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De)confinement

« Asymptotic freedom - confinement at large distances:

— As interquark distance increases, it becomes energetically
favorable to create a new qq pair.

» Asymptotic freedom - deconfinement for large energy densities:

— Compress or heat hadronic matter to a sufficient energy density
(0.3—1 GeV/fm3)

— QCD vacuum “melts” and turns from color dielectric to color
conductor

— Leads to deconfined (but not isolated) quarks and gluons
— A “soup” of quarks and gluons: the Quark-Gluon Plasma (QGP)
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Asymptotic Freedom

e 2004 Nobel Prize in Physics:
— D. Gross, H. D. Politzer, and F. Wilczek

— “for the discovery of asymptotic freedom in the theory of the
strong interaction”

« “Before [QCD] we could not go back further than 200,000 years after
the Big Bang. Today...since QCD simplifies at high energy, we can
extrapolate to very early times when nucleons melted...to form a
quark-gluon plasma.” — D. Gross, Nobel Lecture



Lattice QCD arosee

* Predictions of phase
transition from Lattice QCD

e (Calculation of ¢/T# vs. ' ' ___ Nucl. Phys. B 605 579 (2001)
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° QCD Phase Diagram nospe

Baryon chemical
potential: related to
matter-antimatter
asymmetry

In very high-energy
collisions, most particles
are produced in the
collision itself > matter-
antimatter symmetry

Crossover or 1st-order
phase transition betweel
hadron gas and QGP Critical Point
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How to Make QGP oSk

* Introduce large amount of energy into a
space the size of an atomic nucleus.

— Collide heavy ions: Au, Pb, U to produce large
volume of QGP

» Baselines for heavy-ion measurements:
— p+p collisions: no QGP

— Asymmetric collisions: d+Au, p+Au, p+Pb

* No QGP, but still large volumes of “cold” nuclear
matter
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Time Evolution
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Collision Centralit oSk

« Centrality: amount of overlap between nuclei
« Impact parameter: distance between centers of nuclei

« Cannot measured impact parameter directly; measure
— Charged particle multiplicity (mostly 7%, K%, p, and p)

— Number of spectator neutrons (pass through the collision
unaffected)

— Use models to map these measurements into impact parameter

impact
parameter
finto screen
out of screen

“Central” “Peripheral”
Small impact parameter Large impact parameter
Large volume of QGP Small volume of QGP



° ALICE Pb+Pb Collision "™
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Heavy-lon Physics

« Heavy-ion collisions are not simple
superpostions of nucleon-nucleon collisions.

 Ultrarelativistic heavy-ion collisions produce a
quark-gluon plasma: a strongly coupled “soup”
of deconfined quarks and gluons.

 The QGP absorbs energy, leading to
suppression of high-momentum hadrons and
jets, but not of colorless probes (y, W#, Z).

— Nuclear Modification Factor (R,,). ..

 The QGP appears to be a thermalized “perfect
liquid” with a viscosity near 0. Its behavior,
including elliptic flow, is well described by ideal
hydrodynamics.



Outline

* Resonances in ALICE:
— What resonances do we study?
— Why do we study resonances?
— How do we study them?
— Important recent results

« Resonances in EPOS



Resonances

* \What particles do we study?

— Hadronic states with short lifetimes (~ lifetime
of fireball)

— For practical reasons, we prefer resonances
with only charged particles at the end of the
decay chain.



Resonances

* \What particles do we study?

— Hadronic states with short lifetimes (~ lifetime
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— For practical reasons, we prefer resonances
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ALICE Resonance Program

Comprehensive studies: Results for pp, ongoing studies
pp, p—Pb, Pb—Pb for p—Pb and Pb-Pb

K*0 )

ds SS

Advanced studies
(but few public results)
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Heavy-lon Collisions
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Hadronic Phase

» Reconstructible resonance yields affected by hadronic processes
after chemical freeze-out:

— Regeneration: pseudo-elastic scattering of decay products
« e.g., K> K* > aK

— Re-scattering:
* Resonance decay products undergo elastic scattering
« Or pseudo-elastic scattering through a different resonance (e.g. p)
* Resonance not reconstructed through invariant mass

Kinetic freeze-out

Chemical freeze-out

K*




Hadronic Phase

Reconstructible resonance yields affected by hadronic processes
after chemical freeze-out:

— Regeneration: pseudo-elastic scattering of decay products
* eg.,nK> K" > K

— Re-scattering:
* Resonance decay products undergo elastic scattering
« Or pseudo-elastic scattering through a different resonance (e.g. p)
* Resonance not reconstructed through invariant mass

Final yields at kinetic freeze-out depend on

— Chemical freeze-out temperature (T,)

— Time between chemical and kinetic freeze-out (At)

— Resonance lifetime

— Scattering cross sections
Can use measured resonance yields to study these properties

Re-scattering and regeneration expected to be most important for
pr <2 GeV/c (UrQMD)

Knospe
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Chiral Symmetry Restoration

Chiral Symmetry <:> m, >0

* Quark condensate <0|gq|0> fills QCD vacuum
* Effective g masses related to value of condensate: m* « <0|qq|0>

 Lattice calculations indicate decrease in condensate around chiral
phase transition temperature

— Tends to be near deconfinement phase transition
0.30 0.40 0.50 0.60 0.70

10 T [ ] T
e i Try,
A =
0.8 Sl * .o
As, = normalized difference of | .
light and strange quark chiral ' i
condensates N=4 —5—
0.4f
6 ——
0.2} oy
. T [MeV]
- 2
: e L = @

0.0 . L
M. Cheng et al., Phys. Rev. D 77 014511 (2008) 100 150 200 250 300
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Chiral Symmetry Restoration

Chiral Symmetry <:> m, >0

* Quark condensate <0|gq|0> fills QCD vacuum
* Effective g masses related to value of condensate: m* « <0|qq|0>

 Lattice calculations indicate decrease in condensate around chiral
phase transition temperature

— Tends to be near deconfinement phase transition

« Particles that decay when chiral symmetry was at least partially
restored expected to have mass shifts and/or width broadening

— Need particles that decay early (i.e., resonances) AND have
decay products that pass through the hadronic phase without
scattering
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Particle Production

* ¢ meson has long enough lifetime that we may be able to treat it as
a stable particle

— No major modifications to spectrum or yields due to re-scattering
or regeneration

 Compare ¢ to models (VISH, HKM, Krakéw, EPQS, ...)

Quark Recombination:

Hydrodynamics: — Number of quarks

— Particle masses influences shapes of
determine shapes spectra

of spectra — Differences between

baryons and mesons with
similar masses

« Strangeness content
— Strangeness enhancement
— Is ¢ (hidden strangeness) enhanced similarly to E (S=2)?
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Resonances in pp and p—Pb

 Resonances in pp:

— Baseline measurement to which heavy-ion measurements are
compared:

 Masses and widths
* Yields and ratios to stable particles
* Nuclear Modification Factor (Rxa)
« Comparison to peripheral Pb—Pb
» Multiplicity-dependent measurements
— Constrain QCD-inspired models
» Particle spectra/ratios used to tune PYTHIA
 Resonances in p—Pb
— Baseline measurement to control for cold nuclear matter effects
— Probe parton distribution functions at low x
— Searches for collective behavior



“ ALICE Detector
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Resonances
Find decay products

Find =%, K%, p, p:
-Track cuts:
# TPC Clusters
track »?
DCA to primary vertex
others...

-Particle Identification
TPC energy loss (no)
Time of Flight (no)

Find intermediate decay

products (e.g., A):

-Cuts on decay topology

-Invariant mass
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Finding Resonances

0 Phys. Rev. C 91 024609 (2015)

Find decay products T [ inPb-Pb s, =276 ToV, cont. 0-10%
= 1200
\¥ 3
= 1000
Construct invariant S ool
mass distributions S 600 __ Uniike-Gharge Pairs
@) 400:7 ----- Like-Charge Pairs
I A Mixed-Event Background
200 0.8 <pT<1 GeV/c
ALICE
0 TR R | | | | |

1 l1.021 | l1.041 | l1.061 l1.081
KK Invariant Mass (GeV/c?)

Example: Pb+Pb 2> X¢ 2> K-K*

Compute invariant mass
of decay-product pairs




Find decay products

'

Construct invariant
mass distributions

l

Describe background
p N

Fit background Like-charge
Event mixing

Event mixing: cuts to
ensure similar v,,
multiplicity, event plane

Counts/(1 MeV/c?)

1200

1000

800

600

400

200

x10°

Phys. Rev. C 91 024609 (2015)

¢ in Pb-Pb \[s, = 2.76 TeV, cent. 0-10%

— Unlike-Charge Pairs
----- Like-Charge Pairs

---------- Mixed-Event Background
08<p . <1GeVic
ALICE
Ll 1 | 1 . *

1 l1.021 | l1.041 | l1.061 l1.081
KK Invariant Mass (GeV/c?)

Background Subtraction

-5000

e Data (stat. uncert.)

ALICE

— Voigtian Peak Fit
----- Residual BG

0.8< p;< 1 GeV/c
cent. 0-10%

Phys. Rev. C 91 024609 (2015)

¢
?&:*’, ,,,,, hi ,',::::*1:,-,,-,:,-,,-,,-,,-,,.,-,---,_“,,_,,_,,_,,_,,_,,_, 3 + 12, T i

- ¢ in Pb-Pb \s,,, = 2.76 TeV ' o
ﬁ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
1 1.01  1.02 103 1.04 1.05

KK Invariant Mass (GeV/c?)




Resonances

Find decay products

'

Construct invariant
mass distributions

l

Describe background

¥ N Fit residual background,
Fit background Like-charge usually with polynomial
Event m|X|ng &;25000; ALICE o Data (stat. uncert) |©
¢ S [ — Voigtian Peak Fit &
. . S 200000 g8 Residual BG S
Describe residual = 15000 0.8<p, <1GeVio |5
I : cent. 0-10% -
background £ 10000, 5
Q : ~
O 5000?* g
0#‘; ,,,,, - * 3 + TR i .‘é’,
- ¢ in Pb-Pb \s,,, = 2.76 TeV ¢ ¢ QL
50000 b

1 1.01 1.02 1.03 1.04 1.05
KK Invariant Mass (GeV/c?)



Resonances

Find decay products

'

Construct invariant Fit peak with

P -Breit-Wigner
mass distributions o g
-Voigtian:
J' B-W convoluted with
Describe background Gaussian to describe
¥ | detector resolution
Fit background Like-charge (0= 1-2 MeV/c?)
Event m|X|ng &;25000; ALICE o Data (stat. uncert) |©
¢ % [ — Voigtian Peak Fit &
. . = 200000 et Residual BG 3
Describe residual = 5000l 0.8<p,<1GeVic | §
D ! cent. 0-10% ©
background £ 10000, 5
¢ / S 5000; &%
Fit peak \ Extract Y|e|d, ’ ¢ in Pb-Pb (S, = 2.76 TeV ¢ +§>:
mass, width A R Y Y} R ¥ Y YR

KK Invariant Mass (GeV/c?)
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Resonance Reconstruction

 Resonances measured in pp (0.9, 2.76, 5, 7, 13 TeV),
p—Pb (5.02 TeV), and Pb—Pb (2.76, 5.02 TeV) collisions
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Mass and Width (Pb—Pb)

S @K F(b) K< %
5 09 0-20% 60-80% 1 g 11°%
3 [ = Measured I 160 S
TD/ [ ssmAm mimm MC HIJING :E E ~
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@ 09 =Rt 1 2
= = HdW j40=

K* Mass °" ; I K*0 Width
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No significant mass or width shifts observed.

No centrality dependence of mass or width.
Phys. Rev. C 91 024609 (2015)



Ratios of Yields

K*0/K
— In Pb—PDb: strongly suppressed in

central collisions w.r.t. peripheral,
pp, p—Pb, or thermal model

— Consistent with the hypothesis that 80,4

p-Pb5.02TeV B ® -
re-scattering is dominant over [‘I"’ Pb-Pb276TeV W ® -
regeneration '

OIK 03 '&'ﬂ'ﬂlﬁ H* ¢ T

— No strong dependence on centrality

057 . _
o | ALCE KK /K]
= pp7TeV (INEL) m o ;

or collision system 0ok H ]

— ¢ lifetime ~10x longer than K*0, : i P Z
re-scattering effects not significant [ ﬂ #gﬁ $@ ¢ ¢ @ LR 8]
0.1F -

— Ratio for central Pb—Pb consistent
with thermal model

| Uncertainties: stat.(bars), syst.(box), uncorr.(shaded box) |

Ratios in p—Pb lie along trend olovv Lo b b bew o bw o 1

. 0 2 4 6 8 10 12
from to peripheral Pb—Pb
pp to perip (dN Jdn >1/3

ch lab In/abl <05

p—Pb Results: New paper on Plotted as function of (dN,,/dn)"3,
arXiv: 1601.07868 proxy for system radius



Ratios of Yields

v f O ALICE pp 7 TeV T O ALICE
« K*/K ) °'5f(a) = ALIGE Po-Pb 2.76 TeV ;'(b) = ALICE Pb-Pb
x I =+ Thermal Model T == Thermal Model 1
04 T, = 156 MeV T T, = 156 MeV
— Values appear to follow F L ﬁs%}m 00 200GV | " .
same trend for both RHIC 03k b T s 1 ... .

[ T ¢

and LHC | Ll by ! LI
2r =T T ]
— Similar suppression of [+ STAR Cu-Cu 200 GeV I ;
: o4E * STAR Au-Au 200 GeV 1 % STAR pp 1
signal between pp and E » STAR Gu-Cu 62.4 GeV I + STAR Cu-Cu :
central A—A [ o STAR Au-Au 62.4 GeV I % STARAu-AU | E
x o . o0 to CALCED
Sl I = ALICE Pb-Pb
° /K o2l T «=: Thermal Model |
¢ o _ ; | H:HH H Py oo =156 MeV ]
— Similar shapes in RHIC 0.15f %% = i H )
L | ] 1 ]
Au—Au and LHC Pb—Pb. : %}_ LA + Y R
Au-Au values tend to be " STAR 200 Gev: 1 H i ]
% pp* ALICE pp 7 TeV 1 NA49 Pb-Pb  # STARpp* |
larger than Pb—Pb, but 0.05] x dAU* E ALIGE Pb-Pb 2.76 TeV L A NA4 pp* X STAR A"
; ithi [ ¢ Cu-Cu =: Thermal Model I PHENIX Au-Au ¢ STAR Cu-Cu I

consistent within L« Au-Au* T, = 156 MeV P ° PHENIX pp  + STAR Au-Au’
uncertainties. S N - T
1/3

— Ratio in d-Au fits into trend (dNgy/dm) Sy (GeV)

Phys. Rev. C 91 024609 (2015
between pp and Au-Au ys. ixev. (2015)

(cf. p—Pb at LHC)

— No strong energy or
collision-system
dependence between RHIC
and LHC
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Non-equilibrium Model

« Chemical non-equilibrium statistical hadronization model
— Phys. Rev. C 88, 034907 (2013)

* Factors y,#1 and y,#1 that modify u/d and s pair yields w.r.t.
equilibrium values

— y4#1 when "source of hadrons disintegrates faster than the time
necessary to re-equilibrate the yield of light quarks present.”

« Gives ~flat K*/K ratio, may be inconsistent with measured K*/K-

0.40 |
0.30 @t}
O | O T O % ...... O) O] (O ©

0.20 ¢ KK g 1 Uses preliminary
0.15 - 1 ALICE K*/K, ¢/K
0.10 é% % ? ? %¢/K ? ? ?

0.07 |

ARSI LR IR S S
003 | ©° 7 7 T T O
0 50 100 150 200 250 300 350 400

N

part
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* Properties of Hadronic Phase

* Simple model:

— Assume that any K*0 that decays before kinetic freeze-out will be lost due to re-
scattering, neglect regeneration, neglect lifetime increase due to time dilation

— Simple exponential decrease in yield (7= 4.16 fm/c) :
(Final) = (Initial) x exp(-At/7)

— Take K*9/K in pp as initial value, central Pb—Pb as final value: lifetime of hadronic
phase would be At =2.25+ 0.75 fm/c

« But since we neglect regeneration and time dilation, treat this as a lower
limit: At > 1.5 fm/c

057

ALICE KK ¢/K ]
pp7TeV (INEL) m @

2 I

o L

'(-.%OA - p-Pb5.02TeV W @ -

oc Pb-Pb2.76 TeV ® @
03} %ﬂ H * ﬂ ]

0.2f _
et PR

0.1_— ﬂ -
[ Uncertainties: stat.(bars), syst.(box), uncorr.(shaded tl>ox):
0 lIIIllIIlllIlllllllllll 1

o 2 4 6 8 10 12
1/3
(dN_/dn )

lab’l7,,| < 0.5
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Properties of Hadronic Phase

 Model of Torrieri, Rafelski, et al.
predicts particle ratios as functions
of chemical freeze-out temperature
and lifetime of hadronic phase

* Model Predictions: [1] J. Phys. G 28, 1911 (2002)
[2] Phys. Rev. C 65, 069902(E) (2002)
[3] arXiv:hep-ph/0206260v2 (2002)

Torrieri/Rafelski [1-3] P F resoMev 0 F e
no re-scattering — E,[‘j/‘:g?“fg- A : : ]
T, =156 MeV :

our assumption, based on
thermal-model fits of ALICE data

1

100‘120‘140.-160l180‘200
Temperature (MeV)
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" Properties of Hadronic Phase

 Model of Torrieri, Rafelski, et al.
predicts particle ratios as functions
of chemical freeze-out temperature
and lifetime of hadronic phase

 Model Predictions:

Torrieri/Rafelski [1-3] T
no re-scattering  m—p E,[S/?é?tlzog'%
T., = 156 MeV '

Torrieri/Rafelski [1-3]

i Prediction:
no re-scattering —
measured K*O/K- T, = 1207 MeV

K*/K- = 0.20 + 0.01 (stat.) + 0.03 (sys.)

10° ————
L I,°=50 MeV

[1] J. Phys. G 28, 1911 (2002)
[2] Phys. Rev. C 65, 069902(E) (2002)
[3] arXiv:hep-ph/0206260v2 (2002)

/15 )
N . N s 1 . N

—-— STAR]

1 nl
120

140 160 180 200
Temperature (MeV)



Knospe

** Properties of Hadronic Phase

 Model of Torrieri, Rafelski, et al.
predicts particle ratios as functions
of chemical freeze-out temperature
and lifetime of hadronic phase

* Model Predictions: [1] J. Phys. G 28, 1911 (2002)

[2] Phys. Rev. C 65, 069902(E) (2002)
[3] arXiv:hep-ph/0206260v2 (2002)

0w e—_—
TorrieriIRafeIslfi [1-3] Prediction: [ 1,250 MeV : e ]
nore-scattering  EEEP .o _ o 35 i inermally producES '

T.. = 156 MeV

Torrieri/Rafelski [1-3]

i Prediction:
no re-scattering —
measured K*O/K- T, = 1207 MeV

Torrieri/Rafelski [1-3] Prediction:
measured K/K~ ) | ifetime > 2 fm/c
T, =156 MeV

[ " 1 N 1 w1 " 1 " 1 "
100 120 140 160 180 200

Temperature (MeV)
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* Mass ordering of <p> observed
« <p>of K*, p, and ¢ is similar for central Pb—Pb
— Consistent with hydrodynamics
« <p;> splitting between p and ¢ for peripheral Pb—Pb
* Increase in <p> from peripheral to central:

— For =, K, K**, and ¢: ~20% — For p: ~50%
© - ALICGE ]
> 1.4 ,
> o ed H s @ H@ %
S aie f
E“ 1 1
~ ¥ , 4 8 g @ & ]

0.6F .
b ottt ot
e T LK IK*O * P o |
0.2l-0 Open: pp Vs=7 TeV 2
[ e Filled: Pb-Pb Sy =2.76 TeV ’
07|\ N N I NI AN A

0 50 100 150 200 250 300 350 400
Phys. Rev. C 91 024609 (2015) Npart
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« Approximate mass ordering in <p;>
— But <p:> of K*? and ¢ greater than p and A

— |Is there a baryon/meson difference, or do resonances not obey
mass ordering?

— Same trend observed in pp arXiv-1601 07868
§ | I I I 1 I LI | 1 I I I I I I-I I- § 2 _l LI l LI I LI l LI I LI I LI I LI I LI I LI I—
S 2 ALICE, p-Pb |5, =5.02 TeV Q4 S L 1 p-Pb 5.02 TeV (0-20%) ;
[} i -~ | @ i 7 TeV (INEL
o] | o B 0] [ +Pp 7 TeV(INEL) I
~ = ALICE -
15} S TR Rl -1 - +
G ] o Dege C n0g o b
I ¢ * 17 °¢ 8 . ¥ ‘
& n (] -!-_!_ ]
® nad p % ]
iy nt b @ 0 1 g + ¥ 7
i fa) o @ | K i L J & .
| _p 1 - .
0 0O Kg H
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« Approximate mass ordering in <p;>
— But <p:> of K*? and ¢ greater than p and A
— |Is there a baryon/meson difference, or do resonances not obey

mass ordering?

— Same trend observed in pp
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« Approximate mass ordering in <p;>
— But <p:> of K*? and ¢ greater than p and A

— |Is there a baryon/meson difference, or do resonances not obey
mass ordering?

— Same trend observed in pp arXiv-1601 07868
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Mean ©

« High-multiplicity p—Pb reaches similar <p;> values as central Pb—Pb

* <p;>in p—Pb increases more rapidly than Pb—Pb as a function of
multiplicity

 Differences in <p;> due to difference in particle production
mechanisms? Harder scattering in p—Pb?
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Particle Productlon

=4 T L B B IR LA B B L L

« p/mand A/K% vs. p; from : o - — - Krakow, 0-5% 4% @
1= === HKM, 0-5% ; 7

« What causes the shape of these [~ Friesetal, 05% .7 ]
ratios? 081 : g

— Particle masses (hydro)? 0.6~ =

— Quark content/baryon vs. 0.4 ©05%
meson (recombination)? oal 2030%

« To test: need a meson with a - 4 70-80%
ol by by Py by

.. - AN
mass similar to the proton: % 05 1 15 2 25 B8 B85 4 45 5

. ALICE, Phys. Rev. C 88, 044910 (2013) GeV/c
— Nature has given us such a pr (GeVic)

2.2
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- —&— 0-5%
18F —=— 20-40 %
1.6F —¥— 40-60 %
C —4— 60-80 %
1.4F —e— 80-90 %
on 120F —+— ppatVs=7TeV, lyl<0.5
¥ F —=— ppat {s=0.9 TeV, lyl<0.75
2 1 - systematic uncertainty
0.8F
0.6 F A
04F Y
4L R
0.2F +” L y
O : 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10 12

ALICE, Phys. Rev. Lett 111, 222301 (2013) P, (GeV/c)



Knospe

« pl/¢ flat for central collisions for p; < 3-4 GeV/c

— Baryon/meson difference goes away if the two particles have the
same mass. Consistent with hydrodynamics™

» Increasing slope for peripheral collisions

» Peripheral Pb—Pb similar to pp (7 TeV)

« Same trend seen in <p> (p and ¢ different for peripheral Pb—PDb)

« Different production mechanism for p, ¢ in central vs. peripheral, pp?

Q_ i e ()- o | B 1r .
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« pl/¢ flat for central collisions for p; < 3-4 GeV/c

— Baryon/meson difference goes away if the two particles have the
same mass. Consistent with hydrodynamics™

* Increasing slope for peripheral collisions

» Peripheral Pb—Pb similar to pp (7 TeV)

« Same trend seen in <p> (p and ¢ different for peripheral Pb—PDb)

« Different production mechanism for p, ¢ in central vs. peripheral, pp?
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* p/¢ in low-multiplicity p—Pb similar to peripheral Pb—Pb and pp
* For p; > 1 GeV/c: no multiplicity dependence in p—Pb
* For p; <1 GeV/c: decrease of p/¢ for high-multiplicity
— Possible flattening of ratio: hint of onset of collective behavior in

high-multiplicity p—Pb? arXiv-1601.07868
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* Nucl Modification F oS
uclear Moalification Factors
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—_ . < r ALICE Preliminary ]
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Resonances in EPOS
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« EPOS: a universal approach: same framework for pp, p—A, and A-A
collisions

 Initial conditions: flux tubes generated in Gribov-Regge multiple-
scattering framework

— Elementary object = Pomeron = parton ladder
— Nonlinear effects: saturation scales Q; < N, s
« Core/Corona:
— String segments with high p; escape = corona (jets)
— Others form “core” of bulk matter - hydro initial condition
— Depends on local string density
« 3+1D viscous hydro expansion, 1/s=0.08
« Hadronization at 166 MeV (Cooper-Frye)
« Hadronic cascade: UrQMD
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Resonances in EPOS

* New program unit
» Detect selected resonances (p, K*, ¢, A, £*, A(1520), £¥)
* Identify their common hadronic decays

« Track the decay daughters, flag whether or not either
decay product interacts

— If neither decay product interacts, resonance flagged
as reconstructible

 New Paper:
— A. G. Knospe et al., Phys. Rev. C 93 014911 (2016)



EPOS: K*® and ¢

EPOS (with UrQMD ON)
provides good descriptions of
K*0 and ¢ p; spectra in Pb—Pb
collisions

— Agreement better for peripheral
collisions

— Turning UrQMD OFF - worse
description for central K*0, no major
changes for peripheral and ¢
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EPOS: K*® and ¢

. . F e UrQMD OFF uauDON]
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Effect of UrQMD

* Turning UrQMD (hadronic phase) on -

low-p+, centrality-dependent suppression

of K*0 (re-scattering), less modification of ¢
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> Particle Ratios in EPOS "™

« Qualitatively describes centrality dependence of K*9/K
suppression (re-scattering)

— QOverestimates values
» Good description of ¢/K
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>0 Particle Ratios in EPOS "™

« Strong centrality dependence for p/m and A(1520)/A
« Little modification of =*°/Z - long resonance lifetime and/or
large regeneration cross section

 Little modification of A**/p and ~**/A = large regeneration
cross section
— Cf. Z**/A ratio from RHIC: not suppressed in central Au—Au
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nance/non-resonance

reso

Particle Ratios in EPOS

Strong centrality dependence for p/t and A(1520)/A

Little modification of =*°/Z - long resonance lifetime and/or
large regeneration cross section

Little modification of A**/p and =**/A - large regeneration
cross section
— Cf. Z**/A ratio from RHIC: not suppressed in central Au—Au
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Conclusions

Central Pb—Pb: K*° suppressed (re-scattering) ¢ not suppressed (longer lifetime)
K*0/K and ¢/K ratios in p—Pb follow trend from pp to peripheral Pb—Pb
For central Pb—Pb: <p(K*0)> = <p.(p)> = <p1(¢)> (consistent with hydrodynamics)
Mass ordering violated for pp, p—Pb, peripheral Pb—Pb: <p(K*%,¢)> > <p.(p,A)>
— Baryon/meson difference?
p/¢ ratio flat vs. p; for central Pb-Pb collisions (p;<3-4 GeV/c)
— consistent with hydrodynamics
— Possible onset of collective effects in p—Pb?
Nuclear Modification Factors:
— High-p; suppression observed in central Pb—Pb (R,,) but not in p—Pb
— High-p; behavior of ¢ similar to stable hadrons
— Moderate ¢ Cronin peak (between xt and p)
New Results coming soon
— Suppression of p® in Pb—Pb, baryonic resonances
— Multiplicity dependent pp measurements
— Run 2 data: pp 13 TeV and Pb—Pb 5.02 TeV

Resonances in EPOS: new module flags reconstructible resonances
— Re-scattering affects K*° yields at low py, little effect for ¢
— Predictions of strong p/mt and A(1520)/A suppression, flat Z**/A to be tested...
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Dependence

Does K*0 suppression depend on p:? UrQMD: re-scattering strongest for p<2 GeV/c.
Expected p; distribution from blast-wave model:
— Shape: parameters (T,;,, n, p) from combined fits of 7/K/p in Pb—Pb
— Normalization: K yield x K*9/K ratio from thermal model (T.,=156 MeV)
Central: K*0 suppressed for p;<3 GeV/c, but no strong p; dependence
Peripheral: K*0 not suppressed

No suppression of ¢ Phys. Rev. C 91 024609 (2015)
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* <p;> appears to increase for more central Pb—PDb collisions w.r.t.
peripheral and pp

* <p;>greater at LHC than RHIC
— For K*0: 20% larger For ¢: 30% larger
 ALICE =,K,p spectra: global blast-wave fit shows ~10% increase in

radial flow w.r.t. RHIC Phys. Rev. C 91 024609 (2015)
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A(1520

Reconstruction in pp 2.76 TeV, pp 7 TeV, p—Pb 5.02 TeV, and Pb—Pb 2.76 TeV
Decay channel: A(1520)->pK-

— Decay products identified using TPC and TOF
Mass from invariant-mass fits in pp and p—Pb: good agreement with vacuum value

More information can be found in poster of R. C. Baral at Quark Matter 2014
https://indico.cern.ch/event/219436/session/2/contribution/197/material/poster/0.pdf
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Reconstruction in pp 7 TeV
Decay channel: 2°> Ay

— Photon identified through measurement of its conversion, and in PHOS
(calorimeter)

More information can be found in poster of A. Borissov at Quark Matter 2014
https://indico.cern.ch/event/219436/session/2/contribution/196/material/slides/0.pdf
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Resonances in p+p Collisions



o8 K*(892)° and ¢(1020

« Similar to Pb+Pb analyses: K*O
* p+p 900 GeV: 250 k minimum-  Fx & e
bias events -
. p+p 7 TeV: 80 M (60 M) dS BR.=66.6%
minimum-bias events for K* (¢) e,
« Use TPC for PID, plus TOF (if r=4.16fm/c e,
there is a signal) > K+
« Mixed-event combinatorial BG
* Peak fits:
— K*0: Breit-Wigner K-
- ¢: Voigtian (I) v
« Published
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K*(892)° and ¢(1020

x10°

Similar to Pb+Pb analyses:

p+p 900 GeV: 250 k minimum-
bias events

p+p 7 TeV: 80 M (60 M)
minimum-bias events for K*0 (¢)

Use TPC for PID, plus TOF (if
there is a signal)

Mixed-event combinatorial BG
Peak fits:

— K*O: Breit-Wigner

- ¢: Voigtian

Published
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1385)* and =*(1530)°

« 250 M p+p events (MB)

» TPC PID for £** daughters Total B.R. =55.6% .o t*
* Numerous topological cuts: Z*i ““““““““““
-pcA = e h
L uus = 7 TU
— cos(pointing angle) dds) ...
— Fiducial volume T > A e >Pp

— Invariantmassof Aor=- T=95.5fm/c
t=5.0fm/c

3
=*0 EUTTRRRPRRRRSITLLILLD g |
e R PPPTTLLLLLL
------------------------- Total B.R. _ 42.6%““““7 n
uss ~  omm Rl
T - 21 .7 fm/C ...."..'~... .I“..-“"““““ _,-“,.-I“") Jt



5 >*(1385)* and =*(1530)"

« 250 M p+p events (MB) P [ e —
. E g £(1385)' A1 pp@7 TeV ]
« TPC PID for £** daughters Chadd 18<p, <20GeVc |
. © 3 _-
 Numerous topological cuts: Zosf ALICE et
Q 2 ---- Residual background
- DCA © 2 Antrom/\mszo)—mn*n'g
T 15 — Combined fi 3
— cos(pointing angle) o +‘ ]
. . U R B gy ]
— Fiducial volume OSEHH S+ P
. p— 0 7
— Invariant mass of A or =- b 1 1 . l ]
. . . ' 1.3 1.35 14 145 15 1.55
» Mixed-event combinatorial BG invariant mass (Ax") (GeV/c?)
o X*: complicated res. BG )
x1
— Various sources of S of —()
. —_ S [ b=
correlated Ax pairs (e.g., == 2 [ b
and A* decays) £°F
. . e L pp, \s =7 TeV
— Shape of each contribution R
fit in MC, normalized using P PhweEns
data 15
« For Z*0: polynomial res. BG E(1530)" - £ + 7 (+ cc)
. . 1= M BT BRI I RS BRI
° Paper In preparatlon 148 1.5 1.52 1.54 1.56 1.58

e emeeas Invariant Mass (GeV/c?)



e PYTHIA Comparisons

'L\ 10-1 : T [ T T T T I T T T T I T T T T | T T T T | T T T T | T T T T | T T T T :
§ - pp, INEL,\'s= 0.9 TeV -
8 - —o— ALICE ¢ -
vo | — PHOJET .
S |l e O PYTHIA D6T (109)
I [ = e N PYTHIAATLAS-CSC (306)
|3 - — = PYTHIA Perugia 0 (320) -
- ol # _
% % S~ SO .."'-T.'\‘ _
> g s o ‘_\\ RN n
ZO 3 ~ \ ~_\\
10" & SaT L =
- } (zbe — e e ——t } i
E _ =
o 15F =
o 1f = = R— | -
(] S i R -
S os5fF SRR E Rl b e papmeres S =
% 0.5 i 15 > 25 3 3.5 4
p. (GeV/c)

« PHOJET and PYTHIA ATLAS-CSC too soft
« PYTHIA D6T: reasonably good description
 PYTHIA Perugia 0: underestimates yield, but shape well reproduced



o PYTHIA Comparisons
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o> : o, meees PYTHIA Perugia 0 (320) © © o § »+=* PYTHIA Perugia 0 (320) l
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« PYTHIA Perugia 2011: reproduces K*° and high-p; ¢ well

« PHOJET and PYTHIA ATLAS-CSC overestimate spectra for p;<1 GeV/c, describe
high p; well

« PYTHIA D6T: deviates at high p;
* PYTHIA Perugia 0: underestimates spectra



“ PYTHIA Comparisons
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 PYTHIA ATLAS-CSC : good agreement for p; > 2 GeV/c (too hard?)
« PHOJET and PYTHIA D6T under-predict spectra
 PYTHIA Perugia 2011: under-predicts yields, describes shapes



Pentaquarks

«  ®(1860) - (ddssi) and ®(1860)° (udssd) would have
=-n* decay channels, similar to =*¢

* Observed by NA49
* ALICE sees no significant signal
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Entries / 7.5 MeV/c
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M(Zr) [GeV/c?)



Pentaquarks

®(1860)~ - (ddsst) and ®(1860)° (udssd) would have
=-n* decay channels, similar to =*¢

Observed by NA49
ALICE sees no significant signal

x10°

4.5=— { _'»_7_(1 530)0 -5 = +1t (+ CC) + opposite-charge: Z;n
R §

= . - same-charge: =t

Counts / 1 MeV/c?
>
[l

pp,\'s =7 TeV

-

= 1 ) 1 1 | 1 ! ! | 1 1 1 | 1 1 | 1 1 ! | 1
94 1.6 1.8 2 2.2 2.4
Invariant Mass (GeVic?)



Hadron-Resonance
Correlations



" Hadron-Resonance Correlations

* To probe QGP: compare resonances that passed
through medium with those that did not

— Hadron-resonance correlations

Resonance in near side: &
no medium interaction Q

\
QO
D

/7
%)
4

Method proposed by:
C. Markert, R. Bellwied, I. Vitey,
Phys. Lett. B 669 92-97 (2008)

Resonance in away side:

Low p; (below ~2 GeV/c):
dominated by interactions
in hadronic medium

High p;: dominated by interactions Resonance transverse to jet:

with early hadronic or partonic Thermal production in hadronic medium
medium




Anqgular Correlations oSk

« Angular Correlation of trigger hadron with a ¢ meson

— p1(h)>3 GeV/c
— p1(9)>1.5 GeV/c

» $(1020) yield , $(1020) yield
S ?d 0 o 84 ?d 0
I near side width 0.26:0.01 g s2f pli"> 3 GeVic, pl >1.5 GeVie
™ L away side width 0.66+0.06 ™ f
° I 2/ndf 1.96 oF
@ S » 78F + {  Pb+Pb
o ’°f
"g 6 N S 76 ALICE
o | p*p ALICE o 74F .
o I ALICE Preliminary o + ‘} {'
e °f (PP\'s = 7 TeV) o 72F } {'
N L - {' +
o o 70 * +
- g -
= 4r S 68 ~+
3 . % 66 - * ALICE Preliminary
® :
- - ) - C (PbPb\s =2.76 TeV)
3¢ p':a"'"9> 3 GeV/c, Pi(1020)>1 5 GeV/c ¢ 64 0-80% centrality
Tlllllllllllllllllllllllllll‘lll 62-11lllllllllllllllllllllllllllll
1 0 1 2 3 1 0 1 2 3

ALI-PREL-10867 ALI-PREL-10871



1.0005

s .
>
T
TR RN
0.9995 | °
ALICE
- pp\s =7TeV, statistical uncertainties =~ PERFORMANCE
L p% > 15 GeVic, p" > 3 GeVie 28/08/2012 | ®
Ap (rad.) @
p+p
o
mass/average value
°
Pb+Pb
~,1.0005
\E/ L
=
S + +
)
bbb Do g
0.9995-—
i ALICE
I Pb-Pbys,, =276 TeV, statistical uncertainties =~ PERFORMANCE
L P} >1.5GeVic, pi**™ >3 GeVic 28/08/2012
0.999 ||||||||||||||||||||||||||||||||||

¢ mass and width as a
function of angle (Ap) w.r.t
leading hadron

p+(h)>3 GeV/c
p+($)>1.5 GeV/c

Measured values divided
by average value

No clear difference in
behavior between p+p and
Pb+Pb

In Pb+Pb: no mass shift or

ryry

width broadening observed

in away side

However: ¢ signal may be
dominated by non-jet ¢ for
this p; range
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>
~
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ALICE
pp \s =7 TeV, statistical uncertaintes =~ PERFORMANCE
P} > 1.5 GeVie, pr**™ > 3 GeVie 28/08/2012
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| Pb-Pb\s,, =276 TeV, statistical uncertainties P
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D =

Muon pairs from ¢ decays reconstructed in ALICE Muon
Spectrometer:

— Absorber, tracking and trigger stations, dipole magnet at forward
rapidity (-4<n<-2.5)

ACORDE NN R <L

EMCal P — 7 A% Tracking
‘ S Chambers

=S\

Dipole
Magnet

———
PN -

L3 Magnet

PHOS



D=2 uut

« Signal extracted by fitting dimuon invariant-mass
distribution with hadronic cocktail:

Ill'llllllllll'llllllllllllll

ALICE pp \s=7TeV
25<y<4
1<p <5 GeVic

W =
o o
o o
o o

dN/dM (pairs per 25 MeV/c?)
S
o
o

1000

LI I T T 71 | T T 1 | T T T I T T 1
[ B | I | S S | L1 1 | | L1 1 1 | L1 1

e e ey e W Wi s

0 02 04 06 08 1 12 14
M (GeV/c?)
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Knospe

 Measured in pp collisions at 2.76 TeV and
[/ TeV, Pb—Pb collisions

pp 2.76 TeV

= 1E
o o ALICE pp Vs =2.76 TeV
% 25<y<4
S
S~
€
= 10"
Q. C
©
>
< .
Nb ® Data
O {02 & —— PYTHIAATLAS-CSC

mRRTLEE PYTHIA D6T

[ e PYTHIA Perugia0

PYTHIA Perugiati
| ---PHOJET il
—— Levy-Tsallis
10-3|r||\|||ll ] P
0 1 2 3 4 5
[ (GeV/c)

Best agreement with

PHOJET and PYTHIADGT

d?c,/dydp, (mb/(GeV/c))

Data/Model
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------- PYTHIA Perugia-0
1072 = PYTHIA Perugia-11
Eo PYTHIA ATLAS-CSC
I PYTHIA D6T
—— PHOJET
| I |
1F
0

pp 7 TeV

P, (GeV/c)

Best agreement with
PHOJET, PYTHIADGT
and ATLAS-CSC

Pb—Pb 2.76 TeV

ALICE Pb-Pb |5, =276 TeV |

nnnnnnnnnnn

. ALICE pp 2.5<y<4 centr: 0-90%

4 ALICE KK |y|<0.5 centr: 30-40%




Knospe

Nuclear Modification Factor

* Ra, for up channel at forward rapidity seems to follow different trend
(greater slope) than KK channel at mid-rapidity

— Different hydrodynamic push in the two rapidity ranges?

ALICE Pb-Pb \s,,=2.76 TeV
LT 2<pT<5 GeV/e

s 1.5
oC

® 1, 2.5<y<4
B KK, |y|<0.5

C
HE- B ]

0.5

u
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part”



* |In p—Pb: Forward vs. Backward

o,/dydp_ (b/(Gev/c))

« Rapidity asymmetry in particle production
« HIJING and DPMJET describe charged-particle

production well, but tend to underestimate ¢.

Backward (Pb-going)

lllll

ALICE p-Pb \[S_NN=5.02 TeV
-4.46<y<-2.96

e data
HIJING

------ DPMJET
—— Levy-Tsallis

oo /dydp. (b/(Gev/c))

Forward (p-going)

ALICE p-Pb |5,,=5.02 TeV
2.03<y<3.53

e data
HIJING

------ DPMJET
—— Levy-Tsallis

- arXiv:1506.09206
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°" In p—Pb: Forward vs. Backward

do,/dy (b)

« Forward/Backward ratio (in common y window)
— Flat (=0.5) with p;

- HIJING qualitatively describes rapidity asymmetry and

describes Rgg

0.2

0.151
0.1

0.05)

e data

-~ —— HUWING
e DPMJET

ALICE p-Pb \s,,=5.02 TeV
1<p, <7GeVic

Reg (0 > p'p)

1.5

- arXiv:1506.09206 ALICE p-Pb |s,=5.02 TeV

L — HIUING

2.96<|y |<3.53

e data




« Forward (p-going): increases with p, then saturates
around 1 for p>3 GeV/c

« Backward (Pb-going): Cronin peak? (bigger than at mid-
rapidity) or final-state effect (radial flow)?

P Pb

—> €
Backward (Pb-going) Mid-rapidity Forward (p-going)
= ° AUCEPPD [5,502TeV| & | AlICE Preliminary o - K'K,-05<y<0 | = 2 ALICE p-PDb 5,,,=5.02 TeV
?. i -4.46<y<-2.96 1.8; p-Pb at \s,, =5.02 TeV E ’j[*- : 2.03<y<3.53
e 15 ++ 1of- 1e 15[
o + + 14: 1

.

= o
L 0.6— — i N
0.5 N 04l = 0.5 B L
arXiv:1506.09206 E
B | | | | | | OH‘2‘“4"‘GH‘8‘“10‘“12”‘14”‘16‘”18”‘20 I
0 p_(GeV/c) 0 e o b L L L L
0 1 2 3 4 5 6 7 T 0 1 2 3 4 5 6 7

P, (GeV/c) P, (GeV/c)
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Backward (Pb-going)

ALICE p-Pb |5,,=5.02 TeV
-4.46<y<-2.96

§+ *++

arXiv:1506.09206
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e

Forward (p-going)

ALICE p-Pb m:S.OZ Tev
2.03<y<3.53
+ *‘* I + ...................
1
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P, (GeV/c)

around 1 for p>3 GeV/c
rapidity) or final-state effect (radial flow)?

Forward (p-going): increases with p, then saturates
Backward (Pb-going): Cronin peak? (bigger than at mid-

Similar behavior observed in d—Au collisions (PHENIX)

RHIC
3
- P_I-D;ﬁ\l - Au-g_omg (-2.2<y<-1.2)
2.5 preliminary ¢ d-going (1.2<y<2.2)
- {J dAu @ Vs = 200 GeV
2 B> E} Centrality: 0-100%
1.5 -
L ¢ 3
L ¢
0.5:— i
0:...‘1... s 23 2 s Ii11/ GIobaIUncertalnty i
1 15 2 2.5 3 3 5 4 4 5 5 5 5

P, (GeVIc)



