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Jlntroduction: Heavy lon collisions
in LHC Run1
2Jet measurements
- Jet quenching in PbPb
collisions
- Proton-Lead collisions analysis
- Jet fragmentations studies
2 W and Z bosons measurement
- PbPDb collisions

- pPb collisions
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Delivered integrated luminosity (nb™")
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2010
2011
2013
2013

Heavy lons in LHC Run1

Collisions \/SNN (TeV) Integrated
Luminosity (LHC
Delivered)

Pb-Pb 2.76 9.6 ub™

Pb-Pb 2.76 166 pb™

p-Pb and Pb-p 5.02(%) 31 nb*

pp 2.76 5500 nb™

LHC 2013 HI RUN (4.0 Z TeV/beam)

||—— CMS 31.69 nb™!

[ | PRELIMINARY

—e— ATLAS 31.20 nb™!

—o— ALICE 31.94 nb™'
—— LHCb 2.12 nb™!
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(*) y,,=t0.465

ALICE detector designed for PbPb collisions
ATLAS and CMS multipurpose experiments
— For heavy lons too

In 2013 p-Pb runs also LHCD joined the
game!



Heavy lon collisions characteristics

Experimentally:

JPbPb collisions are characterized by
iImpact parameter b

— Centrality (small b — central events,
large b — peripheral events)

—
“Measuring energy Z S L L L
- ) I~ — Lala -
deposition in forward . I\ Model Pb+Pb U's. — ArLAs B
_ - 11N +Pb \s,,=2.76 TeV —
regions (ATLAS: 3.2<|n| 4 = | — L, =200 mb' >
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Probes of QCD medium
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Energy Stopping Hydrodynamic AL S
Hard Collisions Evolution Hadron Fr'E: eren Lt

Initial state

Hadronic jets are produced by hard scattering process (calculable in

pQCD) — Evolve in the QCD medium

— Probes for QCD medium produced in PbPDb collisions.

Hints from decrease of energy balanced dijet events by experiments

at RHIC experiments

— Definitive proof of jet quenching in first 2010 LHC PbPDb run.
However also other effects (nPDF, ...) enter the game —

need non-strong probes as well (W.and Z basons)
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pp collisions

Hard scattering
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pPb collisions
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~Jet and Electroweak probe
"% g W and Z
boson probe

Jet probe

bPb collisions

Hard scattering
nPDF
Fragmentation
functions
Dense QCD Matter



JIntroduction: Heavy lon collisions
in LHC Run1
~Jet measurements
- Jet quenching in PbPb
collisions
- Proton-Lead collisions analysis
- Jet fragmentations studies
)W and Z bosons measurement
) PbPb collisions

) pPb collisions
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Jet Quenching

CMS Experiment at LHC, CERN

¢ | Dala recorded. Sun Nov 14 19:31:30 2010 CEST
V| RunEvent: 151076 [ 1328520
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CMS event display of PbPb 2010 collisions.
Dijet event with apparent unbalance of transverse momentum
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Jet Quenching
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CMS event display of PbPb 2010 collisions.
Dijet event with apparent unbalance of transverse momentum



Event Fraction

Event Fraction
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Peripheral event asymmetry close to pp

data — Asymmetry peaked at 0
Momentum unbalance with increasing
centrality — Disagreement wrt pp
collisions

CMS:

Phys Rev C 84 (2011) 024906
ATLAS:

Phys Rev Lett 105 (2010) 252303
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Modification Nuclear Factor: PbPb

More quantititative measurement using pp data (Vs=2.76 TeV) as reference
and estimating RAA, the nuclear modification factor

From heavy ion at given
" centrality, rapidity etc...

1 d’Njet
R - _J.'-Il\:;:uvf dedy ,'”EH*-TFE-L I:I:E
AA — d2g0F
| Jjet
/ <TAA dprdy

Nuclear overlap geometrical
function (from Glauber)

Cross section from pp data with
same \'s

5
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ATLAS: Phys Rev Lett 114 (2015) 072302
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Modification Nuclear Factor: PbPb

More quantititative measurement using pp data (Vs=2.76 TeV) as reference

and estimating RAA, the nuclear modification factor

P

From heavy ion at given

1 d2Ni. centrality, rapidity etc...
le - : —_——
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- In agreement W|thI theoretical predictions |
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ATLAS: Phys Rev Lett 114 (2015) 072302
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R, , for b-quark jets: PbPb

Displaced
Teacks

Is jet quenching affected by the nature S ertex
of the parton originating the probe jet? y Lo /']
Check with sample enriched with b-jets \ﬁ
using b-tagger 4\
CMS Sy = 2.76 TeV -
127171 7 1 T ]
o 0-100% nl =2 _
1 - —
- PbPb, 150 ub™ . R __ for b-jet similar value
0.8 Pp.53pb . (i . .
I £ toR ., forinclusive jet
B 0OF # — — Jet quenching seems
= :
0al” - not to be affected by probe
TR pQCD: PLB 726 (2013) 251256 t re
: B - 1 MRS
0.2 P g™ =20 ]
i - gm“ =22 ]
L | [ R N T S
0 100 15[1 200 250
b-jet P, (GeV/c) CMS:

Phys Rev Lett 113 (2014) 132301
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Neighbouring Jets: PbPb

Jets close in AR should have similar path lengths in QCD medium
— Study fluctuations in energy loss in medium

Neighbouring Annulusl around the test jet
Jet ‘{ Test Jet _ Neighbouring jet

test

1 et
= Jell  otest b
Rar = leeSI/dEEFSI Z dE}I‘?Sl ( Ff? ? El},[;in’ AR)
jet

i=]

: by, e :
p(RAR) — Normalized to 40%-80% centrality e linoutitor constratinG

theoretical models of fluctuations in

ATLAS: arXiv:1506.08656 the energy loss
Submitted to Phys Lett B ™~

¥
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Ne|ghbour|ng Jets: PbPb

o Fr T 1 o T T o
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Suppression of factor ~0.5 confirmed

Pra

Weak increase of withp_ .

- almost independent on E™'

with EN'

ATLAS: arXiv:1506.08656
Submitted to Phys Lett B
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Jet Fragmentation Modifications:PbPb

-

Dense QCD matter alters D(
also the momentum of

particles inside jet

— Jet fragmentation

function ratios

— In ATLAS more deviation

than in CMS
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ATLAS: Phys Lett B 739 (2014) 320-342
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CMS: Phys.Rev. C90 (2014) 024908.
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interpalation

PP

Jet Fragmentation Modifications: pPb

In pPb collision tension between ATLAS and CMS measurements increase
no real data pp @ Vs=5.02 TeV reference for fragmentation at 5.02 TeV
extrapolated from 2.76 TeV and 7 TeV

— a pp data sample at 5.02 TeV would be very helpful in systematic reduction

FF oy FF

F anti-k, particle flow jets
"I rR=0.3

e ":‘ < 100 GeVic
L i

D%I 1 2 3 4

E
=

CMS PAS HIN-15-004

|'-|-|||I||| .

| ATLAS Preliminary

C [ 80<pH<110GeV

o %

. —
L

e 0 o0 0 °

: y J<16
0.8 P+Pb, {syy=5.02TeV, 28 nb"
" pp, vs=2.76 TeV, 4 pb §

10

Fragmentation function differences might modify Rpr ratio

ATLAS-CONF-2015-022
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Nuclear Modification Factor in pPb

CMS Preliminary, pPb IFS = 5.02 TeV
'I' IIII II|IIIIIIIII|IIII|'I'I'I"

2 Anti-k, Particle Flow Jets: R = 0.3 ]
+ Bd = <p, = 87 GeVic
1_8_— ILdt:%r“b e 114<p <133GeVic
- ¢ 196 <p_< 220 GeVic
1.61 pp uncertainties
e E O pPb uncertainties
L14
1.2F ‘H}
1= EI ‘
0.8 1) Lumlnﬂslty uncerainties
I S A ] rar b’
-2 -1.5 -1 [15 l] l]5 1 1.5
TICM
CMS PAS HIN-14-001
Rppb shows deviations from

unity in centrality interval bins
— Centrality definition slightly

m
in

ore problematic in pPb than
PbPb

Rppb~1 — No jet quenching in

pPDb collisions

Jet rapidity evaluated wrt CoM of
collision (y_,=0.4635)
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1.6 Hﬁ ATLAS
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rIIII

¢ 20-30%

0.4 -|- 60-90%
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40 100 ~ 4000

ATLAS: arXiv:1412.4092
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R,o Pb

Nuclear Modification Factor in pPb
ATLAS: arXiv:1412.4092

- on1{R N ' >7 2 nh ! = I .
3 2013 p+Pb data, 27.81nb 1E ATLAS ]
1 6E 2013 pp data, 4.0 pb Els ]
E 0-10% 1p 60-90% i -3
1 0fF - '-'H:'-H-- Fn_Jt e CPPPPPPRE 1 PEPPRRPPS E i---rH-' '_Eé.%ﬂ“ E
d -ﬂ:ﬂ‘%%% Eld :
:— _i i_ ’I' +2.1<y* < +2.8 + +0.8 < y* < +1.2
04F 4E
E |\ Sy = 9-02 TeV 1E * +
— . _ JE +1.2 <y* < +2.1 +0.3 <y* < +0.8
:,a.nt.'f(.t’.R‘OA. EI T
40 100 40 100 1000

p. X cosh(<y*>) [GeV]
Rppb scales with jet total energy EzPT cosh(y*)

Possible explanations:
“Dependence on the initial parton kinematics (longitudinal momentum
fraction of the parton) ? — Modification of nPDF?
“Correlation between kinematics of scattering and soft interaction? —
Breakdown of factorization theorem in pPb colliisions?

19



/ Jlntroduction: Heavy lon collisions
in LHC Run1
JJet measurements
J Jet quenching in PbPb
collisions
J Proton-Lead collisions analysis
J Jet fragmentations studies
2 W and Z bosons measurements
- PbPDb collisions

- pPb collisions
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Z bosons in PbPb
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ATLAS: Phys Rev Lett. 110, 022301 (2013) CMS: JHEP 03 (2015) 022

Electroweak bosons NOT affected by dense QCD matter
— Electroweak probes provide an interesting framework for
disentangling nPDF effects from QCD hot matter effects
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W bosons in PbPb

Use asymmetry measurements rather than differential cross

section
— Many uncertainties cancel out

—
C:'L-l

Electrons / 2 GeV

20
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da/dy [nb]

=

Z bosons in pPb

Use asymmetry measurements rather than differential cross section
— Many uncertainties cancel out

CMS Preliminary pPb IISHN =502 TeVL=346nb"
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[ay]
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Evidence for nuclear
effects in PDF

Rpp =

CMS-PAS-HIN-15-002
ATLAS: arXiv:1507.06232 23
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Z bosons in pPb: Centrality Measurement

How much do we understand centrality in pPb collisions?
Centrality bias — Z boson yield is enhanced in central events while

depleted in peripheral ones

C__1
60-90% 40-60% 30-40% 20-30% 10-20% 5-10% 0-5%
Centrality Bin

ATLAS: arXiv:1507.06232
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asymmetry in central
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W bosons in pPb

pPb 34.6 nb™ 1,NN 5.02 TeV
i Bt AR AR ' cms |
= F W= 1l+vw B
%'J 1;_ pl > 25 GeVic E
= Forward Backward summed asymmetry
+ ’ .
Z 145 | pum shows better agreement with EPS09 nPDF
1'32_ _gEg EPS09 AN

SRl * . =
12F o N{+1ab)
1.5 —*‘”'ﬁ = r

e E N(="hab)
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0.9F E S o e L B e
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08~ gs T T1E T2 2s 2~ 0.3 o

nIatJ |£‘_ U 2; T';-F?;.Z
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_-'\'r'l'( lab) + N _(nlab) - E"f” « Data 1

0.3 —CT10 -
Nuclear effects in EPS09 P TGS b
] -2 -1 0 1 2

doesn't seem to recover the "
depletion at n~-1.5

Need to incorporate W boson pPb results in'nPDF fits CMS: arXiv:1503.0582525
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Conclusions

Jet probes of heavy ion collisions in ATLAS and CMS
provided detailed informations about the physics of jet
guenching

— Input for theoretical mechanisms in jet suppression in

QGP

Electroweak probes and pPb collisions are input for better
constraining nuclear PDF sets

Very successful Run1 Heavy lon program operated by LHC

First Run2 Heavy lon runs foreseen in the next months
— Increased statistics (10x ~ 30x)

— pp reference for pPb runs at new Vs

References:

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavylonsPublicResults
CMS https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN 26
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delivered integrated luminosity (ub“)

2010/12/06 21.35
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ATLAS Detector

23

Toroid magnets Jf

Mucn chambers

Inner Detector
Calorimeter

Muon Specirometer

Forward Calorimeter (FCal)

Tilz calorimeters

Lar hodronic end-cap and

. forward calorimelbers
\Hml detechor .

LAr electromagnetic calorimeters
Solencid magnet J Transition radiation tracker

Semiconductor traclker
Il <2.5 vertex and track reconstruction
Inl <3.2 jet / electron / photo reconstruction
Il <2.7 muon recontruction

3.2<Inl<4.9 centrality determination
5
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CMS Detector

ECAL (electromagnetic calorimeter)

HCAL (hadron calorimeter)
Inl<5

Hadron Forward

HF
2.9<|n|=52

[Magnet yoke
38T

Silicon tracker
Inl< 2.5

'Muon chambers
Inl< 2.5 n = -in (tan 6/2)
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UE event estimate and Jet Energy
Uncertainties: ATLAS

Jets are reconstructed with standard anti-kT algorithms (AR=0.2,0.3,0.4)
Average UE background estimated event-by-event in n strips (An=0.1)
and subtracted — Takes into account azimuthal modulation

(AN jet
o]l + ’]u: cos2 (¢ — Wg]

Ekb ‘E 0'1§ A'i'LASI Prélimlinéryl IUncertainty con"lnponents | 3

8 0.09 anti-k, R =0.4 Hijets Baseline in situ JES =

8 0.08F gsNNl=n2|-760T:V G i

! i o0 <Us Data period =

pp MC overlaid with PbPb (or &2 °F = Quenching E

. - = 0.06& Total uncertainty =

pPb) from Minimum Bias data — £ s 2011 PR 05 130
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UE event estimate and Jet Energy
Uncertainties: CMS

Jets are reconstructed with standard anti-kT algorithms (AR=0.2,0.3,0.4)
using particle flow techniques (combination of calorimeter deposits and
tracks)

lterative procedure in m strips to evaluate mean tower and RMS energy
— subtracting background — run jet clustering — exclude jet and re-
evaluate mean and RMS — subtract again — final jet

Modulation in phi from UE is parameterized as a function of impact
parameter (centrality)
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Modification Nuclear Factor: PbPb
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R,, for b-quark jets

Is jet quenching affected by the nature of

the parton originating the probe jet?

Secondary
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Where the energy goes?
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Where the energy goes”?
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Jet Fragmentation Modifications:PbPb
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Nuclear Modification Factor in pPb
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Jet Fragmentation Modifications: pPb
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Nuclear Modification Factor in pPb
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CMS pPb 35 nb™

Nuclear Modification Factor in pPb
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NnPDF reach in pPb LHC
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Z bosons | |n pPb: Centrality Measurement
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Centrality Bias
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W bosons in pPb
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