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hard scattering processes in hadronic collisions

the cross section for the production of a back-to-back pair of hard partons in a hadronic collision can be written
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hard scattering processes in hadronic collisions

the cross section for the production of a back-to-back pair of hard partons in a hadronic collision can be written

oM~ i (@, pE)® S (@2, pp) 06 T (01 = 21 P1,p2 = 22 Po, 05 (1), Q% /1, Q% 1)

® high-p: processes result from interaction between parton
constituents [quarks and gluons] of the incoming hadrons
* parton content of hadrons described by parton distribution
functions [PDFs]

@ non-perturhafive objects

@scale [Q2] dependence driven [perturbatively] by DGLAP

evolution
@ universal, determined from global data fits



hard scattering processes in hadronic collisions

the cross section for the production of a back-to-back pair of hard partons in a hadronic collision can be written

o [ (e, pE)R [T (w2, p3) @69  (p1 = 1 Py, pa = 22 Po, s (i), Q° 1, @2/ 1R)

® partonic cross section
@does not depend on the details of the hadronic wave
functions [factorization]
@only involves high momentum transfers [short distance
and time scales]; all low momentum scales in the PDFs
@can be calculated to any order in perturbation theory
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hard scattering processes in hadronic collisions

the cross section for the production of a back-to-back pair of hard partons in a hadronic collision can be written
o [ (@1, p) O F ] (w0, 1) @69 T (p1 = 21 Pr,pa = 22 Py, as(ug), Q% /1, Q% 1)

what is factorized info the PDFs depends on the perturbative order to which partonic cross-section is calculated

[must be done consistently :: always be suspicious of calculations that mix perturbative orders - most likely they
do not make sense]

in principle three momentum scales [of the same order] are involved

factorization scale pir [separation between long- and short-distance physics] at which PDFs are evaluated
renormalization scale pir at which the coupling is calculated

hard scale Q2 that characterizes parton-parton scattering

the relation between these scales is fixed by higher order calculations :: to all orders the cross section does not
depend on pir and pig

a standard approximation is to take [at LO] pir = pir = Q2 :: their relative variation [by a factor 2, say] estimates
theoretical uncertainty

UAB_)M ~ fiA(xlv Q2) X ij(:E% QQ) & O/\-ij_ﬂd(plap% aS(QQ)) + O(l/QQ)



branching of hard parton

outgoing [virtual] high-p: parton relaxes virtuality down to hadronization scale by branching

branching independent of parton’s previous history [i.e. it also factorizes]

o ~ [ (21, Q%) ® fF (22, Q%) ® 6ij—k @ Dpx(2,Q°)

e fragmentation function [generic]
@ probability distribution for parton k to result in ‘state’ X
carrying fraction z of parton’s momentum
@encodes [ perturbative ] branching and [non-perturbative]
® X=parfon hadronization
@ fragmentation function only includes parton branching @in principle depends on separate scale pig [set here to Q]
® [perturbative] DGLAP-like evolution towards lower Q2

® X=hadrons [or jets]
@ fragmentation function includes hadronization
@ constrained from global fits to data [since factorizable and universal] with evolution
still driven by DGLAP [analogous to PDFs]
@different in MC event generators
= evolution [branching] down to hadronization scale followed by hadronization
prescription [Lund strings, cluster, local parton-hadron duality]



[perturbative] partonic branching

dz ozs
t— ajtZ/ — o P;i(2)D;(x/z,t)

evolution of the momentum fraction distribution of partons produced from original parton |
resums multiple branchings to leading logarithmic order O[ s log Q2)"]

parton splitting function :: probability of parton i to come from splitting of parton
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probabilistic interpretation clearer from integral formulation [also useful for numerical MC implementation]

D(z.£) = A(t)D(x, o) + A(t) /t d“A(ltl)/dz P()D (2.1

to tl Z
/
At):exp[—/ dt/
to

Sudakov form factor
o probability of no resolvable splitting between scales to and t

1)



branching + hadronization [pathway #1]

include hadronization in the definition of fragmentation functions

® scale evolution still DGLAP-like driven [as before]
® hadronization not understood from first principles

@non-perturhative information in evolution initial conditions
@constrained from data global fit
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branching + hadronization [pathway #2]

Monte Carlo event generators [PYTHIA, HERWIG] proceed differently

o probabilistic implementation of evolution [parton shower] with the Sudakov form fac
@down to hadronization scale [~ 1 GeV] A(t) = exp

ors ,

/ /
_/ d—f/dza‘s(t’z)P(z,t’)]
o t 2T

o identification of colour singlet objects [strings, clusters]
@colour information tracked to 1/N. accuracy [gluon = quark-antiquark pair]
®@hadronization by string-breaking/cluster decay
» long strings/large mass clusters lead to increased and softer multiplicity
» tuned to data :: ‘reproduces’ data extracted fragmentation functions
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coherent branching

so far we have assumed that successive branchings are independent

f«éf - f «ef

however, interferences play an important role

e coherence hetween successive splittings results in suppression of radiation of 2nd gluon at angles larger than 1st emission
angle :: angular ordering

®large angle 2nd gluon emissions cannot resolve quark and gluon separately :: emitied as if from initial quark

@gluon emission is colinearly singular :: dominated by strong hierarchy in emission angles

@not the full story [also need energy-momentum conservation for full description] but qualitatively right

Y




jet definition

the collimated spray of particles that results from the branching of the
original hard parton and subsequent hadronization of the fragments

in order to define a jet, a set of rules on how fo group particles into
a jet and how fo assign a momentum to the jet must be specified

:: properties of a good jet definition ::

the same for experimental analysis, analytical partonic calculations and
Monte Carlo simulations

collinear safe [the emission of a collinear gluon does not change what is
identified as a jet]

IR safe [the emission of a soft gluon does not change the jet]
is not sensitive to hadronization details

jet jet jet
Collinear safe jet alg. Collinear unsafe jet alg
a) b) c) d)

A‘AA‘AA‘A A‘Akglkk‘k A‘AA AA‘A A‘Akglkk‘k
]

jet1 jet 1 jet1

jet1

jet 2 (a) (b)
og X (—o) of X (+0)

Infinities do not cancel

0g X (=) Og X (+0)

Infinities cancel

jet jet

soft divergence

©)

[Salam 2009]



iet resolution scale

the jet definition is completed by specifying a resolution scale [jet size]

O

0.8
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Fraction of 2 or 3 jets

A

04 |

02|

, \ 2 jets

0O 0.05 0.2 0.15 0.2 0.25
Ycut

different jet sizes result in a different number of jets



° °
a n lI.I_ ki' I e II.S Cacciari, Salam, Soyez, JHEP 0804 (2008) 063

most commonly used [at present] jet algorithm [also in HIC]

define distance measures [R= ‘jet cone radius]

AR?.
d;; = min(1/p};, 1/p};) R;] AR} = (yi — y5)° + (¢i — ¢5)°

d;p = 1/191%&

sequentially recombine particles:

compute all dij and dis

find the minimum of the di; and dis
1f 1t 1s a dij, recombine 1 and j into a single new particle and return to step 1.

otherwise, if it 1s a dig, declare 1 to a [final state] jet, and remove it from the list
stop when no particles remain

um b wWwWwmN -

jet grows around hard seeds
collinear branchings clustered at the beginning

gives circular hard jets
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Ot i metn et Finder a/goriz‘/’zm

Several important prol;crti:e; that should be met by a jet definition are
[3]:
1. Simple to implement in an experimental analysis;
. Simple to implement in the theoretical calculation;

2

3. Defined at any order of perturbation theory;

4. Yields finite cross section at any order of perturbation theory;
5

. Yields a cross section that is relatively insensitive to hadronization.

Tevatron 1990
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JET Compos 1C1on

k 25% photons

15% neutral
hadrons

ﬁ A Typical Jet H

1-2% electrons
(conversions)

65% charged hadrons

Measure a JeZ‘?
Need 2o have control/ over a// COmponenZ‘S

Measire ofr ’ énoa)‘

ZA e Can,énownj rest From DATH + MC
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A Jet Detector

Primary sub-detectors: Siliconmtracker, ECAL, HCAL

muon chambers

[ |
om mm
Key:
| Muon
Electron

Charged Hadron (e.g. Pion)
-~ = = - Neutral Hadron (e.g. Neutron)
°°°° Photon

Silicon
Tracker

. Electromagnetic
)il " Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D Bammey, CERN, Febrwary 2005
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iet-medium interactions

Casalderrey-Solana, Salgado, Introductory lectures on jet quenching, arXiv:0712.3443 [hep-ph]
JGM, High-p: in heavy ion collisions: an abridged overview,arXiv:1202.0646 [hep-ph]



high-p: processes in heavy ion collisions

factorized description of hadron production at high-p: in heavy ion collisions is q,
phenomenological consistent, working assumption

OAB_)h ™~ sz(mla Qz) & ij(CIZ’27 Qz) & Ojj_)k & Dk—>h(zv QQ)



high-p: processes in heavy ion collisions

factorized description of hadron production at high-p: in heavy ion collisions is a,
phenomenological consistent, working assumption

JAB_)h ~ sz(mla QQ) & ij(x27 Q2) & Ojj_)k & Dk—>h(zv QQ)

PDFs [initial state]
e universal, non-perturhative
* scale dependence from DGLAP evolution
e determined from global fits [eA, pA]
e control of nuclear modifications essential
[cold nuclear matter effects]



high-p: processes in heavy ion collisions

factorized description of hadron production at high-p: in heavy ion collisions is a,

phenomenological consistent, working assumption

UAB_)h ™~ f’LA(xl) Q2) & ij(ZIfg, QZ) & Uij_)k & Dk—>h(zv QQ)

PDFs [initial state]

e universal, non-perturhative -
* scale dependence from DGLAP evolution L

e determined from global fits [eA, pA]
e control of nuclear modifications essential

[cold nuclear matter effects]

12 fm

hard partonic collision process [pQCD]
* |ocalized on point-like scale [~ 1/E1]

and thus oblivious to the surrounding
QCD medium




high-p: processes in heavy ion collisions

factorized description of hadron production at high-p: in heavy ion collisions is a,

phenomenological consistent, working assumption
AB—h A 2 B 2 71—k 2
o Nfz (xlaQ )®f] (3327@ )®O-w ®Dk—>h(Z7Q )

FF [final state]
* high-p: partons traverse in-medium

PDFs [initial state]
* universal, non-perturbative -, path length 0(10 fm/c) and thus have a
* scale dependence from DGLAP evolution .. long QCD time fo interact

e determined from global fits [eA, pA]
e control of nuclear modifications essential

[cold nuclear matter effects]

12 fm

hard partonic collision process [pQCD]
* |ocalized on point-like scale [~ 1/E1]

and thus oblivious to the surrounding
QCD medium




high-p: processes in heavy ion collisions

factorized description of hadron production at high-p: in heavy ion collisions is a,

phenomenological consistent, working assumption

(/

oM N (21,Q%) @ [ (22,Q%) © 67T ® Dyp(z,Q°)

FF [final state]
* high-p: partons traverse in-medium

PDFs [initial state]
* universal, non-perturbative -, path length 0(10 fm/c) and thus have a
* scale dependence from DGLAP evolution >N long QCD time fo interact

o determined from global fits [eA, pA]
e control of nuclear modifications essential

[cold nuclear matter effects]

12 fm

hard partonic collision process [pQCD]
* |ocalized on point-like scale [~ 1/E1]

and thus oblivious to the surrounding
QCD medium

jet quenching :: the modifications effected on the propagating parton, and on its shower, by the QCD medium it traverses




dual role of jet quenching studies



dual role of jet quenching studies

ultimately jet quenching studies [medium induced modifications of observed
properties of high-p: properties] allow for detailed characterization of produced
medium

high-p: probes are created early
their production mechanism is under good theoretical control

they can traverse a significant in-medium path length

the observable consequences of probe-medium interactions encode detailed
information on medium properties
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HOWEVER

full potential as medium probes limited by theoretical understanding of the
microscopic dynamics responsible for the observed modifications

jet quenching studies provide the necessary constraints on the dynamics



dual role of jet quenching studies

ultimately jet quenching studies [medium induced modifications of observed
properties of high-p: properties] allow for detailed characterization of produced
medium

high-p: probes are created early

t

t

t

neir production mechanism is under good theoretical control

ney can traverse a significant in-medium path length

he observable consequences of probe-medium interactions encode detailed

information on medium properties

HOWEVER

full potential as medium probes limited by theoretical understanding of the
microscopic dynamics responsible for the observed modifications

jet quenching studies provide the necessary constraints on the dynamics

what can conceivably happen to a jet that develops in the presence of a hot, dense and coloured medium?




iet-medium interactions [jet quenching]

induced radiation
e medium transfers momentum to jet components
- increases splitting probability and broadens radiation
- finite quark mass vetos small angle radiation [dead cone]
e medium disturbs coherence between successive splittings
- modified angular pattern

dynamics of emitted quanta color exchanges with medium
e fransverse transport of all jet components e modified colour flow in the jet
:: affects hadronization irrespectively of where it occurs

medium response to jet propagation
* recoil, ...

modelling
* piecewise description
 first principle probabilistic or effective formulation for Monte Carlo implementation
e embedding in medium



observables

jet quenching without jets ~ET1
hadronic spectra [Raa, correlations, etc...]
°® A}
in principle very sensitive to hadronization effects
E
jet quenching with reconstructed jets !

in principle less sensitive to hadronization details <
mechanisms irrelevant for parton energy loss may play significant role

a gluon radiated from the hard parton is energy lost for that parton, but not
necessarily so for that parton’s jet



parton energy loss [schematic]

Brownian ) )
motion I\” - N U

coh’ o=xE
o A AAAS 5500 OOV rg 7% (> :?.5,—.:7,5z:‘~?‘;: Zaadd 234 Vl\
Brownian motion
2 hard
> production 44 ’
(k1) ~ 4L oo W,
® 9 A 3 e o o
[medium |

accumulated phase

characteristic gluon energy G~ ,u_
< kiL > qALQ @/ ’ 5

W w w .
kJ_ ~ qtcoh Jv
number of coherent scatterings
1 parameter medium definition
N teoh / W W
coh \ co ki qA

gluon energy distribution

d]med 1 dl; QA non-abelian LPM
W— ~ » ~ Qg =
dwdz Ncoh dwdz @/

average energy loss

e d-[me A
AFE = / dz/ wdw = AW, ~ asGL>
dwdz




in-medium parton propagation

medium as set of static localized scattering centres

Y R 1 R A P
- g SLPHP) /dwe u(p') tgAy, ()T " u(p)

>

W (x) = P exp [@g / d:v+A(x+,x)]

X1 oy, x3 L4 Ln,

eikonal propagation [parton energy much larger than medium kicks]

G(b, a) = / Dr(z., ) exp {zp; / dz, [ﬁ]? W(r)

beyond, but close to, eikonal propagation [allow for transverse brownian mofion] of radiated gluon



single gluon emission [BDMPS]

building block for parton energy loss calculation [modified splitting kernel]

S | T | | |

2\ _ 92
((Maspe|”) = 2Re

1 [L+ Ly . _
—2/ dCIZ+/ d.fl_f_i_/dXd)_( GZkJ‘(X_X) X
k+ L0+ T4

N2 -1
c1 0
<Waa1 (ny0—|—7x—|—)Ta1b1 @G61C<y = 0, 245X, L_|_)Wblb(0,33-|—, L"‘) X
a _
WbTbl <O :C+7L—|—)6chcl (X L‘|" O T )Tbc11a1W;r1a(ijO+’x+)> -
2 k, [M* -
_Ek._;_/ daj+/dXeZkJ‘x<Waa1 (0,$0+,£U+)T511b1 A
1 Jxoq
0 c1 7t
@Gclc(y =0,245%x, L) X W (0,24, Ly )Ty Wala(0’$0+’L+)> i
_|_4920R

k1



medium averages

local in longitudinal space [scattering centres are independent, no colour in between them], only 2-point
field correlator is relevant

N )W) = e exp{—ig [ oAl (wr.x0)) x

xexp{ig/d$+A—(5€+,YL)}>

expand Wilson lines, perform colour algebra, etc.

%TI‘<WT(XJ_)W(YJ_)> e {—%/dﬂrn(fﬁﬂg(}u — XL)}

dl OdSCR Lt 2 —ik
k 2 doy [ d®x e o
+dk+d2kL (2m)2k; Re/ x*/ e

: / L+_ Lt den(€)o(x) O
X | — dz,. e /C(y =0,24;X,T1) —
{ - oy - Ox

k, 0

OdsCR 1
2
% k4

IC (P(ZU_|_),£E'_|_;I'(£'_|_),CI_Z'+) = /Drexp [/ : d€ <Z%r2 — —n



numerics

energy loss of leading parton — longitudinal softening

a BDMPS (w.L= o)

wdl/dw

75 [
15 [wlL=40000

f 52
125 © q
10 w,L=1000

0.75 -
05 [
: w.L=1000
0.25 1
O E | | Lo
1072 1072 107 1
w/w

ki broadening

wdl/dwdk®
© o o o o
- N (O] ~ [0)]
\ IR A T

@]

|
©
—_—
\




opacity expansions

it is often useful to perform calculation in the opacity expansion [GLV]
this is an expansion on [medium extent/elastic mean free path]

in practical terms it corresponds to allowing for a finite total number of medium
interactions

N=1 opacity is then

-
(b)

much simpler framework

captures essential features



a whole lot left to say...
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adrom zation of bet/f+Aard

— parZ‘on Cioa/ eSCencCe

Fries, Muller et al
Hwa, Yang et al

fragmenting parton: |

recombining partonsﬁ
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Controls
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RATIC & L¥/C

STHR: Aeet+Hu at 0-2 faV

/.%/C -+ ’? >‘/IC J @@ evol, wlion of Jef ?é(enc/'}/nﬁ 7

\/dry enerqy o he Jef :
LHC: Vary 2he scale with which §GP is probed ( a la DIS)
Compare and contrast A TC and LYC



Pythia p+p
e LHC:\s = 5.5 TeV

J‘QZ\S /‘/7 /78@\/}/ "'/‘On %101
collisions A TC & LY/C ’°

— RHIC:\s =0.2 TeV
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Je?s in /7@&\/}/ —1ON
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K ZIC

Jets in heaty—ion emvironment - Few experimenta/ notes:
- /arge combinalorial Aac(’groana/\s ( especially at Y TC)
= enerqy withun an event varies From point to point (" Fluctuations ™)
- a plus for LYC is /. arger £inematic reach — abundance of /7/:9/7-'
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=2 various aqpproaches among experiments +for background
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- 15 Chere an optlimal jet detimtion for heaty—ion collisions (7)
=2 wuse multiple jet a/gor/Z‘/IMS (7 >)‘ swb ~jels (7 >)‘ 1 /Z‘er/nﬁ (7)
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’ Easier ) ( Zhan £ 2t// Jef relC.ons Z‘ré(CZ‘/on> exercirse:

Jet —?aenc/']/nﬁ via /. eaa//ng Ahadrons
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Nuwclear modificaddion Factor:
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’( AA for different parZ‘fc:/ e Z‘ype

Is ﬁd/‘fon enerqy /o5S different
For gluons, light —ouarks and heal/—-ouarks?

Epectation: Nég > NEye 7 NEy .,
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So ) a.)/’/y AOZ‘/’[@/‘ corth full JeZ‘ reConsStruction
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%/I Jef £ind /‘hﬂ .
deal nq o A Che Aac%groana/ enerqy

50GeV jEtB + minbias + ghosts

A single event: all particles clustered ( assigned”) Zo a jet
Mary of these objects are simply bacKgrocind
fnergy of Che s /3/74/ Jels overestimatled due Co 5&(1%3/‘04070/ enerqy
=2 Several possibilities to subtract the average Aac@roana/ and./ or
Suppress the background particles Land bacKgrowund jets]
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Je? reconstrection in >’/I colliSions:
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Bacégroana/ CorrecClions
in A2/ asS

s Reconstruction algorithm anti-k (0.2, 0.4).

s |Input: calorimeter towers 0.1 x 0.1 (An x A@).
s Event-by-event background subtraction: E52 =FE%" — ™ (1))x A®
==) Anti-k reconstruction prior to a background subtraction.

== Underlying event estimated for each longitudinal layer and n slice separately.

s \We exclude jets with D= ETtower/<ETt0wer>>4 to avoid biasing subtraction
from jets but no jet rejection based on D.

s lteration step to exclude jets with E_> 50 GeV from background estimation.
Jets corrected for flow contribution.

WRNONADDON




Eac,égroana/ S L(AZ‘raC’/Z‘/on / JeZ‘ energy
cCorrections (CMS >

PF pseudo-tower @) Event-by-event subtraction of the heavy-ion

0.087 (barrel) background

<€ >

- Reconstructed particles towered into an (N,y) grid according to HCAL
- cell dimensions

' * Mean tower energy and dispersion are calculated for each N strip

v| ko .l * Same iterative background subtraction applied in [0], described in [I]
! * Random cone studies: good agreement between background
fluctuations in data and HYDJET simulations
* The effect of quenching on the energy scale is constrained using the jet
N strip associated charged particle spectra

b) Jet energy corrections (JEC) based on GEANT
simulation of PYTHIA jets

c) Validation of the BG subtraction + |EC for PYTHIA jets
> embedded in HYDJET

0.087 (barrel)

[0] CMS, arXiv:1102.1957
[1] Kodolova et al., EPJC 50 (2007) 117



discussion of measurements



JeZ‘ ( Centra/—Peripheral

Krp @ Sinvlar as Ky, bl denorunador are not y/e/a/é £ ronr

prolon-proton

but £F

5 C e Centrallily 0-10%
o C .
15— ATLAS Preliminary
A e ]
o l
0.5: —— I T
C o Centraliy3040% .oy \ SNNI 276 TeV 1
15 L,=7ub’ =
- R=04 .
'1_ ___________________________________________________________ p—
+ 7
- _+_ l -
05— —_—r ‘[ -
- o Centrality 50-60 % .
15F -
) J ______________ E
—— .
05 | 1 -
100 150 200 550 300
E. [GeV]

R=0.4

o
&
C

O/ per/p/]erd/ /’h_eav}/ -—-/‘on CO/ / /‘5 /‘onS

e Centrality 0-10%

1.5?— ATLAS Preliminary —f
o B Dl o ptrast
05 o — o —8—$— A —
= + = o K 44 of hadrons
E . Centialiy 3040%  pp. pp \f;m;z?m:ev ]
15— L,=7ub’
1 e RE02

05

111 IIIII|IIII|I

e

" o Centrality 5060 %
15F

T Ny N AT

05F
50 100 150 200 250 300
E, [GeV]

R=0.2

Kep ~ 0.5 =2 SUppresSSion — Jez‘é /ooSe enerqy 1n mosSt central events
— 2he radiation 1s not caplured eontfun Zhe Jef cone ()



LAC: Di-jet asymmelry
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Modi£ied J'eZ‘ £} ragmenZ‘aZ‘ 10N
- an expectation £rons J‘ez‘ ?aenc/w‘nﬁ

5 — ln(Ejet/phadron)

NP LEP Data Shoeon

Ve (53 T)

in vacuum, E;;=100 Ge ,
---- in medium, Ej,=100 GeV

>‘ Jet quenching

“hump-back
plateau”

N = O
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..
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projection

Jet vector
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The asymmetry ratio x;, = pr]re t/ p+. is used to quantify the photon+jet momentum imbalance.

2.5 T T
(@ = pp Data ) o PbPbData () p>e0Gevic Wi<iaa F(d) sNN=I276TeVI Cms
I PYTHIA + HYDJET 1 o®530GeVie Mi<1s ]
I ¥ ; Ldt=150ub”
5| 51.5F . T IR L
z |>< C 50% - 100% 1 30% - 50% I 10% - 30% | L 0% -%0% 1
sl P ] : 1 1 7 ]
i L S N ] % 1
05:— ’ ///// '// _::_ //;j?/j/j//// _:_ & / S S :’A‘W
Y 1 i /% 1 , g
- ////,// / + /S S S/ = I ad— e e p gy ___
o N I T A T [ IETEETEN BRI R
0.5 LS 0.5 1 15 0.5 1 15 0.5 s 15
Xy, = PrpL Xy, = PPl Xy, =Py lp; Xy, = PrpL
L — R
[ | T T T T T T T T | T T T T | T T T T _] 1 | T T T T T T T T T T T T | T T T T
- (a) ] - (b) CMS |
— - \/Syn=2-76 TeV = - v ]
- A >Iin E 09FAp >4m "
: JY 8 -1 ] L JY 8 ]
3 f Ldt=150ub”" 3 : 1
- . 0.8 .
- ] e = - n
N 1 0.7 o
- N ir ] o L0 pegu
- & 7 - | .
u + - 0.6 + —
- . 0.5 + ]
: | | | | | | | | | | | | | | | | | | | | : C | | | | | | | | | | | | | | | | | | | [
0 100 200 300 400 0 100 200 300

N

part

N

part

UCIRDT/PS S 9/4/2%/29 3L/ gu'r ccvd

400

;a’/\ PRIDOSSY WD Bl 20lf2 SUO20l/d

éﬂ—" Central even?s

PP /OS! SO UCIZDD{f DD — AL 5Y



777&/*%5 /

" For 3/‘@/71@5 /Slides froni: P. Govoniy, M. N gety/en, 7.
%/emmz‘clé , 7. Jacobs ) M. van Leeiteoen ) J. p&(féd/],ée )
C. ( oland ) M. ( yéa’rv, Z. %)/ngerZ‘er

" For Zhe maderial Ay collaborat/ons: 4 Z.ICf, 4 77.4 S )
CMS, PHENTIX, STHK



/\/ L(CL/ edr 3&0/)732‘)‘}/ - 6/ aaéer Moa/e/
and Ahard prOCLeS SesS

— L @ — — — /{ﬁg\: Normalized nuclear density r(b,z):
U [dzdbpib,z) =1

Nuclear thickness function T A(b) = f dz p( b, Z)

Inelastic cross section for p+A: 0'; 'Zel = f db ( [1 I A ( b ) OJ]\’;;Z ]A )

Glauber scaling: hard processes with large momentum transfer
* short coherence length = successive NN collisions independent
* p+A 1s incoherent superposition of N+N collisions

Hhard ham’ f a7 ( ) y O,hard

pA




6/ aaéer scal. /‘ng of” hard

ﬁfo@eé SesS
Glauber scaling: O-h‘”” d = A O-hai’d

NN
0., for 7 GeV muons on nuclei
M.May et al, Phys Rev Lett 35, 407 (1975) Opyell Yan/A in p+A at SPS
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The fractional imbalance:

- grows with collision centrality and reaches a much larger value than in PYTHIA or PYTHIA+DATA

- clearly visible even for the highest-pT jets observed in the data set

- the pT,1 dependence of the excess imbalance is compatible with either a constant difference or a constant fraction

of pT,1.
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et cluster

pr = Dr — p X Area
et
pr =pr©®dp

* p: median pT per unit area of the
diffuse background in an event —
measured using background “jets”
as found by kT algorithm

 A:area of the jet — measured using
number of artificially injected
infinitely soft particles of finite
“size” into an event that are
clustered into the jet

e 0p: uncertainty due to noise
fluctuations — non-uniformity of the
event background
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Suppression out-of-plane stronger <= longer in-medium
path length - significant effect even at 20 GeV/c
=> Path length dependence of energy loss 7
Additional constraints to energy loss models (?)
- similar information from v2 at high p;

RAA(ga): RAA(1-|-2V2 CoS2(@p— w))




Y/igh-p7 hadrons: ouartitadive analysis

Model calculation: ASW quenching weights, detailed geometry
Simultaneous fit to data.
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