Uvod do fyziky srazek té&zkych iontd

Martin Spousta

Ustav Casticové a jaderné fyziky




Uvod do fyziky srazek té&zkych iontd
(... a trochu toho, co delame)

Jiri Dolejsi, Tomas Kosek, Radim Slovak, Martin Spousta

Weizmann (IL) Laussane (CH)
former: Petr Balek, Martin Rybar, Pavol Stefko, ...
Urbana (USA)

Ustav Casticové a jaderné fyziky




Co se deje v proton-protonove

srazce?
A * Pokud si dva protony predaji dostatecne velkou
hadrony /7/' A 2N\ I
Y hybnost Ize srazku (nepruzny rozptyl) popisovat
poruchové v ramci teorie zvané kvantova
- Z partony chromodynamika (QCD, chroma = barva,
/ N nové kvantové ¢islo).

hadrony%

* Parton: kvark nebo gluon nesouci

urcitou frakci hybnosti protonu.

V prvnim rfadu poruchové teorie si
typicky dva partony vymeéni barevny
gluon za vzniku jinych dvou partond.

* Diky confinementu nemuizeme po-
zorovat volné kvarky, jen bezbarvé

gluony. Jet: pfi velké predané

hybnosti hadrony tvori kolimovanou

sprsku, kterou nazyvame jet.

Oceff (Q 2)

* Dva zakladni pojmy v této teorii: partony a jety.

probing small distance scales (x) —

Cocp(Q°) 0aep(Q7)

)
¢ Landau
;' pole

T

confinement

........ asymptotic
""" freedom —

large momentum transfer (Q°) —
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Co se deje v proton-protonove

srazce?
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* Mimo tvrdeé procesy v pp srdzkach 2x10% 3x10? 10° 2x10°

vidime mnoho zajimavych jevl M, [GeV]

spojenych s tzv. ,,soft QCD* (difrakce,

korelace mezi produkci tvrdych a mekkych Castic & ,underlying event",
barevné vazby, multipartonové interakce, nenulova pocatecni transversalni
hybnost, ...)




Spektator i
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Horka husta hmota,
relevantni stupné
volnosti jsou
dekonfinované
kvarky a gluony

* Nejde o superpozici mnoha p+p srazek (RHIC).

 Vznika ,dekonfinovana hmota“ (T t2tce = 170 MeV).




ProC srazet tezké ionty?

,‘ Jadro B

4Spektéuoﬁ \
jadra B ¥ Horka husta hmota,
relevantni stupné
) ) , , . . . volnosti jsou
* Vznik dekonfinované hmoty by nam mel umoznit: dekonﬁnojvané

kvarky a gluony

- Prozkoumat kolektivni jevy spojené se silnou
interakci a studovat silnou interakci v neporuchovém rezimu

- Prozkoumat otazku fazového prechodu mezi dekonfinovanou hmotou
volnych kvarkl a gluonu a hadrony. Lépe porozumét hadronizaci.

- Studovat problém vyzarovani.

- Studovat stav hmoty podobny hmot€, ktera byla pritomna v ranych
fazich vyvoje vesmiru.




Zakladni pojem: centralita srazky

evt

(1/N_ )dN_ /dZEr [TeV |

the most peripheral the most central  Centralita = mira prekryvu dvou
collision collision srazejicich se jader
* Vice centralni srazka — potencial
— pro vznik dekonfinované hmoty

» Kvantifikace centrality pomoci
celkoveé energie mérené v
doprednych kalorimetrech
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Zakladni pojem: centralita srazky
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Co vidime
ve srazkach tézkych iontd?

* Zmeny v pomerech produkovanych castic.
* Zmeny v celkovém toku energie (tzv. elipticky tok).

« Zmény chovani jetl a tvrdych ¢astic (,shaseni jetd“ a potlaceni
produkce charmonii)

* Rozptyl fotonl na fotonech a elektromagneticka produkce leptond a
mezonU v ultraperiferalnich srdzkach

 Produkce fotonu a dileptont s malym pt

* Fluktuace toku energie a vysSSi harmoniky




Co vidime
ve srazkach tézkych iontd?

* Zmeny v pomerech produkovanych castic.
* Zmeny v celkovém toku energie (tzv. elipticky tok).

« Zmény chovani jetl a tvrdych ¢astic (,shaseni jetd“ a potlaceni
produkce charmonii)

* Rozptyl fotonu na fotonech a elektromagneticka produkce leptonl a
mezonu v ultraperiferalnich srazkach

* Produkce fotonu a dileptont s malym pt

* Fluktuace toku energie a vysSsSi harmoniky
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Produkce hadront a pQCD

1 x
J (. ,u Z/ dd Qs(lIQJ)Dj(j:ﬂf-'Q)

O 1n 12
3 b2 C , QS((QQ)
<n(—;((c22)> X QS(QQ) - exp [4?Tb0 oD : (1 + 6a-2—ﬂ, )]
+
(nen(@)) = KLupp - (ng(Q))/r + no

l ® e e data
O pl(p) - p data

.. lze vysvetlit multiplicity
merfené v mnoha datech: A p(p) - p data, [n|=0, <0.5

e
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Produkce hadront a pQCD
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Produkce hadronu v HI
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... ve srazkach tézkych iontd

... modelovani: color-glass condensate
(saturace PDFs), stasticky termalni model, ...
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Produkce hadronu v HI
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Produkce hadronu v HI
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Produkce hadronu v HI

* Lze reprodukovat v ramci statistickeho termalniho modelu s grand

kanonickym rozdélenim: N T = (EDRE S kmy

A T e
k=1
InZ;(T,V, i)

- LT T T T rrTT L T T T T T
+ 10 Pb-Pb |/5,,=2.76 TeV =
, od C o . B ]
* \Volné parametry: teplota, %: 102;_ __54 0-10% centrality (N =356) _
baryochemicky potencial, objem. = ¢ T POA 1
© 10E T-I- _
. Uspech modelu_ <=> syster,n jev T *3“;‘ 1
tepelné a chemické rovnovaze o -
(jak nastava rovnovaha béhem 10'E g ]
velmi kratké doby = oteviena - . 1
otazka).
ok ™ Data (ALICE) R
° Flty StatiCkéhO mOdelu jSOU ? Thermal model, T=156 MeV (V=5330 fm") 3He ]
, , . e total (after decays) E 3 _\H N
vstupem do fazoveho diagramu A — orimordial E S
jadefnéhmOtY- OI - IO|.5| - 1‘ II1.|5| - 2| - |2.|5| - Bl’ B
Mass (GeV)
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Fazovy diagram QCD

Pressure (kPa)

Fazovy diagram vody

A
D o 0
Critical point
2208 +————-F———————— — - — — — C
|
Water [
Ice
: (liquid) |
(solid) :
|
10] == — - = = |
' |
' |
' |
06 +———~— : |
| | Water vapor | :
A || (gas) | |
T | |
T 1 T -
0 0.01 100 374
Temperature (°C)
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Fazovy diagram QCD

Pressure (kPa)

Fazovy diagram vody

A
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Early Universe
l LHC Experiments

Temperature

C
170 Mev- Srossover

Critical Point
Hadron Gas
_Vacuum

0 MeV—~
0 MeV

The Phases of QCD

Quark-Gluon Plasma

P

Superconductor

Nuclear
Matter Neutron Stars

900 MeV
Baryon Chemical Potential
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The Universe: Slow Expansion

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of A

Galaxies, Planels, elc.

400,000 yrs ,.'l

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Heavy-ion Collisions: Rapid Expansion

| colhspn evolutjpn particle
expansion and cooling detectors
kinetic distributions and

freeze-out correlations of
N A produced
lumpy initial cluster formation pesticles
energy density ' A%

—

QGP phase
quark and gluon

Sy Y Apte

N\

a SN P 22N
/ |

collision ¥ quantum
overlap fluctuations
zone

t~ 0 {mlc =~1fmic T ~ 10 fm/c

podobna hmota pfitomna: - 10 pys po Velkém tfesku
- mozna v jadrech
neutronovych hvézd




czke lonty a historie Vesmiru

Vlastnosti QGP béznych jednotkach

Teplota: 100-500 MeV
(10° x vic nez jadro Slunce)

Tlak: 100-300 10 Pa

Hustota: 3-30 10* g/cm?3

Heavy-ion Collisions: Rapid Expansion

collision evolution particle
' expansion and cooling detectors
kinetic ~ distributions and
ﬁ'eeze -out .1\ correlations of
{24 j produced
lumpy initial cluster forrnatlon g pariicies
i energy density /
- \ & .'
23 QGP phase : ¥ T
e‘ n quark and gluon M -
] N degreesoffroadom AT

\

\ I
collision ¥ quantum

overlap fluctuations
Zone

t~ 0 {mlc =~1fmic

podobna hmota pfitomna: - 10 pys po Velkém tfesku

- mozna v jadrech
neutronovych hvézd



Co vidime
ve srazkach tézkych iontd?

* Zmeény v pomerech produkovanych cCastic.
* Zmeny v celkovém toku energie (tzv. elipticky tok).

« Zmény chovani jetl a tvrdych ¢astic (,shaseni jetl” a potlaceni
produkce charmonii)

* Rozptyl fotonl na fotonech a elektromagneticka produkce leptond a
mezonu v ultraperiferalnich srazkach

* Produkce fotonu a dileptont s malym pt

* Fluktuace toku energie a vysSsSi harmoniky
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Elipticky tok

*V dekonfinovana hmotée panuji gradienty tlaku diky pocCatecni prostorove nesymetrii.
* Dekonfinovana hmota se rozpina v riznych smérech rizné.

* Tato rliznost Ize charakterizovat napfiklad pomoci Fourierova rozvoje v Ghlové
vzdalenosti vzhledem k roviné interakce. Omezime se na prvni netrivialni ¢len tohoto
rozvoje:

dN

= No(l + 2v9 cos 2(¢ — <I>RP)) V2 = <COS 2(¢ — (I)RP)>

... jeho velikost se nazyva elipticky tok (v»)

59



Elipticky tok

u L] L] L] I L] L] L] I L] : L] L] I L] L] L] I L] L] L] I I- B L] L] I L] L] L] I L] L] L] I L]
10000 EVENt 1 ATLAS Pb+Pb | cqo0ol Event 2 ATLAS Pb+Pb ] - Event 3 ATLAS Pb+Pb
: centrality: 0-5% VS=2.76 TeV : - centrality: 0-5% VS, =2.76 TeV 1 e6s00[Centrality: 0-5% V5u=2.76 Tev
pT>0.5 GeV,n|<2.5 | i pT>U.5 GeV,n|<2.5 | [ pT>0.5 GeV,[n|<2.5
| . -
E 39000-— —- 653000 66000
3
o [
% i - 65500
_2 380007 67000 -
=
65000
37000
66000
64500L 0 > A
Ad

* Tato modulace je typicky vyhodnocovana statisticky (tedy primér z vicero udalosti).
* Je vSak Casto viditelna i “pouhym okem” v kazdé udalosti zvlast ... tj. velmi silny rys!

* Kdyby tézko-intové srazky byly prostou superpozici mnoha pp srazek, tak bychom nic
takoveho nepozorovali.
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Jak Ize tomuto jevu rozumet?

Tento jev je uspésné modelovan v ramci relativistické hydrodynamiky, tedy
podobnymi nastroji jako v kosmologii ...

... zaklad relativistické hydrodynamiky pro idealni tekutinu:

__ 2 Stavova )
P = C4€ { covnice Dvé pohybové

rovnice
oM Ry
okt ( %_p)ﬁm“
N\ y
, — dv 1 _dp
Zakon zachovani = Vp Ny
energie a hybnosti dt e+ p dt
7
Rovnice I>ﬁ — _nai
kontinuity ot

o4



Hydrodynamika s viskozitou

Pro vysvétleni méreni (napr. vysSich harmonik) je nutné pridat viskozitu

¢ = —(e+p)2L e‘
- P |y
,l-)pJ - 1 (v,up> /l‘)u
€+ P

... Je mozneé extrahovat pomeér
viskozity vUci entropii —
parametr ma univerzalni limitu:

0, h

s Ar

... jedna z oblasti, kde Ize spojit
realitu experimentu s
predpoveédmi z teorii strun
(AdS/CFT)

out
— _— MV
(6+p+H%M#+WWO
e (VH 1)+ (T, A
€ + p + H ? Y
25 ' ’ : ' ™ T
o STAR non-flow corrected (est.)
e STAR event-plane
20F -
®%%00,° oe® 1/5=0.08
2 15F ..0“'. e
g o** ﬁ’oooooo 009
5 " MOOO 1 1/5=0.16
~ 10} &® #°° . |
> L |
.
| 1 |
2 3 4
p [GeV]
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Co vidime
ve srazkach tézkych iontd?

* Zmeény v pomerech produkovanych cCastic.
* Zmeény v celkovém toku energie (tzv. elipticky tok).

» Zmény chovani jetl a tvrdych ¢astic (,shaseni jet(“ a potlaceni
produkce charmonii)

* Rozptyl fotonl na fotonech a elektromagneticka produkce leptond a
mezonu v ultraperiferalnich srazkach

* Produkce fotonu a dileptont s malym pt

* Fluktuace toku energie a vysSsSi harmoniky
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Jet quenching

* QCD medium produkované ve srazkach tézkych iont modifikuje jety = jet quenching.
« Jet quenching = parton prochazejici mediem ztraci energii vyzarovanim gluona.

 Jak popisovat radiaci (v mediu)? Zakladni otazka fyziky.

(quenched) jet

57



Jet quenching

* \VV rdmci poruchového popisu parton vyzaruje urcité mnozstvi gluont => modifikace
partonovych sprsek.

* Prvni priblizeni — miZzeme zkoumat: Jak médium modifikuje partonové sprsky.
* To Ize dosahnout:
— Studiem modifikaci vytézkl jetd

— Studiem modifikaci vnitfni struktury jet

(quenched) jet

o8



Objev jet quenchingu na LHC

V proton-protonovych srazkach jsou nejCasteji produkovany dva jety, které vzajemné
sviraji Uhel 180°.
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Objev jet quenchingu na LHC

50—: ET [GeV] AT LAS

1 Run: 169045
; 1 Event: 1914004
“ Calorimeter Date:  2010-11-12
30 I Towers Time: 04:11:44 CET
] i

I ‘

P, [GeV]

Tracks
30~

* Pozorovany velké rozdily mezi energii jetl v di-jetovém systému.

 Efekt kvantifikovan pomaoci:

Lty - E1)
Eti + ET2
— di-jet A¢ = |¢p2 — ¢1] ... kvantifikuje azimutalni korelaci

- di-jetové asymetrie Aj =

... kvantifikuje balanci v energii
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Objev jet quenchingu na LHC

J

(/N ) dN/dA

(1/N ) dN/dAo

(=}

et

—

Nevybalancovana
: energie
Centralita

N\ >

10-100% ] < TT2040%] < T TT1020%] < WS, %76 Tev 0-10% ]
= ] 2 ] = ATLAS ]

= 2 = Pb+Pb ]

EE gg gg Lyy=1.7ub™

= = 2 = 7

—_
=

10

u.g
J|E|IJ
< 10E < M T T T T T T
3 S | @PD+PDbData
% % [ Op+p Data
3 % F [JHuUING=PYTHIA
z 2° F Orme

PRL 105 (2010) 252303
(>500 citaci dle inspire)

Ad

Vybalancovana
“orientace”
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Pozdeji pozorovano tez druhem
experimentu (CMS)

Evert Fraction

Ewent Fraction

I I " ] I L L T L Tt L L L
CMS ILdt:a.‘.Ll ph’ 'T'[h:' _[L dt=87ub" + (e

0.2 ® ppNzTOTEV = ® PbPbvz_-27eTeV 771 Pr,= 120 GeWic
EEPITHIA '}L {44 PYTHIADATA ¥ +]¥ P, = 50 GeVio
Arti-k,, A=0.5 1 + lberative Cone, Rzos | + _+'i+ ERREY ]
L Pt -
0.1 il | = —_ —
zl ] -

| + 50-100% | '|+ 30-50%
: i _] |
(d) 1 (@) 1 (B 1
0.2 Ay - _._| | i

+
.-
-

5 . 1 {
0.1k + T 4 # 7z T
i i { | -
.} : + 4 l_ *
o 230% | 10-20% 1 | 0-10%
U-"""'J"""""I""'L PR |-r|.: el e aee LTLE.I' "lJ—I—I—I—I:-.h.L.hJ..-L..L.J.-L.:I-T.-}‘J—I—I—I—l—I—I—I—I:

i 0.2 0.4 0.6 0.ge 1 0.2 0.4 0.6 0.8 1 02 0.4 0.6 0.8 1
A= I,’p_r_ fp'r.;:'hf |:F:'T.f"p'r.z:'I
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Potlaceni produkce jetl

2
&N,

102

102

10

10°®

108

10710

II II I| I| I| T

i

T

ATLAS Preliminary ——0-10% (x10°)
anti-k, R =04 jets,|s,, =276 TeV _g_ 10-20% ( x 10°

2013 pp data, L;,, =4.0 pb! ——30-40%

)
2011 Pb+Pb data, L, =0.14 nb™  ——20-30 % (x 10*)
)
)

(

(

(x10°
—6—40-50 % (x 10°
—=—-50-60% (x107)
——60-70% (x 10™)
—&—70-80% (x 10°)

* Jetova spektra = spravne
normalizovany pocet jetl s danym pt

* Spektra mérena v Pb+Pb srazkach o
rlznych centralitach

*Ve strme klesajicich spektrech nelze
rozeznat modifikace => vycCisluje se
podil spekter v tézko-iontovych
srazkach ku spektrim v pp srazkach.
Nazyva se jaderny modifikaCni faktor,
RAA-

* () Pfesna definice Raa:

2 A7 PbPb
1 d Njet

Nevnt dedy cent
R = PP

<TAA > cent X dejde;
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Jaderny modifikacni faktor

RAA

—_

! ! ! ! T ! I ! ! !

 ATLAS Preliminary anti-k; R=0.4jets 2011 Pb+Pb data, L, =0.14 nb™" |

T T |Sw=276Tev 2013 pp data, L, = 4.0pb”" |

| 12<|y|<21
4IO | GIO — 100 2(I)0 | 4(I)O
PRL 114 (2015) 072302 p, [GeV]

* Kdyby byla tézko-iontova
srazka prostou superpozici
pp srazek, pak je jaderny
modifikacni faktor roven
jedne.

* Produkce jetl je potlacena
faktorem zhruba dva.

*( ) Potlacni studovano jako
funkce transversalni
hybnosti, rapidity, atd.
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“Reference”: Fotony a Z°

Data/JETPHOX

lf)_ ® T T T T | T T T
i + | 395 ATLASV_ AZ—ee .
| 0-10%(46 s | Pb+Pb|syy=276TeV  #Z 1 §
— H*% ---------------------------------- o(+6) | <= Data 2011 L =0.15nb" vZ—pp B
L - o >° t o

o ++ t 10-20%(+4) 41 “+

_ + +TL . N Pie10GeV gy i +z+ i

R I u* """"" = T
21— ! %I 10<pZ<30GeV iy + ‘+‘3+ —

A 20-40%(+2) | - oo B
| B
7 7 0 100 200 300 <Npart §100
e *##% """"""""" T TRl
L L e Fotony a Z° nevykazuji zadné potlaceni.

0 100 200 300 - o
=> Normalizace (Glauberuv model)

funguje dobre
=> nPDF nehraji vyznamnou roli

photon P, [GeV]
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Zmeéna vnitini struktury jetu

*V prvnim velmi hrubém
priblizeni si lze jety predstavit
jako gaussiany: rozdéleni
energie mezi hadrony v jetu ma
néjaké maximum a pak klésa.

* Netrivialni struktura jetu je
presné predikovatelna v ramci
PQCD (velmi komplikované

vypocty).

* Jeden ze zékladnich zplsobd,
jak charakterizovat vnitrni
strukturu jetd je divat se na
rozdeéleni transversalni hybnosti
¢astic uvnitf jetd

37



Zmeéna vnitini struktury jetu

’-T_ I I [ III| I I I T T TT
£ 102 .
a 107 ATLAS E D(pT)’cent
ED o © Pb+Pb \/SNN=2.76 TeV E RD(p’f) —
o 014 nb" | D(pr)l60—80%
10;0 o A A = - ©] _§
o (©] — ~v - .
e i SR ] Kdyby se struktura neménila, tak je
* A . ) ~ Ve
I T l tato veli¢ina rovna jedné, coz neni
127 v e 0 A O O E
- v g E ~ T T
i v e N e ] 516k ATLAS
i D N W e X "°F Pb+Pby/s=2.76 TeV
107 5 voR RO 1.5F (14 b
- ©0-10% x 2 A el antik. R=0.4 ]
- 910-20% x 2° g, 14 ooy ]
Ll 220-30%x% 2" N ew 1.3 Py P10 GeV
10°E ¢ 30-40% x 2° o8 12__{ { 0-10%/60-80% . |
- ¢ 40-50% x 22 At “E
- * 50-60% x 2' v e 1.1 * | )
1073k v 60-80% - 3 ; .
“[JSystematic  anti-k; R=0.4 : by p ! E
- Uncertainty pJTet>1oo GeV 0.9F y .
-4 IR | Lol 08: — . ]
10 10 10° 10 10°

PLB 739 (2014) 320 p, [GeV]
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Modifikace jetu ...

< amaseeimey e oo | 2 Earas S
X "FE Pb+Pby\[s=2.76 TeV :
1SE 0,14 nb E
1.4F anti-k; R=0.4 3
14 p>100 GeV E
HER. 0-10%/60-80% , |3
1.2F |
116 4 l
: : 7 } * f
0.9F byt 3
0. gl L
10 ’
SN [GeV]
| 12<|y|<21
0 4I0 | 6I0 I | I100 2(|)0 | 4(|)0
p_ [GeV]

... fyzikalni obrazek?
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Parametricky
fenomenologicky model

. et 1et
dng(py') dn (5" +S0)) (g 28
dp't dp's! dp's!
T

Spektrum “zhasenych” jetl daného
flavoru na danem pt

ot Y
g — g I 4 Energetické ztraty

EPJC 76 (2016) 50
PLB 767 (2017) 10
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Velikost energetickych ztrat

-et X
S =5 | Z=
Pr1o

Bl S [
i 4 Minimization 1 8 7L 4 Minimization 1
8¢ - i
- —— Minimization 2 ¥ 6 @ Minimization 2
[ ¢ 5l
L $ -
- e ¢ A 4l-
B ¢ i
Af ¢ 3k
| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
100 200 300 400 0 100 200 300 400
Npart Npart
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Velikost energetickych ztrat

.et (@
S =5 Z=
Pro

Kvark s pt=40 GeV

0.8

<

0.6

4 Minimization 1

= Minimization 2

L B LD S

0.4

¢! e
¢ ¢

o)

Efektivni mocnina

zhruba 0.55

O|||

0

1 1 I 1 1 1 1 I 1 1 1 1 1 1
100 200 300

| |

(p1.0) ztraci zhruba

5 GeV, 100 GeV kvark
pak 8 GeV

s' [GeV]

—_—

Ztraty nelze extrapolovat do nuly
=> néjaka dalsi fyzika (nPDF?,
limity Glaubera v periferalnich

srazkach?, ...)

400

part
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Modifikace fragmentacnich funkci

5 1.6
5 [
a4
1.5
. . 1.4
Mala z — dynamika
meékkych gluonl — | 1.3

stoji mimo tento P
jednoduchy model ;1 2F

1.1

0.9

0.8k

® 0-10%

analytic

— analytic+soft

Modifikace fragmentacnich
funkci na velkych z a
stfednich z. Predpoklad:
parton ztrati svoji energii a
posléze fragmentuje jako
ve vakuu.

d
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Extrakce “color faktoru”

*Color factor (cg) = kvantifikuje rozdil pravdépodobnosti vyzareni
gluonu gluonem a gluonu kvarkem.

*VV LO QCD ve vakuu cg = 9/4 ... podil Casimirovych invariantt

5 V QGP
f mediu
- NLLA limit, r=C,/C=2.25 \/
A, .1 1.78+0.12
) I:F
=T ]
; o CDF, E =41 GeV |
/I_ ---------- Gaffney & Mueller, 1985 © CDF E. =53 GeV i
- — Catani et al., 1992 ® CLEO l ]
—--— Lupia & Ochs, 1998
Ve VakUU ——— Capella et al., 2000 A OPAL ]
10 100
Q, GeV
Martin Spousta. UCJF 44
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Partonova sprska vyzaruje v QGP z velke Casti koherentné s barevnym
nabojem, jehoz hodnota odpovida hodnoté barevného naboje pocatecniho
kvarku Ci gluonu.
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Vyzarovani jinych objektl

> < . >
T2, [ Iyl<24,65<p <30GeV =3, [ lyl<1.6,65<p <30GeV
oC 1.4r modeIT— light quark B:{ 1.4 - :j |T{|-
- model - gluon — - model - light quark
1.2 e CMS, JHEP 05, 063 ? 1.2F model - gluon
B O CMS PAS HIN-12-014 =3 i e CMS, PRL 113, 262301
i T 4
B 1
0.8F 0.8
o i
_ i ®
0.6/ 0.6 \
0 4: 0-4: —
0.2 0.2 | 95% C.L.
O_ I | I I 1 1 | 1 1 1 1 | | | | | 0: ] ] ] ] | 1 ] ] ] | ] ] ] ] | ] 1 1 ]
0 100 200 300 400 0 100 200 300 400
Npart Npar’[

Potlacni charmonii (mezonl z ¢ anti-c kvarkl) Ize vysvétlit jako
dusledek vyzarovani, jehoz charakteristika je podobnéa vyzarovani
jednoho lehkeho kvarku.
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Zaver

*Srazky tézkych iontl nejsou trivialni superpozici mnoha pp
srazek. V centralnich tézko-iontovych srazkach vznika
“dekonfinovana” hmota = volné kvarky a gluony.

*V centralnich srazkach tézkych iontl pozorujeme znacné
modifikace jetll (Ci obecné veli€in charakterizujicich procesy s
velkou predanou hybnosti) popisované v ramci kvantove
chromodynamiky.

* Zkoumani tvrdych procesu v téZko-iontovych srazkach by nam
melo umoznit lepsi pochopeni silné interakce.

*Ve srazkach tézkych ionttl pozorujeme zna¢né modifikace
celkového toku energie. Tyto jevy popisuje dobre relativisticka
hydrodynamika, ktera do urcCité miry umoznuje spojit fyziku
srazek tézkych iontt s kosmologit.
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ATLAS

LHC = bezprecedentni urychlovac,
ATLAS = bezprecedetni experiment
(do znaéné miry)

Bezprecedentni publika€ni strategie :-)

\\/ﬁ
Publication approval process
1. Subgroup approval

2. EdBoard formation
3. WG approval
4. EdBoard approval

5. First reading
—> EdBoard approval

6. Open presentation
—> EdBoard approval

7. Physics coordination and
Publication committee approval

8. Spokes person approval
9. (CERN management approval)
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Direct photons

» Direct photons should be unmodified by the QCD medium —> N__, scaling expected to work.

* Photo-production calculable in QCD at NLO.
* Influence from nuclear PDF. —

. — Salgado, et al 2011

SOOOBIN00 F%;,} / - 1
1 QCD Compton % - . 14 F
NANANANANN, ,//’ l /l/? ] C
e AVAVAVAVAVAVAVAVAY 1 o~ 12 —
= -
————————% 500000000 PAANANAY S IF
qq Annihilation § 08
e IVAAVIVAVAVIVAVAN e« GO0000000 el =
':_"?_] 0.6 —
- 1 Iele} f '\-.}i :
D0000000T - 39?,?,__\\me S_04F
1 Fragmentation A sy & -
ODOOTT00 S = - i L 02 3

“In, ol ! ul ! | |

10? o 10’ 10 107 1

* Analysis of direct photons: x

— 0.13nb* of 2011 PbPb@2.76 TeV data

— Events triggered on 16 GeV EM cluster

— UE subtraction — same algorithm as in jets

— Standard eGamma reconstruction used on UE subtracted cells

— Signal extraction: shower shape cuts —> isolation —> double side band method for
removal of residual signal from fragmentation photons
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Direct photons: performance

E T 171 | LI I T T T I LI T T T }‘ 1 T T T T T T T T I T T T T I T T T Total efficiency:
g ATLAS PrelimInary E B P " — e -
3 10f o Data 4 & - T photon is
g [ L]Simulation 2 i ok reconstructed &&
N | — Converted 3= 0.8 ° — . . .
T - — Unconverted w - : R : identified && isolated
2 [ oo comem B l et T
D | + E ------- : ....... 1 .
S | I s ™ - B
= | . _—'—E O ATLAS Preliminary _|
- ] . s S —e— Photon ID £40-80% -
B I W Fhoton ID £20-40%
i 0.4—=" |- —— Photon ID £10-20% |
| - —*— Photon 1D =0-10% |
- —— Total £40-80% 4
107k _ 0.2 Total £20-40% —
: ] - Total £10-20% .
- ” M H ] - Total £0-10% ]
E L1 | L1 [ D 1 1 1 1 I 1 | 1 1 I 1 1 1 1 I 1 1 | 1
0 02 04 06 08 1 0 50 100 150 200
W, photon P, [GeV]

* 10 shower shape variables can be used to discriminated photons from jets/hadrons. Data to
MC comparison provides input to the estimation of the systematic uncertainty.

* Further rejection of hardonic fragments achieved by imposing the isolation requirement
E. (R =0.3) <6 GeV.

» Double side band technique (R, vs tight/loose cuts) used to remove remaining contribution
from jet fragments.
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Direct photons: performance

_~0.0051 T —T T ] - 00050 T T
5 I ATLAS Preliminary 1 = F ATLAS Preliminary ]
< o HMINGEYTHIA o] T o HMINGEEYTHIA ] ~ 0.06— — : : : : : : : : :
C ] c - o P
r ] r — 1= - . ATLAS Preliminary |
B S e S 0009 e 7 o -_+- : HING+PYTHIA |
001f ++ ------ - 0.01F ., - °© : \ SNN:2'76 TeV
I +._‘_+'.' 1 N ] I |l’]| =0.8 T
1 - 1 -] 0.04 O 40-80% —
F -13<n 08 ] F 08<n<0 . ' o 0-10%
0.03; 50 00 150 500 0.03; 50 00 750 200 0.8<mi<1.3 |
photon reco p photon reco p S TR SN s e O 40-80% —
Ly 0-10%
_~0.005¢ ; —— . _~0D.0050 . — T - S
= F ATLAS Preliminary 1 = F ATLAS Preliminary . 0.02—
< ok HMINGARYTHA ] F g HBINGEPYTHIA e
g - ——] ¥ ] N . > ;
-0.005 -+ e -] 000G e e g —] - : g
— ] o —— ] - .
001 . 1 - - '
E E E ++M.' E 0 1 [ | 1 1 1 1 | 1 1 1 1
_ch15:_... O D B _: _.:}_|:|15: ............... D 8 _1 3 __: 50 100 150
. <n<0. ] E Bam<l
: . o ] ; . o ] photon truth p__[GeV]
0.0 50 100 150 200 0.05 50 00 150 200

photon reco p phaton reco p

* PYTHIA + HIJING photon energy scale better than 1.5%
(3% uncertainties from test beam studies).

» Photon energy resolution ~3% or less for photons with p.>45 GeV.
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Direct photons: results =

. .. — I 1T T T | T 1
* Photon yields corrected for total efficiency ﬁ 107k ATLAS P,e"m!nﬂ,y — 0-10%(x10?) i
: O - PO+PDYS =276TeV 4 10-20%(x10") .
s1g = 1
| d NT N A & e B \ |Li'|1 - ;33 ub = 20-40%(x10°% |
“\I— y (pr.c) = N = - % e *— 40-80% 5
LY et ( ;}T EtDt X | evi X ﬂ‘;}T g 1 05 B 1 — JETPHOX 130 |
= | R PYTHIA MC11 -
... evaluated for different centrality — ] ™ —5— CMS HI (<1.44)
bins and scaled by the nuclear thickness %{ N 8T —&— CMSpp (mi<1.44)
. _ e s]
function (<T,,>=<N_,>/0 ). >=102L d | i* L,_+ ]
* Photon yields compared to CMS result E.S I ﬁﬁ, N +|_ | |
and JETPHOX and PYTHIA MC11. -° ~ e ¥ I * 7]
- - ——
* Very good agreement between MC and Z ok %f '_,__+_;+7 |
data for all centralities. - g T .
* Total systematic uncertainty of 31%. - "““i _____ e N
Source Effect on yield 1 0'1 —_ 91 B —
Tight cut definition 20% i ]
Non-tight definition 8%‘ ~ Scale uncertainty from n
Isolation criterion 20% <Taa> not SWOWH
Energy scale 129, 1 0-3 Ll L T R T
Unfolding 3% D 1 OO 200
Event counting 1%
Total 31% photon pT [GeV]
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Direct photons: results

U T
S } -
« Ratio of Data to MC (JETPHOX) —~ = T 0-10%(+8)
for different centralities. W - Scale uncertainty from §
« JETPHOX MC: ;:‘; 6 <Taa> not shown
— CTEQ 6.6 PDFs, 5% uncertainty o R S -
@7 TeV e T 1020%(4) |
— No nuclear modifications of PDFs - 1 «+—+ .
included 4
— Hge uncertainties of 13% from B i
standard variation within MS IR 0 s s O 20-40%(+2) |
renormalization scheme i §
* Good agreement between data and 2
JETPHOX seen over the wide range i _
of photon pT => no suppression of N % ++ . 0-80% |
photons in the QCD medium. I et sio M
oL Lo L‘"‘|:1?3 “Pq Ilnl-:1|_3 I
0 100 200 300

photon oH [GeV] :
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Z boson

* Production restricted to the initial hard scattering —> clean “probe” of the QCD medium.
» Z bosons should be unmodified by the QCD medium —> N__, scaling is expected to hold.

* Z boson analysis:

— 0.15 nb™ of 2011 PbPb data

— two clean decay channels: Z->ee, Z->upu
* Selection of electrons:

- E>20GeV, |n|<2.5

— Shower shape and energy cuts in
the calorimeter

— UE subtracted from each electron
* Selection of muons:
— p;>10 GeV, |n|<2.7

— track quality cuts
. Z boson candidate event
FCal E. =158 TeV

m_ = 92.2 GeV

e

p;,=4.8GeV,y, =-0.2

Elcvtron: Heil

(‘-II:TWI."
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Z boson: efficiencies

== | | | |
Q - |
= -
% 1'0: D,J__].-,:TT:H-WF"-'_,'-_.{L"T-E“LJ_:
= = i - |
E 0 8 __ uﬂD —_
Q = n -
2 I _
- ATLAS Preliminary i
0.4 Pb+Pb \s\ =2.76 TeV ]
i Data 2011 i
- * electrons -
0.2 H - o muons =
- 5 e fit to muons .
0.0 L | & | l | ]
-0 10 20 30 40 50

Pl E2 [GeV]

- Electron trigger based on LAr. Efficiency ~98% for E.>20 GeV

—> pair efficiency 99.9%.

& 1.00

&

5 0.98

2

W 0.96

Q

% 0.94

=

- 0.92

=

1 0.90

N
0.88

L L

g

S TTvmwwae
. 4

« Muon trigger is combination of L1 and HLT trigger. Efficiency >90% for p.>10 GeV

—> pair efficiency 95-99% with a weak centrality dependence.

— ATLAS Preliminary
- Pb+Pb \s\ =2.76 TeV-
— Simulation 2011 —
- e (0-5)% ]
- = (10-20)% N
C ¢ (40-80)% ’

2

0 o2 [GeV] 10
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Z boson: mass distribution

P T T T 1 T T T 1 | T T T 1 | T T T T T T T 1 I T |_| T T 1 T T 1 T T 1 | T T - ——— -
~ - ATLAS Preliminary -

@ - Data 2011 Pb+Pb +

G, [\s=276TeV L, ,=015nb" L

£ [ T

_ Z—see [ Z—pp

E 100 e Opposite sign: 772 | e 1223

pr I oSamesign: 42 T o 14

] B -

C [ 1Simulation

Y70 80 00" 100 110 70 100 110
Mee [GeV] My, [GeV]

* Signal purity: ~95% in Z—>ee, ~99% in Z—>u.
* Data compared to PYTHIA embedded to HIJING events.
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Z boson: corrected spectra

" 'ATLAS Preliminary -

o = .
' ! $Z 11 *
= N
> Data 2011 Pb+Pb | "S>|5 6 —
G107 Sy =2.76TeV] © OpyTHIA :*—|_L
=8 L, =0.15 nb" 2 *J-{ $
Ty L 080)%] 'of J- ¢ -|_ |
p

o dN
a;Nevmis IDpoT
I
-

‘!_n

L

S N
=
| I

21-2;!”* -+ —+—+ I E gllzf_'—{l""'l""I""I""'l"
€ 1.0~ {-—*—*- t REN S t1 £10 ¢ ¢ ¢ B B

08F , *} *.f...i.. ] 0.8_—H_+m|*” S L
1 p_zr[Gev] 10 2 40

* Bin-by-bin correction for the inefficiency (as function of momentum, pseudorapidity, centrality).
* Reference PYTHIA for a shape comparison —> good agreement.
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Z boson: results

8|8 [ artharemniy  dode | 9 2 e mon | o ATLASPrbliminary-
L= 2 r 1 & [ E10%/05% Pb+Pb\[S,,, = 2.76 TeV ]
z 2 | Egg’gm: 2-(7}61?:”1 V2l T Data 2011 LT t ST y1<2.5]
e =U. vi—=nunp . |
|_%6- i . P -
< | | 2"_: —
i Al pZ = - 1 - (10-20)%/ (0-5)% 5
JL N I (I 2SS —
4 u* ) +++ n 4+
- * + . oy (20-40)%/ (0-5)% i
- pX<10GeV _ ? . E ]
B e R e
2 o 1n-q:f-:3m;ev +:+ ] -+t
- i$ ---------------- b L S O 2;_ (40-80)% (0-5)% f =
_____ e P — | = —— =
oo b o o b e by | -. . . v v o oo e 1L T

0 100 200 300 400 0 20 40 60 80
(N ) p” [GeV]

<Ncoll> scaling of the Z boson yields holds <=> no suppression of Z boson observed.
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Heavy flavor

* Open heavy flavor production measured via semi-leptonic decayed muons.
* Indirectly access the difference in the jet quenching for the c/b jets and light quark jets.

* Differences between light quark and heavy quark suppression expected (e.g. gluon radiation
at small angles supposed to be suppressed).

A Aut+Au @\Sy =200 GeV

] centrality 0-10% Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602.
Dokshitzer and Kharzeev, PLB 519 (2001) 199.
lyl<0.35

[*] heavy flavor [arXiv:1005.1627]
=] =" [PRLI101,232301 (2008)]

L5

0.5 No difference between light

o E g R i and heavy quark at high-pt
| | |||||[.||[|.]||||[|.]!E|[.|]|[|l]m[.|]|[|.]| |[.|]|[|.]| |[.|:I Observed at RHIC'
(b 1 2 3 4{ 5 6 17 B }9
P, [GeV/c]

* Open heavy flavor analysis:
— 2010 PbPb@2.76 TeV, 7 ub™ of MinBias events
— good muons with [n|<1.05 and 4 GeV < p; < 14 GeV.
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Heavy flavor: background
discrimination

Signal: heavy Background

* Background: muons from K/t decays quark hadrons K/TT
or from hadronic showers in calorimeter.

. B B . . D_ U 10:I T T T T T T T | [ | T T | T T -
Muon source separtated by 2 discriminants: [-O oF ___ Signal, 0-80% E
1) momentum balance S A Signal, 0-10% -

. O Signal, 60-80% =

APloss _ PID — PMS — Apeato(p; 11, @) 85 —— chr-llilround, 0-80%
PID DID 7 ----- Background, 0-10%

! ! 8 = A¢; 65 ----- Background, 60-80% ]
2) scattering significance | Dmsc - MC ]
5 =

/ - 5<p, <6GeV .

si— > s 4- o V -1.05<n<1.05 -

j=k+1 3F _ATLAS internal 5

: S - = E

S =max {|S(k)|.k =1.2,...} oF I" - s =

* Composite dlscrlmlnant/ r =0.07 1 _"er | i"H. E
1 }.}IDES D: -JI L1 | L 111 | L1 11 - l_J | Ll 1 | 'l_J:

¢ = 0 0.1 02 03 04 05 06 0.7
PID C

.. well distinguishable background from the signal => template fitting technique used to
separate them statistically in the data.




Heavy flavor: efficiency

w 1:| T T T T T T T T T T T T T T T T T | T T T | T T |: E I I [ | [ I'LI 1 | [
= E c I ® Pb+Pb s, =276 TeV)]
0.9 - —— = é:::-; 120__ ¥ Best-fit template
O R e S eaes = T sigra
08 TREETTE | e :
T E == - i B D ackground
06:— —— -+ 0-10% = 80 .
E ~5-20-40% ] i 1.05<n<105
0.5 — —+ 60-80% = 10<p <14 GeV
0.4F * = 60 0-10% ’
03E Simulation E 400 IL 47 b 1
0 25— - i <1.05 E 4 TLAS i
0' 12_ ATLAS Preliminary E 20;- \ mernat
e - > J o T
0:| L1 L..|=w=| i T B B RS B B (:}"':I Lo | TSR R
0 2 4 6 8 10 12 14 16 0O 0204 06 08 1
p, [GeV]

» Heavy flavor muon reconstruction efficiency as function of muon p.. No centrality
dependence. Plateau for p.>5 GeV.

* Template fitting using the RooFit package. Two component template with shift, stretch and
smear parameters to study the systematics from momentum resolution and scale shifts.
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Heavy flavor: results

HH

8_ 1.4_I T T T | L | L | T T T T T T | T T T | L T T T I_
CC — _1 -]
S o[ Ldt=7ub Pb+Pb E
2 ' - ATLAS internal YSn=2.76 TeV J

1= -1.05 <1< 1.057]
— (__';_ —
08f 1L =
0.6 + -
- l*Jr }J .
T . 6< pI <7 GeV ]
0° __ + 8 < p_< 9 GeV ]
- +10<ET<14Gev 7
_I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 I_

O 750400 450 200 250 300 350 400

<:Npan>

* R of HF decreases smoothly from peripheral to
central => clear suppression seen.

* R is p; independent. R in 0-10%/60-80% of
0.45 — comparable result to R, measured in jets.

- f, (fraction of muons from HF) increases as a
function of p..

- f, increases from peripheral to central collisions.




Backup — double side band
technigue

Non-tight C

HI Tight A

RAINEES

* Contribution from jets to the
signal region (A) estimated
using non-tight photons.

15 20
ET[RiSD:D.S} [GeV]

sig _ robs " a robs sig
» N, =N, _(_NH —::.*HN&]

* Have to correct for the leakage
from the signal region.

* Brent root solver used to get
the numerical solution

(N&™ —ceNy®)

! " s robs sig
(_NIJ —¢pN, )
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Backup — shower shape variables

R,,. the ratio of energies deposited ina 3 X 7 (n X ¢) window to that deposited in a 7 X 7 window,
in units of the second layer cell size.

wy,2, the root-mean-square width of the energy distribution of the cluster in the second layer in the
n direction

R. the ratio of energies deposited ina 3 X 3 (7 X ¢) window in the second layer to that deposited
in a 3 x 7 window. in units of the second laver cell size.

Rnad. the ratio of transverse energy measured in the hadronic calorimeter to the transverse energy
of the photon cluster.

Rhad1. the ratio of transverse energy measured in the first sampling layer of the hadronic calorimeter

to the transverse energy of the photon cluster.
Ws or. the total RMS of the transverse energy distribution in the 5 direction in the first sampling
“strip” layer

ws 3, the RMS width of the three “core™ strips including and surrounding the cluster maximum in
the strip layer

Fside. the fraction of transverse energy in seven first-layer strips surrounding the cluster maximum,
not contained in the three core strips (i.e. (E(x3) — E(x1))/E(£1))

E:atio, the asymmetry between the transverse energies in the first and second maxima in the strip
layer

AE, the difference between the transverse energy of the first maximum, and the minimum cell
ransverse enerev between the first two maxima. 66



Backup — jet suppression
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Backup — jet suppression

Rcp
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Rar — Neighboring jet Et

dependence

L | ATLAS Preliminary
0 10°F Pb+Pb 2014
O [ we= Vo= 2.76 Te\d
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Same trends of the sup-
pression but less clear to
see in the falling spectra

T; ATLAS Preliminary ; - ATLAS Preliminary
(4b] 3L - (4b]
Sl e | St :
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.

Spectral index from a power law fit.
Centrality dependence of the spectral

index: more central = less steep.
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Central-to-peripheral

ratios

P
Ryp
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Central to peripheral ratio of Ry as a function of test jet Ej.

—> suppression factor of about 0.5
—> suppression rather flat with Et

} similar trends as in the inclusive jet Rcp
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Central-to-peripheral ratios
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Central to peripheral ratio of Ryr as a function of neighboring jet E7.
Decrease of suppression with increasing jet Et ... may be expected for the
configuration of magnitude of neighboring jet E1 approaching the magnitude
of test jet Et (the per-test jet normalization in the R,r effectively removes the

suppression).
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Jet RAA
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Jet RAA

RAA
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Improvements in jet reconstruction
over the first analyses ‘

* The use of MC to real data overlay
*Improvements in the UE subtraction
*Improvements in the determination of the JES uncertainty:

— Studying the response as a function of parton flavor and parton
showers from different MC generators

— Determine the response and uncertainty based on in-situ studies of
gamma-jet and Z-jet correlations using in full 8 TeV pp data

— Use the fragmentation measurement to judge the impact of modified
fragmentation on JES uncertainty
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Unfolding

* Correction from the reconstructed 5 TATLAS Preliminary 3
- . .
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= ] =
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Unfolding performance for D(z)
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Unfolding
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Full set of R

D(z)

for R=0.4 jets
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Full set of R
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Fragmentation for different jet radi
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Quantifying the difference using
AD(2)=D(2)| . — D(@)lgo.59
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Quantifying the difference using

ADSZ):D(Z)lm_D(Z)lw
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D(z) recalculated to D(¢)

D(z) recalculated to
D(§) that was
previously
measured by CMS.

Direct quantitative
comparison with
CMS not possible

due to different
kinematic cuts and
acceptance
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Jet suppression: results

- Jet R: Central to peripheral ratio of jet yields
normalized by number of binary collisions (Ncoll).
- Jet R, measured as a function of jet p; and

collision centrality.

1 _1 dN

R — Neco1l Neve dpr cent
or T 1 dN

‘60 0%

Neco1l Nevt dpr

* Suppression of jet yields by a factor of ~2
seen in 0-10% central collisions with respect
to 60-80% peripheral.

* Systematics:

— black band: fully correlated systematics
(JES, JER, efficiency, x

— red boxes: partially correlated systematics
(regularization)
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Jet suppression: results

* R, as a function jet size: hint of a modest
jet size dependance.

* Models predicting strong dependence of
suppression on jet radii ruled out.

1.8 : : : . )
16k *R=20 Pb+Pb@5500 GeV ]
“L OR™=1.0 b=3fm )
S 14r DR::=O'7 2‘\\ S
:II r <R 0.4 - .
E 1.2 A F‘max 0.2 I-}‘/‘!P“Q\v t 008)

1
150

* Systematics:
— black band: fully correlated systematics
(JES, JER, efficiency, and N__)

— red boxes: partially correlated systematics
(regularization, x. , efficiency)

| ATLAS Preliminary Pb+Pb (s, =276 TeV
5 0-10 % Centrality J'L,ﬂz?pba
 158< p_<182 GeV ]
= g =———wnn __ &
[ | | |
F | I I
[ 83 < p_<103 GeV - ——
[ —— — e
d | | |
q | |
F 50< pT-:SBGEIJ_-_-_—____________________._.—-
e _——*  ——
i I I I
¥ I I I
3B< p <44 GeV —
g | | |
AR=02 A=03 R=04 A=05

Phys. Lett. B719 (2013) 220

87



Jet suppression: performance

Jet energy
resolution

Jet energy
scale
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» Jet energy resolution (JER) better then ~20% for jets with E.>75 GeV in central collisions. Insitu
checks of JER done by studying fluctuations in the UE (ATLAS-CONF-2012-045).

» Very good closure in jet energy scale (JES) for jets with E.>40 GeV. JES validated insitu using
track jets. JES uncertainty between central and peripheral collisions better then 3%.
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Jet fragmentation — Preliminary

D(z)
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Jet fragmentation — Preliminary
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Souvislosti a konzistence vysledk

Q: Can we built a bridge between charged particle R, and observed jet suppression?
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