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Creating hot and dense matter in the laboratory

* High energy nucleus-nucleus collisions at highest energies
RHIC@Brookhaven: \sy,= 200 GeV, LHC,@CERN Vs,,= 2760 GeV

Expanding plasma of quarks and gluons with volume of ~1000 fm3
temperature of few * 1012 K (200-800 MeV) and energy density 10-20 GeV/
fm?3

Particle “probes” sensitive to the matter at different stages of the expansion

Soft probes

Hot Hadron gas
T~110 MeV

£~ 0.05 GeV/'im3 t~ 107 fmlc
[~ 170 MeV

Quark-Gluon Plasma

T-~300 MeV t~10 fmlc
£~ 5GeV'im3

e—— Hard probes

> ~
Z t~0.1 fml/c

Formation phase (pre-equilibrium)

Colliding ions
T=0 MeV
£= 0.15 GeV/fn




Focus on hard probes in nuclear collisions

q. fast colour triplet f g !

"~ gluon X
g: fast colour octet  049% paiaion > <>
o
Q: slow colour Energy dy
triplet ' loss ? ./
Y': colourless ‘
v: colourless Controls

i

Hot and dense medium

Jets, Quarkonia : originated from

the hard scattered partons which

carry color charges and interact with
— the medium. Probe the medium

Photons, W, Z : Colorless, provide

initial state information. Nuclear
parton distribution function (nPDF).

PA collisions: information about
NPDF, helps disentangle different
physics effects



PbPb collision at LHC

- Central collision (b=0 fm) at Vs, = 2.76 TeV
« >10000 charged particles produced

CMS | CMS Experiment at LHC, CERN

~_ | Data recorded: Mon Nov 8 11:30:53 2010 CEST
—«<"\| Run/Event: 150431 / 630470

— | Lumi section: 173




CMS detector

; : CALORIMETERS
Superconductlng Coil (3.8 T) ECAL Weight: 12,500 tons

o Diameter: 15 m
76k scintillating Length: 22 m

PbWO, crystals HCAL
Plastic scintillator/
Brass sandwich

Steel YOKE

HF

MB trigger
Centrality in HI

TRACKER

Pixels (66M Ch.)
Silicon Microstrips (9.6M Ch.)
220 m? of silicon sensors

MUON ENDCAPS

Cathode Strip Chambers
Resistive Plate Chambers

MUON BAR
Drift Tube Chambers
Resistive Plate Chambers S}




Dec. 2010
Dec. 2011
Mar. 2011
Jan. 2013
Feb. 2013
Nov 2015
?
Nov 2016

Hl-oriented runs: past and future

Pb+Pb
Pb+Pb
P+p
p+Pb
P+p
Pb+Pb
p*p
p+Pb

2.76 TeV
2.76 TeV
2.76 TeV
5.02 TeV
2.76 TeV
~5 TeV

~5 TeV
?

CMS Integrated Luminosity, pPb, 2013, vs = 5.02 TeV/nucleon

Data included from 2013-01-20 14:08 to 2013-02-10 05:05 UTC
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» Same N_,, scaled luminosities for pp, pPb, PbPb
— (as many Z’s and W’s, modulo the Vs dependence)



Probe plasma with energetic quarks and gluons

Quark-gluon plasma is incredibly strongly interacting — It
can slow down and even stop very high energy quarks and
gluons passing through it

CM ]| CMS Experiment at LHC, CERN

-~ !| Data recorded: Sun Nov 14 19:31:39 2010 CEST
\.f Run/Event: 151076 / 1328520
| Lumi section: 249
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CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31

See the talk by Raghav Kunnawalkam Elayavalli on Friday
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Dijet asymmetry in PbPDb

» Compare two back-to-back jets: huge asymmetry
for most central events
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PLB 712 (2012) 176
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Tracing back the lost energy...

* Detailed (AR,p) distributions

— Summing charged particles for
unbalanced (A,>0.22) dijets in

central (0—-30%) collisions...

— 35 GeV missing at AR<0.2, large p+

particles

— Balanced by low p; particle up to

very large AR

— Subtracting the same distribution
from pp shows that there is different

pr Mix between two systems
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Jet quenching in pPb

Compare two jets in dijet events as a function

transverse energy activity (pPb) EPJC 74 (2014) 2951
CMS pPb 35 nb m =5.02 TeV
0-252‘ : gsg'HlA+ HIJING 4<m(|:)2_§§- Pra> 120:Pr, :szewc ®) " 80,5 > 200 2 (c)'i
S opf —PYTHIA Al ETNS2 T B4 .20GeV I 20 GeV < Ef % < 25 GeV]
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No quenching observed in pPb, but ...
* Quenching already modest in 50-100% PbPb

* It is difficult to pick out central pPb collisions
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Detailed information about hadrons, jets & b-jets in pPb

Charged hadrons

PAS-HIN-12-017
arXiv:1502.05387
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pp: interpolation using CDF
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PAS-HIN-14-001

CMS Preliminary, pPb VSM =5.02 Tev
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pp: extrapolation using
CMS data at 7 TeV and
PYTHIA Z2

b-Jets
PAS-HIN-14-007

CMS Preliminary s, =5.02TeV L=35nb"
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pp: PYTHIA
Use displaced vertex
technique to identify b-jets
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Jets & b-jets in PbPb & pPb

pPb /s, = 5.02 TeV PbPb (s, = 2.76 TeV

_I I I T T l T TT I T 1T I L l 71T I T 1T l 17T l_ 25_‘ T [ T T | T T T T | T T T I ]
| — 8 Inclusive jet RpA (0-100%) In,,| < 0.5 ] i b-Jet RPYTHIA, 24 <1.6 i
:— - Inclusive jet R,, (0-5%) In| <2 — 2:— - b-Jet Ry, <2, (0-10%) N
- CMS preliminary ~ PAS-HIN-14-001 ] I PAS-HIN-14-007 ]
15 PAS-HIN-12-004 s 15 PRL 113, 132301 (2014)
I I . :
R b - * e
1 - Ooppmmm-- i 1__' ............................ ® + ............................................. + ...................................
I ] i pPb -
[ | i CMS preliminar
05 - 05" ( p __y)
i Central PbPb - K Central PbPb 1
_I 111 | | | | | | | I | | | | | | | I | | 11| l_ _| ] | 1 | ] | | 1 l 1 ! | ] 1 1 1 ]
0 50 100 150 200 250 300 350 400  ° 100 200 300 400
P, [GeV/c] Jet P, (GeV/c)
= Little or no modification in pPb ions
= Strong suppression in PbPb R, = protons

» No strong flavor dependence

13



1.5

0.5

Jets & hadrons in PbPb & pPb

pPb s, = 5.02 TeV PbPb (s, = 2.76 TeV
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= Significant enhancement observed for hadrons at high p-!
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R pp, fOr hadrons in pPb

R ,,(50<p, <100GeV/c)~1.38+0.22

» CMS generally agrees
with ALICE and
preliminary ATLAS data

= NLO with EPS09 for 0 is
smaller than for charged

hadrons
[Helenius et al., JHEP 1207, 073
(2012)]

Too large to be due to
antishadowing?
Other nuclear effects?

PAS-HIN-12-017, arXiv:1502.05387

CMS pPb |s,, =5.02 TeV, L =35 nb™
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NPDF & jets in pPb: Kinematics

Backward P & Pb Forward : o ' T .'..'§
Large xinPb =@ Small xin Pb : Jo0°*

4
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JHEP 0904 (2009) 065

PYTHIA Z2 ys= 5.02 TeV: Generator Only
1 1 1 1 | 1 1 1 1 1 1
60 100 200 300 400

<9 pr [GeVic]
Q
§ Backward region (nq,<0) for
% antishadowing (or EMC)
= Forward region (ns,>0) more for
i shadowing (or antishadowing)
10” 107 10" 1
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NPDF & jets in pPb: Data

EPJC 74, 2951 (2014)
e L LA | LU BLELELELE BN _771+772
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B meson production in pPb

CMS PAS HIN-14-004

Three component fit for signal extraction:
e Signal
e Combinatorial background from }J/y-track(s)
* Non-prompt component from other
B-meson decays that form peaking structures
(e.g. in B* analysis, bkg from B°— J/y K%)

Fully reconstructed B meson signal in nuclear
collisions!
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Roa & Raa for B mesons: pA and AA

2.5 2.5
"CMS Preliminary  pPb s = 5.02 TeV "CMS Preliminary  pPb s = 5.02 TeV
B - -1 B - -1
) - lEI RE;\)NLL L=34.8nb ) - lEI RE;\)NLL L=34.8nb
" []Syst. L+BR B " []Syst. L+BR R
. Syst. err. from FONLL pp ref. . Syst. err. from FONLL pp ref.
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e
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_________________________ ffFo-
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P, (GeVlc)

50
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pPb exclusive B decays (p(B) > 10 GeV)
(B* > J/ly K*, B® > J/ly K, Bg > J/y o)

Showing no modification

(large uncertainty, incl. the FONLL ref)

PbPb, inclusive B 2 J/y X (pr(y) > 6.5 GeV)

Showing strong suppression

Fixed Order + Next-to-Leading Log, Cacciari et al
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Electroweak bosons in PbPb & pPb

« Standard candles: Z° and W* unmodified in PbPb
* pPb providing an opportunity to probe (valence) q and (sea) q nPDF

q w d [ u I
7 weoog Vi d Vi
PAS-HIN-13-007 PAS HIN 14 003
?‘) : CMS Prellmlnary Fo‘ —_l T I llllllllllllllllllll I_:
S PPb\Su=502TeV N 700[~ cms Prellmlnary ]
P L=34.6 nb! " [0) - pPb Sy, = 5.02 TeV .
L1002 -05< <0.0 i N —
2O n, G600F | aromt | _
fl-) - e Data '(!' E —o 0O ite ch
g - W* oo v ~ 500 pposite charge s
o C1Z-— - 7)) - —e— Same charge .
€10 W T - [] Pythia + Hijing .
Z = (F),?D 0>) 400 -
W i :  Z
300F -

l 100F
* -

.‘ o Q0T 70 - 80 °90 100 110 120
F, [GeV] uu invariant mass [GeV/c?]

N(Data)/N(Fit)

20



q w

=~ 2200 Z > up showing little nuclear effect W

— maybe a hint of forward/backward asymmetry * "
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- ] o - ]
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5 —— 208x (MCFM+MSTWOSNLO+EPS09 pN—sZ—syiy1) ] o2F MCFM+MSTWOSNLO+EPS09 pN-—>Z—uu E
F e 208 x (MCFM+MSTWOBNLO+DSSZ pN—Z—yt) <P MCFMMSTWOBNLO+DSSZ pN-2-uu -
0 _ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 0 C 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
-2 -1 0 1 2 0 0.5 1 1.5 2
yC-m- ch.m.I
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W+ and W~ in pPb

=~ 21000 W > p & 16000 W > e

— Showing small deviations from unmodified PDFs
— A hint of a different u/d modification? (not in EPS09)

pr 346nb1 F 502 TeV pPb 34.6 b 5.02 TeV
|2: . Charge asymmetry T ’\_Q 18: LI S B I B LI B B |vi L ] Forward/
- CMS = C W S l+v CMS 13
+ C 1 < - .
z 03¢ ﬁiﬁ@r_ ‘Zla 1'75 p. > 25 GeV/c . B.a(I:k;vard
= F ™ £ 16 4N la
> 0.2F P v 4 "3 F e ( )
éN E R4 3 \"tf!"r E g 1.5_— | _E
< 01 m"‘*“‘ 4 > 14F \2
-/ e ““E e Data AW\ \\5
o] P 1.3 —CT10 -
S W sl oy [ TWCTI0HEPSOD E
-0.1F 1§ X ol > 25 GeV/c - “CE W\ -
S ! ! ] 1.1F =
_0.2__ - E
:1\_\\\\ , /) e Data ] 15—\-\u-\-\-\-\ \\\\\\i\\\\\\\\\&j\\\\% E
_03:_ \\_a/ — CT10 —: 09 _:
- AM\\ CT10+EPS09 E | | | | .
O v v v vy b by by 1 L L1 1| L1 1| L1 L1 1 1]
04T ST T 1 5 0805 1 15 2 25

(q—)nlab Mo
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Quarkonia as a tool to probe the QGP

vacuum Temperature T<Td ® Temperature T>Td

Jhy ¢ e

- « N
| | L_J. ®
r

r

Different states have different binding energies
Loosely bound states “melt” first!

Successive suppression of individual states
provides a “thermometer” of the QGP

Matsui & Satz,

PLB168 (1986) 415
T 1/(r
- (r)
450 Mev |- | Y(1S)
| Xo
240 MeV Jig, Y(2S)
200 Xor Xb» W'
MeV Y(39)

Mocsy, EPJC61 (2009) 705
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Events/(GeV/c?)
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Quarkonia production: Dimuons

10

- Jhy CMS Prel|m|nary
- p.® PbPb \s,, = 2.76 TeV
Y(1,2,35)
y(25)
L, (PbPb) = 147 ub™
Z
p‘TL >4 GeVlc
| lIIllII | | lIIIIlI | | N I | ll|
1 10 10°
m,, (GeV/c?)
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Prompt and non-prompt J/ @
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§ 120 CMS PbPb \/SNN =2.76 TeV — £ - CMS PbPb \fSNN =2.76 TeV |
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J/Y R,, vS. centrality in PbPDb collisions

CMS: Prompt J/y
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Y(2S) / J/¥Y Double Ratio
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Quarkonia production: Dimuons
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Upsilons in PbPb collisions

PRL 109 (2012) 222301
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Suppression of the five quarkonia in PbPb collisions
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Upsilons in pp, pPb, and PbPb
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Y(2S)/Y(1S) ratios as a function of event activity

p+p p+Pb Pb+Pb

Vs. forward calorimeter transverse energy Vs. mid-rapidity track multiplicity
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Y (2S)/Y(1S) ratio decreases as a function of event activity!
(1) More associated yield with Y(1S)?
(2) Large event size (multiplicity) affects Y states?
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« CMS experiment has collected extensive data in
nuclear collisions: PbPb, pPb

* There is more to come soon at double energy
and much larger luminosity at LHC

* | have shown examples of measurements that
help us understand the behavior of the hot
nuclear matter: jet quenching, melting of
guarkonia.

* We are also gaining understanding of the
structure of the nuclei by exploiting asymmetric
pPb collisions
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