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Comparing pp and AA collisions

U(h) - PDF(Xlu QQ) & PDF(X27 QQ) & U(X17X27 Qz) ® FF(Z/H Qz)

e Initial hard collisions of partons
e Production cross section pQCD

e Hadronization

ff/‘hadrons
q/

Parton Distribution Functions e
. . incoming 2 9
Fragmentation Function < @ .
Incoming
/ proton

proton

ﬂq

hadrons
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Comparing pp and AA collisions

o(h) = PDFa(x1, @*) ® PDFa(x2, Q%) ® 0(x1, %2, Q%) ® P(AE, Q%) ® FF(zn, Q%)

e Initial hard collisions of partons
e Production cross section pQCD

e [nteraction with medium

Parton energy loss & jet quenching £/ hadrons
Idea suggested by Bjorken in 1982 g

J. D. Bjorken, FERMILAB-PUB-82-059-THY.
e Hadronization

e Investigate PDFs in p—Pb collisions

ﬂq

hadrons

Medium modifies the distribution of partons

created in the initial hard collision
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Parton Distribution functions in nuclei

a(h) = PDFa(x1, @*) ® PDFa(x2, Q%) ® 0(x1, %2, Q%) ® P(AE, Q%) ® FF(zn, Q%)

valence quarks sea quarks gluons
. R}, R}, R, e PDFs dlffer in
L 14 T T [ T T T T T T 1.4
g EPsooNLO  F \ protons and nuclei
i o but only small
& OF . .
S o0a @t =1e9Gev? difference for high
B e e energy
;; 1.2:_ _ EPSO9NLO
K égy\j- - e To probe and
T ook + constrain the effect:
Y gof @ =100Gev? T . .
TR NUTRPURI: ST Investigation of p—Pb
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collisions

Nucl. Phys. A 855 (2011)
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The nuclear modification factor: Raa

1 dNAA/dpr

Raa (pr) =
PP
(Tan) dogy/dpt
Scenario |
Energy loss
e Raais a comparison of nucleus nucleus yield
(AA) collisions to proton proton (pp)
collisions
e If a suppression occurs: Raa < 1
e Scaling factor determined by Glauber o
cenario Il Pr
5 d
Monte-Carlo calculation Prosuction
\ \ /NN
(\TAA / — \NCO”'" / Finel- (Neoll) 60—80% =28
A B (Neol) 20—40% =473
(Ncoll) : Mean number of binary nucleon-nucleon collisions (NI o 5o — 1838

per centrality interval
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Run 1




&

Tracking:

ITS Inner Tracking System
TPC Time Projection Chamber
TRD Transition Radiation Detector
Centrality & trigger:

VOA 8 <n<s51)

VOC (-37<n< -17)

Pt - spectra measurement:
In| < 0.8

pr > 0.15GeV/c

|Zyix| < 10cm

n = —In[tan(6/2)]
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The ALICE TPC

e Large time projection
chamber

e Gas:
90% Ne, 10%CO> (run)
90% Ar, 10%CO5 (run2)

e Read-out with multi-wire
proportional chambers

e Track reconstruction and

pt determination
(including ITS)

HV electrode (-100kV)

field cage

read-out
electronics

In|<0.8
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Transverse momentum distributions pp

e Measurement of transverse
momentum distributions up
to 50 GeV/c

e Observation of a harder
spectra for higher energies

Less steeply falling, more high pr particles

Eur. Phys. J. C 73, 2662 (2013)

syst. uncertainty (%)

*44

ALICE, pp, INEL, |n| < 0.8
- ¢ (s=7TeV
® {s=276TeV
— ® {5=09TeV
— NLO,u =p,, CTEQ6.6M, DSS

D N 0 © O

51

10"
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The nuclear modification factor: Raa

& 76 T

e Raa shows a clear centrality

# ] '] i ) o
""‘Wﬁ | | Mﬁ#ﬁﬁ”l\’d’“ ﬁﬁ f ependence:
% Central collision:
;0"’} 1080% LTy e L Strong SUppreSSion
o ALICE Pb-Fb‘vs_NN=2.76Te\/ charged particles, |n|<0.8 . ..
g “Miﬁz : mff rgecp %:ﬁ Peripheral collision:
¥ 3 1 3 r 3 ] =
N i N Less suppression
107 40-50% =+ 30-40% =+ 20-30% 3
D R e e
& .
1 e Strongest suppression at
t
A/ it A ottt A ottt pr ~6GeV/c
v v e Lesss i
S I <L W L. S uppression
0 20 200 20 200 20 0 .
p, (GeVic) p, (GeVic) p, (GeVic) tOWElI’dS hlgh pT
Phys.Lett. B720 (2013) 52-62 — arXiv: 1208.27‘ Still Raa ~ 0.5
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The nuclear modification factor: R,p, (and Raa)

2 T T T T T T T T T
= h?, Pb-Pb (ALICE)

e ALICE and CMS agree 1.8 4 1, Po-Pb (CMS) ]

[ (o = 276 TeV, 0-5% ]
Raa < 1 for all pt o 16T
14} 1

PbPb

1.2F 1

0.8 1

o aggmgﬁﬂm@ﬂ@ b

0.2 ]
0

Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90 100
P, (GeV/c)

Int.J.Mod.Phys. A29 (2014) 1430047 (arXiv: 1407.5003)
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The nuclear modification factor: R,p, (and Raa) %

o 2 T T T

%_ = I, Pb-Pb (ALICE l! h, p-lgb [San = 5.02!T9V. NgD (ALGCE)
e ALICE and CMS agree %184 popooms) 1
g 1.6 m=2.76TSV, 0-5% 1
Raa < 1 for all pt o

e Rppp ~ 1 for high pt
— no significant

suppression or change
in production yield
(nPDF effects are small)

P, (GeV/c)

Int.J.Mod.Phys. A29 (2014) 1430047 (arXiv: 1407.5003)
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nuclear modification factor: R,p, (and Raa) %

T

R R e R AR BAR,
i
L u I, Pb-Pb (ALICE) @ h" P-Pb |5, =5.02 TeV, NSD (ALICE)
1.8 F 4 1, Pb-Pb (CMS) —, * ¥, Pb-Pb |5 = 2.76 TeV, 0-10% (CMS)
1.6 [w=276TeV,05% | & WE, Pb-Pb |5y = 2.76 TeV, 0-10% (CMS)
. ¥ Z°, Pb-Pb |5y = 2.76 TeV, 0-10% (CMS)

Ropo

e ALICE and CMS agree
Raa < 1 for all pt

Reopp »

e Rppp ~ 1 for high pt

i

mm
1]

— no significant

suppression or change
in production yield
(nPDF effects are small)

e Electroweak bosons 0
(v, W*, 2% show

] p, (GeV/c) or mass (GeV/c?
NoO suppression

Int.J.Mod.Phys. A29 (2014) 1430047 (arXiv: 1407.5003)
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Measurement of (p;

)

e pp: (py) for different /s

e (pr)increases with Ngp
e Only small impact of /s

==u J. Gronefeld | Spectra in Pb—Pb at

—_ T T T T T T T T
§ 0.9} ALICE, charged particles ]
() |71<0.3, 0.15¢< p_<10.0 GeV/c
G 085F T E
¥ 08f ]
Ll
0.75F ]
0.7} ]
0.65F ]
0.6F pp collisions E
0.55 e (s=7TeV 1
. * {5 =276TeV
210 v{5=09TeV
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048y 540 15 20 25 30 35 40
Phys. Lett. B 727, 371 (2013) N,

SNN = 5.02 TeV — QCD Challenges November 2017
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Measurement of (p;)

e pp: (py) for different /s

° g q | -
<pT> INCHEASES Wlth NCh 0.9F ALICE, charged particles

©
. >
e Only small impact of /s 8 oss| [71<0.3,0.15¢ p, <10.0 GeV/e |
e Pb—Pb o0

e Significantly lower (py), o7

flat up to high Ngp

0.7
0.65
0.6

0.55 eppis=7TeV

05F

A Pb-Pb (5, = 2.76 TeV |
. . . . . .
0 20 40 60 80 100
Phys. Lett. B 727, 371 (2013) N,
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Measurement of (p;)

e pp: (py) for different /s
e (pr)increases with Ngp
e Only small impact of /s
e Pb—Pb
e Significantly lower (pr),
flat up to high Ngp

T T T
0.9F ALICE, charged particles
s [71<0.3, 0.15<pT<10.0 GeV/c |

(p.) (GeV/c)

e p—Pb
e (py) lower than in pp, 0.55 epp s =7TeV 1
N . up-Pb s =5.02TeV |
but significantly higher 05 .Pb-Pb%:mﬁ Tev
than in Pb—Pb 0.454 20 0 80 80 100
N

Phys. Lett. B 727, 371 (2013) eh

e Departure from linear
behaviour at N, ~ 10
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Run2




pp at \/s=13TeV

e Charged particle

distribution & 10, ALICE pp 16 = 13 TeV, INEL>0 2
0.15GeV/c < pt < 20GeV/c = charged particles, | | < 0.8
Normalization to INEL > 0 S L3
. 5 qo1k 1
e Comparison to o
kel
0 0 S 10%¢ 3
7 TeV publication g "-,‘\
o —~ 103l ]
Spectra significantly harder Q'-10 "
&
2 - = 104 .LL_ 3
e ALICE pp, INEL>0, charged particles, | 7| < 0.8 2 "[
o of = Data ra A Z 10-5, b 4
- EPOS LHC =
2 |4l = Data |
2 — - PYTHIA 8 (Monash-2013) rr = 108 '*l ]
© 1.8 PYTHIA 6 (Perugia-2011) e S EPOS LHC L
° | E—— PYTHIA 8 (Monash-2013) Sl
g 107 ¢ PYTHIA 6 (Perugia-2011) 3
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$ « 15F ]
©
I S e st
Q S [ Data, systematic uncertainties
§ [ Data, cemblne? uncertainties L
1 10
1 ’ L p_ (GeVic)
1 10 Phys. Lett. B 753 (2016) 319-329 T

[ (GeV/c)
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Spectra in bins of

multiplicity

Number of accepted charged tracks: (N3™).

Ratio to MB spectra
Harder for higher
multiplicity

Trend described by QCD

inspired event generators

2F Data, (N3 = 6.7,(N)=9.4 (o, > 0.15 GeVic)
1.8F o 1<NE <IN

Leb ® (NE SN 2N

Ratio to INEL>0

0.4F MC, selection on N,

0.2F EPOS LHC, (Na‘)=10.0

— — PYTHIA 8 (Monash-2013), (N_)=10.1
L

2
ALICE pp Vs = 13 TeV, charged particles, | 7| < 0.8
r J’

I
1 10

Phys. Lett. B 753 (2016) 319-329
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Space charge distortions

e Space charge builds up at high
interaction rates (~ 1 kHz Pb—Pb)
Enhanced by Argon as detector gas

e Path of drifting electrons is distorted on
their way to the read-out

e TRD and ITS are used as reference
detectors to correct for the distortion
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Space charge distortions

e Space charge builds up at high
interaction rates (~ 1 kHz Pb—Pb)
Enhanced by Argon as detector gas

e Path of drifting electrons is distorted on
their way to the read-out

e TRD and ITS are used as reference
detectors to correct for the distortion

s SideA uncorrected §5] -SideC o allp,
1.54 " N
g , « o comected 8 4 e p>2GeVio
q 7 ; 3 .
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os] . .. I
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~05] : 4
N B -2 < ALICE performance
B . % PbPb (s=5.02TeV  IR=5kHz
- T T T T T T T T T T T T T T T T
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TPC sector TPC sector
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Corrections — Particle composition correction

e Abundances of primary

particles not correctly
reproduced in MC

hed

T
B T

relative abundance
=)

(open symbols)

e Use measurements of & ALice Preliminary

) . . 1050 OOO Pb-Pb 0-5%, || < 0.8
identified particle spectra to E o MC: HUING, sy = 5.02 TeV
recalculate fractions . MC
1045_ —e—n‘+_1t'
(full symbols) DA
F o 34T
H H H 51— - IHT
e |argest deviation seen in 10 | = re
strange baryons 1 10
P; (GeV/c)

Using A as proxy for &7 & ¥~

Primary particles: Produced directly in the collision, including decay products from strong decays.
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Corrections — Particle composition correction

e Abundances of primary 8
c
o ©
particles not correctly g
Qo
reproduced in MC °
(open symbols) g
e Use measurements of ;":LICEPreIImInary
" Pb-Pb0-5%, || < 0.8
H o i MC: HUING, |/s,,, = 5.02 TeV
identified particle spectra to el Tt
recalculate fractions Data-driven .
e n’tn' P> 0.15 GeV/c e n‘+_1c'
(full symbete) TR Sozeeve =k
r Construction - I+T
e H 105 T+E'p_> 0.4 GeV/c o- T4E
e Largest deviation seen in g :Im,p:mGeWc | o
strange baryons 1 10
P; (GeV/c)

Using A as proxy for &7 & ¥~

Primary particles: Produced directly in the collision, including decay products from strong decays.
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Correction — Particle composition correction %

e Tracking efficiency differs

AT
q g a X Sy = 5.02 TeV (0-5%), I1] < 0.8
for particle species. |
LA W
e Largest influence at gL e e
G 06— . O
£ L e -* -
~3—-4GeV/c - o
. g 04— s KK
e Ratio taken as L '-,.. —nr .
r o %, -+ Rest T e
correction factor . *etrmmers .
L |
This procedure eliminates the %wé_
. . £ 1E
influence of different MC 8 osst
o E
generators on the corrected 1 0 (evio

spectra
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Correction — Particle composition correction

e Tracking efficiency differs
for particle species.

e Largest influence at
~3—-4GeV/c

e Ratio taken as

correction factor

This procedure eliminates the
influence of different MC
generators on the corrected

spectra

Tracking Efficiency x Acceptance

reweighted/MC

&

[~ ALICE Preliminary
[~ HWING, Pb-Pb \S, = 5.02 TeV (0-5%), In] < 0.8

T
g

+

- 0 -
o
06 % ot
"ot - inclusive

—e—o—e-—e——e——o-]
el

1.05]

o
©
& o

I PO S -
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Correction — Particle composition correction %

e Tracking efficiency differs

[
f o | . ~§ L :H&Z?ﬁl‘;‘;“&:5.02T9V(0-5%).]v|<0.a
or particle species. g ol
L inf 2L 2 P — -
e Largest influence at g [ % % e
S 06— %,
E L *ae®” e inclusive
~3—4 GeV/ c E” r o= rewelghted inclusive
<
S 04—
e Ratio taken as F B
correction factor T
0_— 1 1
This procedure eliminates the %1_055_ T
. . £ E """‘..
influence of different MC 2 E ., s
a;) 0.95E o.-..‘_‘_
generators on the corrected 1 1

P (GeV/c)

spectra
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Spectrum in pp collisions

e Spectra measured for L L P Ay E
3 pp Vs = 5.02 TeV 4
0.15 GeV/C < P S 40 GeV/C % \ charged particles, | 77| < 0.8 3
S0 B 3
Q F 3
e Models reproduce 20 A"h_\. 3
o E 3
measurement with in S10°F n E

Y —-—
0 = 10 +

20-30% with better G L
107°F | =

. . = |

agreement at intermediate ook " ]
E gl 3
H 10’7;, * Data , 3 7;
& hlgh Pt o EPOS LHC :F} El
" 7
(EPOS LHC: CRMC package version 1.5.3) 107E —PYTHIAG (Monash 2013) %a,
10°F 4
(PYTHIA 8): Version 8.210 ) E—t——+tH RS EEEE o
L rh I
§ " Ty :
% 08;7 |:|Da(asy’s"l.nlrjrngen. 5
r [] Data syst.+stat. uncert. 7]
ol ]

1 0
Py (GeVic)
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Spectra in Pb—Pb collisions

:\“‘aomi_ ]
S ALICE preliminary 1
%105 £ ! Pb-Pb \Syy = 5.02 TeV
° charged particles, | 77| < 0.8
e Spectra measured for T F ]
> 10° 1
0.15GeV/c < pr <40GeV/c % ]
\5104 -
Peripheral collisions: e ]
e Spectra from Pb—Pb similar 1 "o,
E o 05%x10° &";.
to pp reference el ¢ S10mxict
4 10-20% x 10°
E v 2040%x10%
104F ¢ 40-60% x 10
Central collisions: P 2. et soaod by <T, >
10°F
e Pb-Pb spectrum differs 1
10°E | | 4
from scaled pp reference 1

10
Py (GeV/c)
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The nuclear modification factor

ms ALICE preliminary Pb-Pb charged particles, | 7] < 0.8
1 M os% 1 5-10%
AA b (5 502 Te
Ran (pr ) = - INen /dpr A T
PP 08
(Taa) dog,/dpy J A
. A
0.2 A T LW
5 e -
o
e Raain 5.02 TeVsimilar to L L ]
0.8 r 1
2.76 TeV g L ]
e Despite harder input °""Pﬂi AW ]
0.20F e L q
spectrum at higher collision I
1} [ s0-60% 60-80%
energy N ! _—
— Results suggest a o {\__."' =
0.4 ’
hotter / denser medium - %

0 5 10 1520 25 30 3540 0 5 10 15 20 25 30 35 40
P, (GeV/c) P, (GeV/c)
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The nuclear modification factor

T T T T T T T T T T
o o.6F ALIGE Preliminary 1 o6k ALICE Preliminary ]
Pb-Pb |5, = 5.02 TeV Pb-Pb |5, = 5.02 TeV
charged particles, | 77| < 0.8 charged particles, | 7| < 0.8
0.5- .4 0.5
0.41 0.4f
0.3r 0.3
0.2F 02k
[
ot 7 @ Bjac:zijoé\?iz’ofsfz.sa/c norm unc.) 1 o1 [*] Data 0-10% ( 4.5% norm unc.)]
=== Majumder 0-5% — Vitev 0-10%
ol . . . . . . . . h ol . . . . . . . . h
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
P (GeV/c) Py (GeV/c)
Vitev et al., —— I DJoerewc Majumder VI;EV
Phys. Rev. D 93 (2016) no.7 astic energy loss
arXiv:1509.02936 Radiative energy loss 4 4
Djordjevic et al., Coherent multiple gluon emission 4
arXiv:1601.07852 In-medium splitting function 4
Majumder et al., Running as v v

Phys. Rev. Lett. 109 (2012)
arXiv:1103.0809
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Summary:
Charged particles offer insides into fundamental processes
New methods for high precision measurements
Nuclear modification factor: Similar to 2.76 TeV

suggesting a hotter and denser medium

More statistics is analysed
New methods are being applied to the analysis at 2.76 TeV
ALICE recorded ~ 1.5 Million events of Xe—Xe at 5.44 TeV



Forms of energy loss

o(h) = PDF 4(x1, Q%) ® PDF 4(x2, Q?) E E-AE
®0o(x1, %2, @) ® P(AE, Q%) ® FF(z4, Q?)

e Collisional energy loss:

Energy loss through elastic collisions.
Dominant at low pt

AEscate ~ L E //AE
e Radiative energy loss: i EAR

Dominant at high pt )

AE, 4 ~ L2 (medium)

David d'Enterria

AEtot - AEcoll + AErad arxiv: 0902.2011
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The Nuclear Modification Factor: Raa

e Increase of Raa due to a

Ra

T T T
ALICE, Pb-Pb, | 8y, = 2.76 TeV
charged particles, fn| < 0.8 norm. uncertalnty

decrease of the relative

energy loss towards high pt

e Models connect the

measured Raa to energy

@ ALICE (0-5%) DG (W) 2 -
WHDG (W.H.) 7 upper limit
 CMS (0-5%) *- WHDG (W.H) ° lower limit

loss in the medium
ST T T T I S S S H S |
AE g = Oés@LZ ° ° 20

40 50
P; (GeV/c)

Phys.Lett. B720 (2013) 52-62 — arXiv:1208.2711
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Determination of the transport parameter

e Measurements are used to é/zhadm”s
estimate medium quantities.
e Models can extract ¢from q
measurements {
AE ;g = Oés@LZ ﬂ
hadrons
7 A T T T
O GLV-CUJET
Extracted value of §: Cre 1
RHIC: 1.2 + 0.3GeV2/fm S ™ ‘
L) 4 |-
LHC: 1.9 4 0.7GeV?/fm 5,0 2
Different T and s , b ;

Aut+Au at 0.2 TeV,

4u/T;(DIS) _Pb+Pb at 2.76 TeV
S T
o o2 025037055 04 045 03
T (GeV)

Jet Collaboration
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