
08 L

- Pb+Pbys,,, =2.76 TeV
0.041

- PbPb\s,,, = 2.76 TeV
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L 11 w11

Py (SSeVic) 100 150 200
Charged particles (CMS) P |GeV]

QM 2014

High p+ jet & particle v, observed by all three LHC experiments




Significant v, Observed for Charged Jets

Charged-only jets

0.4

—4— 0-5%, stat errors ALICE Preliminary

Pb-Pb Vs, =2.76 TeV

|| systerror (Shape) R = 0.2 antik,, i_|<0.7
jet

syst error (Correlated)

0.3

0 2 pT. trac

>0.15GeV/e, p >3 GeV/c
k T, lead

ALICE
QM 2014

60 70 80 90
peh  (GeV/c)

T, je

Charged Jet v, Observed up to 100 GeV/c




Flavor Dependence of Jet Quenching at
the LHC! High p; Jets

—a— *Z (0-100%) |y| < 2 - - CMS *PRELIMINARY Pbe‘SNN =2.76 TeV
m W (0-100%) p" > 25 GeVic, [n*| < 2.1 i _ P

T o JLdt=7-150ub
—»— Isolated photon (0-10%) In| <1.44 -
—e— Charged particles (0-5%) |n| <1 — —a—— *Inclusive jet (0-5%) |n| <2
== *B - Jiy (0-100%) |y| <24 7 " —a—— *b4et (0-10%) In| <2

¥s

100 150 200 250 300
pT [GeV]

DC)

EPJC 72 (2012) 1945
J. Velkovska (CMS) HP 2013 PLB 715 (2012) 66

PLB 710 (2012) 256

Jets quenched — even at largest jet p; (250 GeV/c)
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LHC Suppression of Heavy Flavors
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Pions, charm and beauty - Suggestion of a hierarchy:!



Heavy Flavor — oBb & Rpppp,
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Identified in pPb & PbPb
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Baryon anomaly:

p-Pb similar behavior & pattern to Pb-Pb
increase with py, peak near p; = 3 GeV/c
increased enhancement: A/K > p/rt > K/nt
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ALICE, arXiv:1307.6796




vs p;at RHIC & LHC &

ALICE
STAR: Au-Au at | s,,=0.2 TeV
-5 AKQ 0-5% -6~ /K 0-5%
-8 AK( 60-80% -6~ A/KS 60-80%
ALICE: Pb-Pb at | 5,,=2.76 TeV
—— AKS 0-5%
o A 6050 RHIC and LHC:
st uncerainy Ratios similar for events.
Theoy05% Ratios differ for events
— Hydro + . ..
-+ Recomtinaton (Peak in most central collisions at
slightly higher p; at LHC)

* Since ug << T, RHIC & LHC ratios should
be similar.

Can this centrality dependence of ratios at
RHIC and LHC be explained by hydro?

ALICE, arXiv:1307.5530



A/K Ratio in Charged Jets in p-Pb
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[ Isyst error
— PYTHIA8 Tune 4C -+ inclusive

h
- pPb {E=5.02Tev | Prig>10GeVic).

— 0-10%, VOA Multiplicity Class (Pb-Side) -

B INCLUSIVE
H» Charged jets, anti-k; |
~H> N, |<0.75-R ]
h]hﬂ|-=:ﬂ.?5 -

= jet A=0.2
—=— jet A=0.3
& jet A=0.4

A, Kin JETS -7

ALICE Preliminary
L I L L

'
8 10 12

X. Zhang , ALICE QM 2014

No baryon/meson enhancement observed in A/K® within jets
Background A and K° estimated outside jet cone in events w.o. jets




Energy/momentum balance in event carried
by low momentum particles at large angles to jets!

Energy appears at large R, wider angles to jet.
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Go? - LHC & RHIC

PHENIX, QM 2014
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pQCD, vacuum fragmentation, thermalization of lost energy?
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“What Have We Learned” from RHIC & LHC

It's opaque to the most energetic (“hard”) probes:

Light & heavy quarks (jets) are suppressed at large p+
Away-side jets quenched and jet energy imbalance
p-Pb studies confirm quenching/suppression is final state effect




“What Have We Learned” from RHIC & LHC

It's opaque to the most energetic probes:

Light & heavy quarks are suppressed at large p+
Slight flavor dependence observed in particle suppression
High p; B-jets quenched similarly to inclusive jets
Away-side jets quenched and jet energy imbalance
Lost energy redistributed to lower p; particles at larger angles
Frag. functions and jet shapes modified (low p; excess in cone)
Angular correlations of di-jets and y-jet not modified
Suppression differences vs centrality and angle wrt event plane
Non-zero high p; jet track v, (path-length dependence?)
p(d)A studies confirm quenching/suppression is final state effect

Need theoretical guidance and direct model comparisons!




Future LHC Heavy lon Program

Beams Program

nonc

Pb-Pb
Pb-Pb

Pb-Pb
p-Pb

nonc

2019 Pb-Pb

2020-21 p-Pb
AA]:_LA.]:

nonc

10NS

Long Shutdown 1

Design luminosity (=250 ub™—1)
Design luminosity (<250 pb™1)

If int. Iumi. still insufficient, else
at highest possible energy

Long Shutdown 2,
ALICE upgrade installation,
DS collimators to protect magnets

Operation beyond design luminosity

If still priority, else
intensity to be seen from injector
commissioning for SPS fixed target

Long Shutdown 3, stochastic cooling?

Lumi. production, other ions (U?)

Ref: J.M. Jowett, LHC Chamonix Meeting 2012

Energy & Luminosity Increase!

Precision Jet, Heavy Flavor
& Large Statistics E-by-E

Upgraded detectors

Precision Jet, Heavy Flavor
& Large Statistics E-by-E



Future at RHIC

Probing the QCD Phase-Diagram

*RHIC Beam Energy Scan: use beam energy
as control parameter to vary initial temperature
and Chem|Ca| pOtentIa| STAR Preliminary

c . o T7.7GeV
‘Beam energy range in area of relevance is Stat. eors onty 11.5GeV

unique to RH|C| Not feed-down corrected 19.6GeV
27GeV

*BES-II will deliver precision required to search | & | 39GeV

i -~ =  62.4GeV
for signatures of the CEP i 200GeV STAR(2003)

2.76TeV ALICE

Scan, Search for Critical Pt.

- jet suppression

oA " |- I

1T 2 3 4 5
pT(GcV/c)

As energy reduced (above):
opacity increases and flow decreases

Hadronic Gas

2. Investigate heavy flavors and jets
250 500 70 1000 with new vertex detectors & calorimeters

8aryon Chemical Potential ,(MeV)




R,, Summary & Conclusions

Vs = 5.02 TeV p-Pb, 0.2 TeV d-Au Results Vs = 2.76 TeV Pb-Pb, 0.2 TeV Au-Au

o Rygpchereedparticies ~ 1 for pr > 2 GeVle, consistent with binary scaling
Absence of nuclear modification — small initial state effects
Described by Saturation (CGC) models, EPS09 with shadowing

Ropp 2 Mesons ~ 1 for pr = 1.5 - 20 GeV/c, consistent with binary scaling

Described by various models, does not distinguish models
Rygpchareed partcles ~ 1 put 10(20)% enhancement “bump” ~ 4 — 6 GeV/c

Primarily in proton (baryon?) channel, associated with baryon anomaly?
R ppehareed particles ~ 4.3 — 1.4 for p; ~ 30 — 100 GeV/c, reference data needed or ?
o Ry,chargedparticles ~ 02 — 0.4 for pr =4 - 100 GeV/c (smallest for most central)

RPbeD-mesons > RAAcharged particles for pr = 2 -30 GeV/c

R, Sindle particles —, high p; particle suppression — a final state effect

R py® ~ 1 for p; = 20 - 800 GeV/c
Absence of nuclear maodification — small initial state effects

Reppp/e~ 0.2 — 0.5 for py = 35 - 300 GeV/c (smallest at lowest p; & for most central)
Fragmentation functions modified — jet quenching

Raa/6®~ 0.5 —-0.6 for pr =15 - 30 GeV/c (~ flatin p; & smallest for most central)
Raua®® < Rpppp /e, smaller Ry, for RHIC energy jets thus far

R, — jet quenching — parton energy loss in QCD medium



Particle Ratios: Summary & Conclusions

Vsyy = 5.02 TeV p-Pb, 0.2 TeV d-Au Results sy = 2.76 TeV Pb-Pb, 0.2 TeV Au-Au

« Ratios of identified particles (wt, K, p, A)
p-Pb ratios similar behavior & pattern to Pb-Pb, do not increase as strongly as Pb-Pb
Baryon/meson (B/M) ratios increase with p;, peak near p; = 3 GeV/c
Enhancement increases as A/K > p/nt > K/nt
Baryon/meson ratio peak at slightly higher p at LHC

« A/KRatios in jets
No baryon/meson (A/K') enhancement in jets in p-Pb



