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* What happens to matter if you

» heat it?

» compress it?

Water Vapor

* With increasing temperature

Temperature

» solid — liquid = gas — plasma = QGP

100°C -
* Emergent phenomena

» hard to determine the properties of
matter from the known properties of
its constituents

0°C
» e.g. ice, water, steam from H20 molecule

* Matter properties: 760mm Pressure

» temperature, viscosity, equation of state, degrees of freedom
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e Normal nuclear matter density: — — ~ 0.16 fm >
o T LB T dn/30 -

» withro=1.15 fm
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* Normal nuclear matter density: 00
» withro =1.15 fm
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* Normal nuclear matter density: 00

A

» withro=1.15 fm

« Compressing nucleons: De = ~ 0.47 fm > = 3pg

» (charge radius rn = 0.8 fm)
» nucleons will eventually start to overlap at a critical density

» will see later that the actual value is 4po
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* Normal nuclear matter density: po = A 1 0.16 fm ™
| A /3 R3  Aw /3713
» withro = 1.15 fm
e Compressing nucleons: De = L ~ 0.47 fm > = 3pg
A /3713

» (charge radius rn = 0.8 fm)
» nucleons will eventually start to overlap at a critical density

» will see later that the actual value is 4po
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Fig. 1. Schematic phase diagram of hadronic matter. pg is the
density of baryonic number. Quarks are confined in phase I
and unconfined in phase Il.

* At low temperature and density (phase |)

» confinement & chiral symmetry spontaneously broken

e At high temperature and/or density (phase ll)

» deconfinement N. Cabibbo and G. Parisi, PLB 59 (1975) 67

_ _ J. C. Collins and M. J. Perry, PRL 34 (1975) 1353
» new state of strongly interacting matter
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http://dx.doi.org/10.1016/0370-2693(75)90158-6
http://dx.doi.org/10.1103/PhysRevLett.34.1353
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Wuppertal-Budapest, JHEP 09 (2010) 073
HotQCD, PRD 90 (2014) 094503
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e Phase transition at T = 154+9 MeV

» 1 MeV ~1019K = T, =2x10"2 K
e Centre of the sun: 2x107 K

Phases of QCD Matter
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e The QGP is more than 100 000 times hotter than the centre of the sun




Nuclear collisions and the QGP expansion

| collision evolution . particle
| expansion and cooling detectors

kinetic

distributions and

Talin hadronization
lumpy initial  orrolations of

energy densi
& v QGP

,,,,
i

Tt ~ 0 fm/c ~1 fm/c T ~ 10 fm/c T ~ 10 fm/c
~3x1 0_24 S P. Sorensen arXiv:0905.0174



https://inspirehep.net/record/819303

Relativistic Heavy lon Collider at Brookhaven National Lab
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. Relatlwstlc Heavy lon Collider

» 3.83 km circumference, 2 independent rings, superconducting magnets

» p+p: s < 500 GeV (polarized beams), A+A: {/snn < 200 GeV (A = d, Cu, Au, U)
Torsten Dahms: Ultrarelativistic Heavy-lon Collisions (WS2015/16)




The Large Hadron Collider

27 km circumference

superconducting magnets (8 T)

up to 100 m below ground

pp: s = 0.9, 2.36, 2.76, 5.02, 7, 8, 13 TeV (top: 14 TeV)

pPb: J/snn = 5.02, 8.16 TeV (top: 8.8 TeV)
Pb-Pb: \/SNN = 2. 76 5. 02 TeV (top 5 5 TeV)
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* Charged Particle Tracking
(low momentum)

\

» Particle Identification =

* Photon Detection
TRD

HMPID

MUON
FILTER

/DC
~116m from |.P,

-

\

I8 TRIGGER
CHAMBERS C
‘ -

DIPOLE
MAGNET



* A central Pb—Pb collision produces ~18000 charged particles

» at midrapidity: 1800 per unit rapidity
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SILICON TRACKER
CMS Detector =

Microstrips (80-180um)

Pﬁxe S ~200m? ~9.6M channels
CRYSTAL ELECTROMAGNETIC
Tracker CALORIMETER (ECAL)
EC A ~76k scintillating PoWO, crystals
HCAL
Solenoid PRESHOWER
Steel YO ke Silicon strips
M UONS ~16m? ~137k channels
STEEL RETURN YOKE
~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil

carrying ~18000 A | : FORWARD
' CALORIMETER

Steel + quartz fibres
~2K channels

ni<2.4  MUON CHAMBERS
Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
nl< 52 Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers
Nn|<3.0
Tracker Nn|<2.5



Centrality: Npart and Ncoll

* Centrality of a collision:
» “impact parameter” b

» Ncol: number of inelastic nucleon-
nucleon collisions

» Npart: Nnumber of nucleons
undergoing at least one inelastic
nucleon-nucleon collision
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/Participants
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* Geometrical quantities simplify
comparison btw. data and theory

Spectators
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Centrality: Npart and Ncoll

* Centrality of a collision:

Spectators

» “impact parameter” b

» Ncol: number of inelastic nucleon-
nucleon collisions

» Npart: Nnumber of nucleons
undergoing at least one inelastic
nucleon-nucleon collision

Spectators:
energy in very forward direction

* Geometrical quantities simplify
comparison btw. data and theory

e Usually not directly measured but g
derived from Glauber M o
calculations

Produced particles:
multiplicity at central rapidity

Spectators:
energy in very forward (beam) direction
14



Determining Centrality

. [ [ [ ;I || I LI | I LI | I LI | I LI | I LI | l |
Collls_lon centrality (overlap of the " (a) CMS PbPb \ s, <2.76 TeV
nuclei) related to the energy . o

. : —— Minimum Bias Trigger
deposit in forward calorimeters
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——— Jet Trigger
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* Relate to geometrical quantities
with a Glauber MC model

» Npart = number of participating
nucleons

—
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» Nco = number of binary collisions

OD centrality @
* Yield of hard probes is expected >

to scale with Nc¢on in absence of
medium effect

> 1 enhancement
= 1 no medium effect
< 1 suppression 15

dN 44 /dpr
Ncoll ) dep/de

Raa(pr) =
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Some « particles are scattered

Most o particles
are undeflected

__.-"
7 P /

- Thin gold
foil

Beam of
particles

Circular fluorescent screen

Source of o particles

* Rutherford experiment:

» a — atom: discovery of the nucleus

» elastic collisions

* SLAC electron scattering:

» e — proton: discovery of quarks

» inelastic collisions

How to Probe the Structure of Matter?
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How to Probe the QGP?

vacuum

* Has to be well understood in
pp collisions

» hard probes calculable in pQCD

hadronic matter

@@ » Effect of hadronic matter has to be
@G) 8 —— understood and accounted for
Ol » measure in p-A collisions

* Has to be strongly affected by
the QGP

18



Hard Probes of the QGP
\

e Create the probes as part of the collision
* Create probes before the QGP forms
e Control probes not affected by the QGP to calibrate measurements

e Collisions without QGP to test cold nuclear matter effects

» pp collisions, p-nucleus collisions, light-ion collisions

19



Hard Probes of the QGP

control probes
(v, W=, 2)

Create the probes as part of the collision
Create probes before the QGP forms
Control probes not affected by the QGP to calibrate measurements

Collisions without QGP to test cold nuclear matter effects

» pp collisions, p-nucleus collisions, light-ion collisions
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Hard Probes of the QGP
\

\
control probes density & energy loss

(v, W=, Z) (hadrons, jets, open heavy flavour)

e Create the probes as part of the collision
* Create probes before the QGP forms
e Control probes not affected by the QGP to calibrate measurements

e Collisions without QGP to test cold nuclear matter effects

» pp collisions, p-nucleus collisions, light-ion collisions
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\

\' [N
control probes density <& energy loss temperature < dissociation

(v, W=, Z) (hadrons, jets, open heavy flavour) (quarkonia)

e Create the probes as part of the collision
* Create probes before the QGP forms
e Control probes not affected by the QGP to calibrate measurements

e Collisions without QGP to test cold nuclear matter effects

» pp collisions, p-nucleus collisions, light-ion collisions
19



Production of Hard Probes

e QCD Factorization Theorem: cross section factorizes in

MU

» probability to find parton with momentum fraction x (non-perturbative)
» scattering cross section given partons with momenta x1 and xz (perturbative)

» fragmentation function of outgoing partons (non-perturbative)

h

Pr

h ZC p— _C

Pt

Q2: “resolution power”
X: “Inelasticity”

20



Electroweak Bosons



Electroweak Particle Production at LO

* Direct photons

» Quark-gluon Compton scattering or quark-antiquark annihilation

q\iv qjﬂv
g g q g

* Z boson
q I
» quark-antiquark annihilation 7/y*
* W= boson q /

» quark-antiquark annihilation with different flavours

u 7t d [
d Vi u v

22



CMS Experiment at LHC, CERN

~ X Data recorded: Sun Nov 14 04:29:43 2010 CEST
, : Run/Event: 151058 / 4096951

¢——— | Lumi section: 747

ECal 357, pt: 22.6 GeV

ECal 358, pt: 18.9 GeV

date of birth: November 14, 2010
ECal 2339, pt: 37.9 GeV time of birth: 4h29
weight: ~80 GeV (1.410-2° kg)




Z bosons In Pb— Pb at 2.76 TeV

=T T T 1 | T T 1 | 1T 1T 1 | 1T 1T 1 | T T 1 | (L I: T T | T T | T T | T T | T T | T T | T T T T
O 3()()— e Opposite charge CMS PbPb - LE : CMS \s,, =2.76 TeV 1
% - 0 Same charge r =276TeV A - —e— Z—uulyl<2.0,p >0GeVic ]
B 1 i . —oe— Z — uu, 0-100% centrality h
G oo MPYTHAWYORET B Lo-wsow' G pf T ZTmplvieny o
E\l/ B Hi pT >20 GeVic i - —8— Z— ee, 0-100% centrality .
— . 'l <2.4 i ~ I pp luminosity uncertainty i
o 200 — 15 _
s : : :
o 1501 - l m n @ :
- i 1 i Bl \ﬂ 3
100 - iRE :
503_ E 0.5~ cMs, JHEP 03 (2015) 022 n
- ) - CMS, PRL 106 (2011) 212301 .
- = ~ ATLAS, PRL 110 (2013) 022301 ]

o | O 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | I | | I |

%O 70 80 90 100 110 120 O 50 100 150 200 250 300 350 400

M (GGV/CZ) Npart

> 1 enhancement centrality
N
Raa(pr) = AN/ dpr =1 no medium effect @D <

< 1 suppression

* Pb—Pb data and Pythia (pp) agree in invariant mass spectrum

 Raa = 1: Yield scales with number of binary collisions
24


http://inspirehep.net/record/1322726
http://dx.doi.org/10.1103/PhysRevLett.106.212301
http://dx.doi.org/10.1103/PhysRevLett.110.022301

CMS, PLB 750 (2015) 565

» neutrino escapes undetected . PPb 34.6 nb” | Sy = 5-02 TeV
» Harder to detect, but § I + CMS
10x more than Z %102:_ 05<Tlll|ab<00

* Energy conservation: = Er=0 é : o

» neutrino = missing Er % 'ZZZ‘-;V;;SW

» 3E; # 0 (because x1 # X2) 3 10F5 -\éVé; TV
» Missing Er background - -

» Z with only one reconstructed p [

W | o T

(Data)/N(Fit)
_¢__
ol _
—
¢
¢
¢

» Multi-jet events (QCD) with a jet
outside acceptance

—_
9]

N

* Calculate mt using missing Et 0.5

mp = \/phBr (1~ cos ¢) ¢, {Gov



http://inspirehep.net/record/1353541

' W —= vy,
» neutrino escapes undetected

» Harder to detect, but
10x more than Z

* Energy conservation: 2 Er=0
» neutrino = missing Er
» 2E; = 0 (because x1 # x2)

* Missing Et background
» Z with only one reconstructed p
»W -1

» Multi-jet events (QCD) with a jet
outside acceptance

* Calculate mt using missing E+

mr = /P Br(1 - cos o)

Counts / I\g4 GeV)
(@) ]
o
o

2000

1500

1000

500

W bosons in pPb at 5.02 TeV

CMS, PLB 750 (2015) 565

*
L

|
vl

-

*]

—— Embedded W — u + MET

Selected u* +

MET cut I;lr > 20 GeV

(] pPb 2013 data, towards -n
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http://inspirehep.net/record/1353541
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* No strong

Direct Photons at RHIC

Isospin effect

————— EPS09 PDF [5]

— — — prompt+qgp [2,4]
coherent+conversion+A E [3]

Au+Au,\|sNN=200 GeV

directy R,,, 0-5% !

AA’

© T

2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

nuclear modifications down to pt = 5 GeV/c

» systematic uncertainties limit measurement at low pr

PHENIX, PRL 109 (2012) 152302
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http://dx.doi.org/10.1103/PhysRevLett.109.152302
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* No strong

Direct Photons at RHIC

(> 1 enhancement

{ =1 no medium effect
< 1 suppression

dNaa/dpr
Ncoll ) dep/de

Raa(pr) =

\

Isospin effect

————— EPS09 PDF [5]

— — — prompt+qgp [2,4]
coherent+conversion+A E [3]

Au+Au,\|sNN=200 GeV

directy R,,, 0-5% !

AA’

© T

2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

nuclear modifications down to pt = 5 GeV/c

» systematic uncertainties limit measurement at low pr

PHENIX, PRL 109 (2012) 152302
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http://dx.doi.org/10.1103/PhysRevLett.109.152302

Summary EWK Probes

I I I | I I I | I I I | I I I | I I I |
: CMS T4 Uncertainty |
" PbPb s, =2.76 TeV i
i p —u 7 lyl<2.0 |
0-10%,fL dt=7ub
2 B e W p:>25 GeV/ic In'l<2.1 |
i —e— lIsolated photon  Inl<1.44 |
1.5 —
< i |
<C
o r . -
=tppoal
0.5 -
O i ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | |
0) 20 40 60 80 100

M [GeV]
e Yield of electroweak bosons scales with the Ncoi

» confirmation of Glauber model

» validates concept of Raa to measure modifications of hard probes
* W and Z bosons new probes at the LHC
* Nuclear PDF effects at the level of 10-15%
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No energy
loss for y's

energy loss
forqand g

)

|

Jet Quenching

29



Jet Quenching

(> 1 enhancement

Raa(pr) = w7 de;‘%dpz { =1 no medium effect
coll * ANpp/dpr | <1 suppression
No energy Y
loss for y‘s
s
energy loss 1 \
forqand g

* Naive scaling of hard probes with number of inelastic NN collisions

» Pb—Pb = many independent pp collisions

29



dN a4 /dpr

/

\

Raa(lpr) =

No energy
loss for y‘s

1

energy loss
forqand g

Ncoll ) dep/de

\

“ I

Jet Quenching

> 1

<1

enhancement
= 1 no medium effect

suppression

AA

107"

| ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
- ALICE Pb-Pb |5, = 2.76 TeV |

charged particles, n|<0.8

e 0-5%
u 70'800/0
I R N R AT SO SO N N ST S R T B R R R
0 10 20 30 40 50
P, (GeV/c)

* Naive scaling of hard probes with number of inelastic NN collisions

» Pb—Pb = many independent pp collisions

o Strong suppression of high-pr hadrons in central Pb-Pb

» energy loss in the QGP

29



Jet Quenching

.
> 1 enhancement
dNga/dpr .
Raalpr) = ¢ =1 no medium effect
NCOll M dep/de < 1 Suppression é | I I I I | I I I I | I I I I I I I I | I I I I |
\ 0 ALICE, Pb-Pb, |s,, = 2.76 TeV

charged particles, | < 0.8 norm. uncertainty
No energy | craseapandes<os neaany
loss for y‘s N 5
- ‘ "‘¢: \ ‘ﬂl - e Elyunn® -Ihh-“-”-"?
i ‘ ’o:. ‘_';——“/‘ “""l""""‘l,‘,,_.._.._.wvh'-""‘“""""MM |

//' “““ 7"_“ -----

= y;../ """" = = HT (Chen et al.) lower density

S 2Rt = = HT (Chen et al.) higher density
10\ w7 7 — HT (AM) —
- ST T ASW (TR.) .
/ N e -..= YaJEM-D (T.R.) N
J N o - = = elastic (T.R.) large P___ i
energy loss i - © ALICE (0-5%) - - - elastic (TR) smal P |

IIIII 0 i i
forqgand g - - mowsesw WHDG (W.H) 2 lower it
L1 1 L1 1 [ TR RN AN N A TR T AN SO N B

0 10 20 30 40 20
P, (GeV/c)

* Naive scaling of hard probes with number of inelastic NN collisions

» Pb—Pb = many independent pp collisions

o Strong suppression of high-pr hadrons in central Pb-Pb
» energy loss in the QGP

 Model QGP energy loss: fundamental properties of the strong interaction
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pp — jet+]et
Js =200 GeV Jsnn = 200 GeV)




Dihadron Correlations

pp — jet+]et
Js =200 GeV Jsnn = 200 GeV)




Dihadron Correlations

0.2 — p+p min. bias (b) _
B il *  Au+Au central .
. e d+Au

2 Tia e EEFS R * ___*__: * = - *___ -- _-_*_-_ -

(1 /Ntrigger) dN/d(Ad)

" Ao (radians)

* Two peaks in angular distribution of hadron-hadron correlations

» near side: hadrons in the same jet

» away side: hadrons in back-to-back jets

 Back-to-back correlations disappear in Au-Au collisions

» near side correlation remains: “trigger bias”



Hadron suppressmn VS. /SNN

T T T I| I T T T I|
SPS 17.3 GeV (PbPb) GLV: dN,/dy = 400
GLV: dN/dy = 1400
GLV: dN,/dy = 2000-4000

O n° WA98 (0-7%)

RHIC 200 GeV (AuAu)

0 — YaJEM-D
O x° PHENIX (0-10%)
---- elastic, small P___

* h* STAR (0-5%
STAR (0-5%) -.- elastic, large P___

LHC 2.76 TeV (PbPb)

-+=* YaJEM
® CMS (0-5%) — ASW
¢ ALICE (0-5%) PQM: <&> = 30 - 80 GeV?*/fm -

2 34 10 20 100 200
P, (GeV/c)

* Suppression increases with /snn
e SPS data at \/snn = 17.3 GeV consistent with unity

* Onset of suppression close to /snn = 20 GeV

* LHC: increase of Raa at high pt though still strong suppression at 100 GeV

CMS, EPJ C 72 (2012) 1945

gluons more important at LHC

‘ parton — hadron+X at p_=4 GeV/c : ‘

ontribution

q

o

2]
ALNRARRNRRRRR N

X
" NLO pQCD, KKP FF [W.Vogelsang]
1 11 | | | | I I | ‘

102 10°

J‘\I|III\|\I\I‘\III‘I\I\|\IH

Y
o

s (GeV)
p; = 5 GeV/c, Vs = 10-5500 GeV
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http://dx.doi.org/10.1140/epjc/s10052-012-1945-x

ATLAS

EXPERIMENT




] JATLAS
1 EXPERIMENT

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

SIS

Calorimeter




Jet Quenching at the LHC

I| CMS Experiment at LHC, CERN

? Data recorded: Sun Nov 14 19:31:39 2010 CEST
— /| Run/Event: 151076 / 1328520

) { Lumi section: 249

Jet 0, pt: 205.1 GeV'

Jet 1, pt: 70.0 GeV




Finding Jets

e Measure final state hadrons

* Goal: find the initial parton energy and direction
e Cluster energy deposited in calorimeters

* Two classes of jet clustering algorithm

» cluster based on proximity in space (cone algorithm

» cluster based on proximity in momentum (kr, anti-kr algorithm

search in cone with R = \/A¢2 + An? recombine particles close in
around seed particle momentum

typical radii: 0.3-0.5

37



e Strong suppression of jets
» pr(jet) > 130 GeV

* Energy loss of light quarks and
gluons

Jet Raa

pp 5.43 pb™ + PbPb 166 ub™ (2.76 TeV)

1.6

J_ [ [ [ [ [ [ [ [ | [ [ [ [ J [ [ [ [ | [ I_
- anti-k, jets, n| <2 *x R=0.2 CMS ]
— ¢ R=03 _]
14 B 4+ R=04 5
L e R i —
: 0.82 »* -
SO . ]
- = - -
0.6: e ok - .
0.4 = —
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Dijet Imbalance VS. Centrallty
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 Strong modification of the dijet asymmetry
CMS, PLB 712 (2012) 176

» more dijets with large asymmetry

» surface bias: leading jet is quenched less — larger asymmetry


http://dx.doi.org/10.1016/j.physletb.2012.04.058

Jet Fragmentation & Jet Shape
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 Excess of low-pr particles (high §) and long distance from the jet axis
* Depletion at intermediate pt and distance from the jet axis

* No modification at high pt (low ¢) and close to the jet axis
CMS PAS HIN-12-013
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Open Heavy Flavour



Heavy Quarks
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from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest

- graviton
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Heavy Quarks

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest
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Heavy Quarks

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest
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Heavy Quarks

1000000

100000

10000

1000

100

OQCD Mass
@Higgs Mass

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest
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Heavy Quarks
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 Charm and Beauty:
» 200-400x heavier than light quarks

» not affected by chiral symmetry

» produced only in initial hard
collisions

» production time: T ~ 1/mq ~ 0.05-
0.15 fm

» calculable in pQCD

from http://www.isgtw.org/spotlight/go-particle-quest-firs
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Hadronization of Heavy Quarks /)KV
 Charm quark-antiquark pairs /
produced in hard scattering DO

processes in the earliest phase of
the collisions C

& D2
+ * Charmed hadrons “long” lived
I v — identify typical offset of D-
Vi

meson decays (~100 pm)

DY - K~7" (hadronic)
100 pm D' - K e'v, (semileptonic)
D* — D% (excited state)
AT — pK~ 7" (charmed baryon)

Bt — ﬁo;ﬁyﬂ (semileptonic)

B’ — J/yK" (non-prompt charmonium)
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Energy Loss of Heavy Quarks

 Radiative energy loss AEF-tM

rad

x asCrgL?

* Dead cone effect suppresses gluon radiation for small angles

/%%

dlrad Q ascR kz dlrad 1+ 92 -
“dw dk% 7 (k% + w292) “ dk7 62
. Mg 1 .
» with ) = — = — Yu. L. Dokshitzer et al., JPG, 17(1991) 1602
Eo v Yu. L. Dokshitzer et al.PLB 519 (2001) 199

» and gluon transverse momentum kr ~ w6

* Mass dependent energy loss:
AE, ¥ AE, > AE, > AE,

* Expect mass ordering of suppression:

= Raa(m) < Raa(D) < Raa(B)


http://inspirehep.net/record/323756
http://inspirehep.net/record/558595

D mesons at the LHC
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* No suppression in pPb

» variations in agreement with expected nuclear PDF modifications

e Strong suppression in Pb—Pb is a final state hot medium effect



D meson azimuthal anisotropy
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* v2>0:
more particles emitted in plane than out of plane

e Strong azimuthal anisotropy of D mesons

» Comparable to light hadrons

out of plane

* Low pr: collective motion

* High pr: path length dependent suppression
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* Need radiative & collisional energy loss to describe Raa
* Radiative energy loss does not produce enough vz, challenge to models

 Charm quarks interact strongly with the medium and participate in the
collective motion
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Heavy vs. light flavour
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» Mass ordering is not observed

« Similar suppression of D mesons and light hadrons at high pr
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Heavy vs. light flavour
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» Mass ordering is not observed

» fragmentation functions differ for light and heavy partons

» probe different parton pr
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e Solution: we compare hadron pt and not parton pr

|
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« Similar suppression of D mesons and light hadrons at high pr
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Charm vs. Beauty
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« CMS observes suppression of non-prompt J/{ from b hadron decays

* Matching pr intervals to probe similar D and B pr ranges
» J/P pt ~ 3 GeV lower than B pr

 Observe mass ordering of suppression in central Pb—-Pb collisions

» could be fragmentation but mass dependence reproduced in models
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Charm vs. Beauty
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