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* The CMS experiment and heavy ions
« Global picture of heavy ion collisions
» Hard probes
— Jets
— quarkonia
— electroweak gauge bosons
* p+Pb collisions: new results and outlook

* Summary
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The CMS Experiment
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Muon reconstruction
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with Muon chambers
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e Muons: silicon tracker + muon subdetectors

— Tracker pt resolution: 1-2% up to pr~ 100 GeV/c
« Separation of quarkonium states
 Displaced tracks for heavy-flavor measurements
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Global picture of heavy ion collisions

I CMS Experiment at LHC, CERN

\ i Data recorded: Mon Mov 8 11:30:53 2010 CEST
/| Run/Event: 150431 / 630470
Lumi section: 173
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Charged particle multiplicity
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 Centrality dependence:
- Quite similar to RHIC results
- Good agreement with ALICE
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- Vs dependence:

- p+p, Pb+Pb follow power law
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Transverse energy density
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~AlL 108 {2012) 15230 n-coverage: includes the HF calorimeter

Related to the energy released in the collision
Huge increase compared to lower Vs (RHIC)
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Energy released — measured up to high |n|

CMS PRELIMINARY CMS PRELIMINARY
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_ _ At high |n|, the ratio between
First result using the the energy production in central
CASTOR calorimeter and peripheral events is closer to 1

CMS PAS HIN-12-006 than at midrapidity
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Average ‘rapidity loss’

CMS PRELIMINARY CMS PRELIMINARY
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Azimuthal asymmetry: methods

Correlate particles in

tracker with those in HF. 2
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N 0
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- " GKO Q\BD""‘*

correlations.
‘.-"'

_* Methods have different sensitivity

to event-by-event fluctuations and
non-flow effects.

Four-particle Cumulant

Consider all
| w particle
1%?.':.'5"3%{:?2 o o :Da—-* correlations
p o Dh‘"‘i -{Nﬂ't ﬂ"

H o
correlations. O shown!).
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Azimuthal asymmetry: results
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*vo{EP} determined with 3-unit *v2{4} and v2{LYZ}
n-gap between EP and v inherently suppress
tracks to suppress non-flow non-flow effects.
effects.

PRC 87(2013) 014902
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Scaling propertles of elllptlc flow (v2)
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Neutral pions: elliptic flow

T T T T T T T T T T T T T T T T T T T T T T T T
= [ CMSPbPb s, =2.76 TeV 1
- PHENIX AuAu {5, = 200 GeV

» Detected through | K 1
Yy coincidences i

g ¢ PHENIX n° OCFC}J DEZ@

O CMS charged particle

« CMSn? |

« Correlated with
HF event plane

* With x14 increase in
energy, no significant
change from RHIC
(for pions)

PRL 110 (2013) 042301
CMS
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Higher-order Fourier harmonics

CMS L, =39ub’ PbPbysy=2.78 TeV 1 < p[™" <3 GeVic
e peoa
02} 2 V3 3
— :'V4 E{Iﬁnl-::-i :
S Soi
o ﬂ !
© 0.0 ¥ -',
£ T 0 25%
O 2 02.‘ ™,
:; o - :: .
O © > 0.1 ‘es
S o 1@ SE
§ = 0.0 .-k p g i-
© O APTDEIT e T
c O [ 40-50%
> T_) 0-2_--“.
T = il
8‘ O ﬁ‘}j. = %
O L™
0.0 [*_ %3 % __________
= Y

0 5 10 50 5 10 15 0 5 10 15 0 5 10 15
pT9(GeVic)  pT(GeVic) pT9(GeVi/c) pT(GeV/c)

. . . . EPJC 72 (2012) 2012
V. (n>2) is changing only a little vs. centrality PRC 87(2(013) ())14902

CMS

gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10" Feb, 2013 14 | s




Higher order harmonics

0.3 | | | |

| 3040% o oras
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Phys.Rev. C85 (2012) 024901

» Hydrodynamical model reproduces the trends well
* n/s close to quantum limit (1/4x)
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Ultra-central collisions

nth order eccentricities vs b 0.2% most central
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Ultra-central collisions

Calculation by Heinz et al. Calculation by Luzum et al.
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Unigue perspective on hydrodynamic flow
 Hierarchy of coefficients reproduced by hydro
« Some tension between v, and v, -

Note, AMPT 0-0.2%: <b> = 1.6fm, RMS(b) = 0.6fm
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Summary: global observables

» Charged particle multiplicity reaches 1600 particles
per n unit

« Steeply increasing dE/dn vs. Vs

« E- at very high n changes less with centrality (than at
n=0)

» Average rapidity loss only slightly higher than at
RHIC

* Azimuthal asymmetry: LHC similar to RHIC
*v,/eccentricity scales with transverse particle density
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Hard probes

CMS

gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10t Feb, 2013 19



CMS

Hard probes of heavy ion physics

Goal: Understand the
properties of QGP

Problem: the lifetime of QGP
Is so short (O(fm/c)) such that
it is not feasible to probe it
with an

Solution: take advantage of
the large cross-sections of

high p+ jets, y/W/Z, quarkonia Material
at the LHC energy, use these 5% Y
hard probes produced in the i /"‘
collision itself. wﬁ
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Jets: how strongly interacting is the

CKMS CMS Experiment at LHC, CE
- | Data

i ) RN
recorded: Sun Nov 14 19:31:39 2010 CEST
—/\| Run/Event: 151076 / 1328520
| Lumi section: 249
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Jet energy imbalance

« Parton energy loss is observed as a pronounced dijet
energy imbalance in central PbPb collisions
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Dijets in PbPb — no ¢-decorrelation

« The propagation of high-p; partons in a dense nuclear
medium does not lead to a visible angular decorrelation
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Dijets — energy redistribution

« The momentum difference in the dijet is balanced by
low p; particles mainly at large angles relative to the
away side jet axis

—

PRC 84 (2011) 024906
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Dijets — jet fragmentation

« Hard part of the fragmentation is independent of
energy lost in medium, ~consistent with pp
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How does the dijet imbalance

depend on the leading jet energy?

P | wa%‘m
H Pb+ Pb}—

N

*a%%.
H Pb+Pb : ?22?
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¥ el

+ TSR
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PbPb - MC

CMS
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* Energy imbalance increases with centrality
* pr-ratio deviates from the unquenched
reference in a p-independent way PLB 712 (2012) 176
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How much energy do single jets lose?

H_I
e 222

4

o)

CMS
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Nuclear modification factors of jets
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Suppression: no significant p—dependence
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Charged hadron RAA update W|th 2011 data
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20 times more data, smaller uncertainties
— what is the connection to jet Ry,? EPJC 72 (2012) 1945

CMS
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Nuclear modification factors

CMS (* preliminary) PbPb\[s, = 2.76 TeV
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1 _6— —4&— Isolated photon (0-10%) —] — —
- IS b-quarks (0-100%) | B I L dt = 7-150 ub‘1 B
1 4 __ ¢ (via secondary J/v) __ | |
1.2 — — @ aqlg-jet (0-5%) nl<2 —

Raa
T
+

. :

.

.
e

-

|

|

|

0.8

06 | oy o 0 ; 1L ! N
1| ¢ ]
0_4@#%0¢¢’ + __---..O ® ¢ -
02 % [chatgedhadions| | | [jets -
IR R NI BT R . . . .
0 0 20 40 60 80 100 1 Cllo 1 5|0 2C|10 2%0 300

p.(m_) (GeV) jetp_(GeV/c)

Sampling the ~same parton p; range CMS PAS HIN-12-004
Note: jets fragment into high-p; particles in pp and PbPb the same way — see later...

CMS
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How can we quantify the jet energy loss

with a ‘calibrated’ measurement?

?2??

1\;

4

o)

CMS
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How can we quantify the jet energy loss
with a ‘calibrated’” measurement?

1\;

4

o)

CMS
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}/ CMS Experiment at LHC, CERN
A Data recorded: Mon_C

_ - _/\Run/Event;.183013843056273
——1_~ Lumiséction: 1114

v+|et: u, d quark energy loss

Dec.523:36:38 2011 EDT

CMS

oy
A L
%
Lo . e b e
e Y AN \\\“\
LR e ey AT b e e
. R IR A NS N
ety I U U A
R R TR
T
T e
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Muclear remnant | Muclear remnant 2

Photon tag:

dentifies jet as u,d quark jet
Provides initial quark direction
Provides initial quark py




v-jet correlations

* Photons serve as an unmodified energy tag for the jet partner
» Ratio of the py of jets to photons (x,=p*Y/pt?)

IS a direct measure of the jet energy loss
» Gradual centrality-dependence of the X, distribution

ELEI rrrrrrrrrrrrrrrrrrr ..| T T T I T T T T I T T T T I T ] L] L] L] L] L] l.l L] L] L] L] I L] L] l-l I L] L] L] l.l-! L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] '.
- (a)  ppData 1) e ppoPoData (€) p =60GeVie Inf<144 1 (d) N5, ~276Tev  CMS]
=1 =1.5F qq?f . F-::E
[ [ Ll'li"i"; 50% - 100% | LRisietl  30%- 50%
- I ] H ] 'qh'.l'.i"iﬂ“
T 1F 5';"" = M
"Iz A o ; ny/
e ;] B
0.5F 7’:? T4 - = ey
== iy N I 1
PP B B B *.- 1 I 1 I 1 1 i 1 I I I 'l 'l I
0.5 1,15 0.5 1,15 0.5 1. .15
Xy =P "rp'r Xy = Pr "rp-r Xy = Py "rpT
CMS
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v-jet correlations

X Jy=p-|Jet/ o R,, = fraction of photons
with jet partner >30 GeV/c
1T DEpT T T T 1T
105F (3) L Asgm27eTev S o4sE  ® FOFbDeta E . (b) CMS ]

E A L 3 F o PYTHIA + TIYDJCET 3 o 7 N

i T _[Ldt— T 2AE m ppData 3 HAPy, > gT ;

095 s 035F4 |1 PYTHIA E ; Z

- E : : 0.8} .

n 99F E ~ 0-3F E - ]

TuasfEE © o s =3 & S 0o5E ¢ . = S a7l M 7

o "'ﬂ o [ = (i DT_ n

v 0.8F e ER - SR ’ N - . N N - i

D.?EE— . + _ 0155_ Pl =60 GeVic  [i] <1.44 3 06F -
U.?E‘ . —E | g- =30 FeVWe | e E E »

5 E 0_15 Pt = a0 GeVie <16 : o5l ] ‘-
0.355— E 0.05F E i f |
O t00 20 acf 4o O o o 300 400 o oo mo  afo 400
@ Noar @ Noar par

No ¢-decorrelation Less jet partners

. . above threshold
Increasing p-imbalance

~20% of photons

Jets lose ~14% of lose their jet partner
their initial energy

PLB 718 (2013) 773

CMS
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Are heavy-quark jets quenched, too?

N

CMS
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Tagging and counting b-quark jets

» Secondary vertex tagged using flight distance significance

« Tagging efficiency estimated

in a data-driven way CMS Preliminary NSy =276 TeV

105 = I [t p et I =
» Purity from template fits 80P, =100GeVIc —e— PbPbdata 3
- b-tagged sample - b-jet template -
to (tagged} sepondary vix 10t = B oot tomplats
mass distributions I B usdg-jet template -
= 103_ ¥2INDF =101 /11 _
o -
5 :
;E—, _
Z 10 —=
o :
0 1 2 3 4 5 6
CMS PAS HIN-12-003 Secondary vertex mass (GeV/c?)
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b-jet fraction: similar in pp and PbPb

Fraction of b-jets among all jets

— b-jet quenching is comparable to light-jet
guenching (R,,=0.5), within present systematics

CMS Preliminary

\Js =2.76 TeV

0_06 T T T T T T | T T T T | T T T | T T T
0.05 p+ p _
- 0.041 .
i i
©
£ 0.03 .
‘-'dnl i !
S 002|-* i
- Ldt=231nb"
s ® ppData ]
0.01 Pythia
i |:| Exp uncertalnty
| 1 1 | | | 1 | 1 1 |
%O 1 20 148 1 60 1 80 200
eV
CMS
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b-jet fraction

CMS preliminary

\Syy = 2-76 TeV
T T T | T T T | T T T

0.06 1
0.05— Centrality 0-100% Pb+Pb _
0.04 — —

- +
0.03 =, * -
0.02 — —

Ldt=150pub"

- L PbPb data _
0.01 Pythia+Hydjet

i |:| Exp uncertalnty

| | | | | |
080 100 120 160 180 200

Jet P,

(89

Vic)

CMS PAS HIN-12-003




How do jets get modified?

Do their shape, or fragmentation change?

Jet fragmentation function:
Distribution of track momenta
projected onto the jet axis,
presented as a function of

§=|n(pjet/p”track): Jot shape:

low & pr-flow vs.
n-¢ distance
from the jet axis (r):
1 1 pr(r—or/2,v+or/2)

p(r) - E IVjet jets ij?t

high &

q’g,

J

L

CMS
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Track p+ distributions in jet cones (R=0.3)

T j L j T T ' ' T o I
10 = CMS Preliminary = e« PbPb 3 Jetp >100 GeVic,In[<2 =
- T — pp reference F Track pT >1GeV/c, r<0.3 ;
e, 1
<ol 50-100% 30-50% 1 10-30%
Q) Il T T T T T TT | T T T T T 17T Ii I T T T T T T T T 1
Q 15f ] T 1
o 1k ] 1 1
o [ e 1
' i T T »*
L0 05+ T i
o [ +¢' *. I »
0 :+ oo T . T » T =
o D_— ---------- l’-;-.-i-r."rlrtlti*'-l'-'__— """"" = ";'.';;'."i'511t'f'*"'_'_—"'"""""."5'5';;'.";'5‘i'tt'if'f"'__—'"""'""""5';;';'.";';511 sveeed
-0.5F T T
_I 111 | 1 1 _-l [ I| 1 1 1 1 _-l [ I| 11 I|
1 10 1 10 1 10 10
pT“a“k (GeV/c) th“"“‘ (GeV/c) pT“aCk (GeV/c) pT““'E'“k (GeV/c)

High p; (low &): no change compared to jets in pp collisions

CMS
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In (central) PbPb: excess of tracks compared to pp at low p; (high &)
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Jet fragmentation functions

L IR L NN L I LB L L L L B L BRI '
105_CMS Preliminary = e PbPb E3 Systematic uncertainty = Jetp, >100GeVic, n|<2 -
"L, =129 ub” s

pp reference + Track p; > 1GeVic, r<03 1

30% - 50% 10% - 30%

£ =1In(1/2) & =1In(1/z) £ =In(1/2) £ =1In(1/z)

20 times more data in 2011: decreased uncertainties

down to much lower track p; (starting from 1 GeV/c)

reveals an excess at high ¢ compared to pp CMS PAS HIN-12-013

CMS
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- CMS Preliminary L, = 140 ub™

= 2010, 0-30%, Leading jet
« 2011, 0-10%, Inclusive jet
mEm 2011, 10-30%,Inclusive jet

~f Jetp_ >100GeVic

0 1 2 3 4 5
¢ =1In(1/z)

Primordial QCD Matter, Cairo, 10t Feb, 2013

Jet fragmentation functions: 2010 — 2011

Results are
consistent

Collecting high

. statistics helps

extend the range




What do we expect for the jet shapes?

low & Low-& particles tend to be closer
to the jet axis; high-& particles extend
to large distances (radii).

U +HYDJET
All Gen Particle
high & "
30
32 GeV/c
5?6-32 GeV/c 20 Total: 72.8 GeV/c
T | 6 GeV/i
[8-16 GeV/c ota 7 GeV/c
[J4-8 GeV/c 10 100-50%

Zp, (GeV/c)

(J2-4 GeV/c
[J1-2 GeV/c

Excess pr-flow is expected
3. at large radii, and no change at r=0
e (compared to pp collisions).

CMS

gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10t Feb, 2013



Changing jet shapes vs. centrality

' CMsPreiminay T ®poeoisozeed . f o o]
1|‘.]+ det 12911;-11“_5:-.— ©-pp reference @ :;i{::i—l— PMHT'GE:';E ;
: i e i -e ! I e ;
= il =ﬁ==i= 1 =i=+ 1 -
—— ! o= _ 7 =, =
1':]-15_ | | I_-_ | | |_:_||||||| | |||I_:
EI 2, 050% T 1030% T ot
1o 1 o e
8 | — I B _
g:::._._-::r_ﬁ— .
E L -+ +
o010z oo 01 02 03 o1 02 oo o1 oz
radius (r) radius (r) radius (r) radius (r)
Compared to pp: same p+-flow close to the jet axis;
more pr-flow at large radii;
and a bit less in between.
CMS

gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10t Fel CMS PAS HIN-12-013 45 | ’




Testing energy loss with high-p- tracks,

as a function of azimuthal angle (v,)

<L 0 Overlap zone is almond-shaped

— Parton energy loss is smaller
along the short axis

— More high-p+ tracks expected
closer to the event plane

— — Azimuthal asymmetry (v,):

AN/d¢p o« 14 2v;c0s(2(¢p — Yep))

Participant plane

— V, IS sensitive to the

L pQCD, collisional path-length dependence
) .

€} AE<) L' pQCD, madiative of the energy loss

oh - AdS/CFT

CMS
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Charged hadron v2 at very hlgh |oT

SN —— T ; T N
0-25_GMSL -1501“31 010% 10 20% 20 30% =
02E Pbe\f =2.76 TeV -
0.15F <1 ® CMs 2011 E
.;*' 0 15 il o CMS 2010, [n|<0.8 % E
b 0O ATLAS ]
ey, & ]
0.05 * ALICE H i.E%. . : ﬂﬁj. ° } E
oo 4 o L “ ® o ] > .

OF — T S, S
-nn':';.:::'::::'::::'::::}::::::::'.—;—:::I REREE I...:I:::i‘:...}....}....}. ] H
0.25F 30-40% < 40-50% T 50-60% -

0.2} e 1
0.15 %

0
> 0.1
0.05

-0.05

* V, IS NON-zero

10 20 30 40 50
P, (GeV/c)

up to very high py

10 20 30 40 50
P, (GeV/c)

10 20 30 40 50
P, (GeV/c)

 Sensitive to the path length dependence of energy loss

CMS
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Studying jet modification: particles

associated to a high-p trigger particle

3 High-p+ trigger particle
I from jet fragmentation.
g Let us subtract all v, harmonics! (n=2)

Expectation on the “near side”:
- some excess at low p; (as seen in the jet FF)

associated

particles Expectation on the “away side”:

- high p+: deficit compared to pp (quenching)
- low p5: excess, due to redistribution of momentum

near

2% preor ~ Jom || ey o e
: AA Ynear AA Yaway
pp pp

away

CMS
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(PbPb/pp)

near
AA

(PbPb/pp)
N

away
AA
<

AM

—

High- pT trlggered two- partlcle correlatlons

192<p <240GeV/c

24, o < p‘"“j <28. 8 GeV/c

28. 8 < p‘"g < 35. 2 GeV/c

L] I L] L] L] L] I L] L] L]
352<p 9 <48.0 GeV/c

\ /
\ /
\ /
\ /

\ /

\ /

\Y W}

\\ )

PbPb 0 10% \'Syy = 2 76 TeV CMS Preliminary
- i Near side - §
'*_ ® v,: IAni<i 1 -i }
H LR-Ay 5 - !
o) 8 o
e __. _____. @l B R __] OB ]
L [ B R LA R S Taaai B AR
G e ...I.ii:li. =
19.2<p.° <24.0 GeV/c 24.0 < p‘T"‘-°l <288GeV/c |. 28.8 < p 9<35.2 GeV/c 35.2<p. " <48.0 GeV/c
[~ PbPb 0-10% . \'s\ 2 76 TeV 1 CMS Preliminary
¢ 0<lAnl <1 Away side + }
- ; -
g o ts
200 ¢ o © 00000!"000 ‘00..
—— | P | I Il 5 5 I i ' R | |
CO 5 10 10 ) 5 10 10
p2s%°¢ (GeV/c) p?SSOC (GeV/c) p2ssec (GeV/c) p2ss°¢ (GeV/c)

Away-side: large enhancement below ~3 GeV/c and deficit at higher P
Near-side: consistent with jet FF’s.

Al

CMS
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v, harmonics subtracted! (n=2)
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Summary of jets in CMS (PbPb)

Energy imbalance and jet R,, independent of jet p;y —  »
First v-jet measurement shows consistent energy loss - -
b-quark jets are also quenched «--<

Jet shapes and fragmentation functions ]
show excess at low p+ (large radii) but
high p+ (core) is unchanged

V, persists to very high p-, *

reflects path length dependence

Two-particle correlations:

low-p; enhancement and

high-p; suppression on the % =
)

away side (compared to pp

U

et-quenching picture is made more precise and quantitative!

CMS
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Dimuons: how hot is the medium?

CMS
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Dimuon spectrum — huge mass range

Events/(GeV/c?)

CMS Preliminary
PbPb {5 = 2.76 TeV

Y(1,2,3S)

y(2S)

102 £ V4
1':'55
155
is p{erlGeWc
| | IIII| | | | IIII| | | II| |
1 10 107

| gabor.veres@cern.ch

m,, (GeV/c?)

Primordial QCD Matter, Cairo, 10th Feb, 2013

L. (PbPb) = 147 pb

| 1111

Eml ol vl 1




Hidden heavy flavor thermometer

arXiv:0901.3831
Y@2S) Y(@39) Y'(2S) J/ Y

* Onia state in a deconfined, colour

charged medium: Debye screening T..,, 1/(r) [fm]
.
— if Ap(T) < ry > screening > melting of the - [YUS)
bound state - yields suppressed | 1P
— Screening at different T for different states > i
sequential melting J/p(18) Y'(25)

% (2P) Y'(3S)

 Onia: thermometer for the QGP %(P)  w(25s)

A. Mocsy
Eur.Phys.J.C61,2008

CMS
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Sequential Upsilon suppression

2010 data

r::"'\lh i L L I 1 L I L L ] I L L | | L] I L | L L
5‘5 " e data CMS PbPb \/s,,, =278 TeV
(ﬁﬁn:_— PLPD fit Cent. 0-100%, lyl <24
S [ ppshapefi O<p_<20GeVic
Em: pl >4GeVic L,=728ub’ B
o |
T 40 —
c 401 ]
O o =92 MeV/c” (fixed to MC) 1

30f Nygy =86 = 12 5

i [ -:‘:_ . 7] *
20f
10

1 | L1 1 1 | - L 1 1 L1 1 1 ]
10 11 12 13 14
m,,. (GeV/c?)

Indication of suppression of
(Y(2S)+Y(3S)) relative to Y(1S5)
2.46 significance

PRL 107 (2011) 052302
CMS
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2011 data

c:l-'HBOD_—r L L I L B B L Y B B
(@] — _
S _ Preliminary n CMS PbPb s, =276 TeV
© 700— _
O _ e data Cent. 0-100%, |y| < 2.4 ]
S oo — PbPb fit L, =150 ub” =
g pp shape {} p! >4 GeVic .
W - _
c 500 & .
@ L i _
> L o _|
L - i _
400— P —
300 -

-

m,, (GeVic?)

Observation of sequential
suppression of Y family
Detailed studies
PRL 109 (2012) 222301
Cairo, 10t Feb, 2013




Quarkonium suppression

Note: 6.5<p;<30 GeV for J/y and y(2s)

§ _I L | | | L | L | LI | [N | L | L I_
c 14— CMS PbPb \/% =2.76 TeV n
B = Prompt JAp (Preliminary) i
1.2 4 yas) —
- e Y(29) |
1_ —
0.8 -
L ]
or *l- + ' ’
- = [ ¢ i
0.4— i + §_
- . i
; . + . ]
0.2~ + ;—
0:I 1 11 | | | | 1111 | | | 1 111 | I+I L . | | I+ | | 1 11 I:

0 50 100 150 200 250 300 350 400

Npart

different quarkonium states

CMS

Clear hierarchy in Ry, of

PRL 109 (2012) 222301

gabor.veres@cern.ch

ﬁ 1_4 B I I I | I I T | I I I | I T I | I I I | I I I |
o [ CMS Preliminary 0-100%
1217 PbPb\[s, = 2.76 TeV .
1: » Inclusive y(25) (6.5 < p_ < 30 GeVlc, |y| < 1.6) ]
0.8 - ¥ Y(3S)(lyl <2.4), 95% upper limit B
T4 T(2S)(lyl <24) =
_ m promptJiy (6.5 < P, < 30 GeVlic, |y| < 2.4) i
08« y(1s)(y <2.4) ]
0_4—_ Y(15) ]
: " Jhy i
0.2 —y(2S) Y (2S) ]
[ Y(3S) 2 i
D_ | | | I | | | | | | | | | | | | | | | | | | | |

0 0.2 0.4 0.6 0.8 1 1.2

Primordial QCD Matter, Cairo, 10th Feb, 2013

Binding energy [GeV]

Expected in terms of
binding energy

CMS PAS HIN-12-014, HIN-12-007




Bottomonium suppression

-{ _IIIII||III|||||||||||||||||||||||||||||_ E _IIII|IIIIIIIIIIIIII|IIII|IIII|IIII|IIII_
1 4  CMS PbPb \[s,,, =2.76 TeV = 14~ CMS PbPb \s,,,=2.76 TeV =
I . ! - Y(185) Y(25) :
vl +Y(15) Lye = 150 ub < sl ¢ CMS data ® CMS data =
0 ex(2s) Iyl <24 i 'l Erena Cheeai
; : By I Total Total |
M. Strickland 7 :| 3
| e ﬂ}g; ::ﬁ ig 3 il Muc. Abs. ]
il — Y(IS) 4xfS=1 08 =
N N E = 3 :
o6\ \ M- ¥l ves)4ms-1 HH y
0l [N ST * _ + H 0.41-
I iy . - - + +
0.2 W e, (2
:||||||||||||||||||||||||||||-|"|“|"|1“|"|-|":||-= :l.‘-:r*:;:.I‘T_I-_lllhll |r|-4||L|1|+||||ll ||||||:
% 50 100 150 200 250 300 350 400 % 50 100 150 200 250 300 350 400
Noan Noar
arXiv:1207.5327 Eur.Phys. J. A48 (2012) 72

regeneration for the excited state,

Al 102 (L) Z22siil absorption/shadowing to be considered

CMS
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b-quark energy loss: non-prompt J/\¥

1/ o
B S SR L L kbl M /vy
r—-—""‘f”‘ b = Lev

Xy
E“ 104 __J T T I T T T | T T T | T T 7T T T 71 I —TT l—_ c:‘l"_"‘-' EUD_LI [ | L I LI | Frnri I L | L | L | [ | | L -
— , \ 3 [ B . . B
= - CMS Preliminary ; =~ - CMS Preliminary -
To) B !. - (i} | ; N iy 2291+ 97 i
S 10°F L. =150 ub’ 1.6<]|y|<2.4 — o "L, =150 ub’ ® data i
E - 6.5 <p, <30 GeVic . = 400 " 16<|y|<2.4 %4 total fit ]
E — C"Ent 0—100%”0 — — - 65 = p < 30 GE‘V}FC ! %ﬁ bkgd + ﬂOﬂ‘prDmpt =
Q R ® data | w0 - T = = = background -
> : | = | Cent. 0-100% _
LL ol %% total fit | o B i
10 - == bkgd + non-prompt = > 300 —
- === background ] L - -
I | 200~ -
= E i :
: / A : -100__ __
:||| Ul oo by v 0L |||||||||: B||||||||||||||||||||||||||||||||||||||||||||
-1 05 0 05 1 15 2 6 27 28 29 3 31 32 33 34 35
, (Mm) m,, (GeV/c?)
CMS PAS HIN-12-014
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b-quark energy loss: non-prompt J/\¥

T T T T | L | L | T T I |
§ _I llcltlwé IPIIleIIIiIIT‘{thaIrI I I LI | L LI T I_ _I LI | rTT I T | 1 I.I T I.I | T I rTT | T I rTT | T | T | LI I_ I& __ CMé Preliminary __
C 1.4 y - 14 CMS Preliminar - 141 ]
- PbPb\/s,, =2.76 TeV 1 [ PbPby[sy, =2.76 TeV ] - PbPby/sy =2.76 TeV ]
1.2 4 12f — 121 B

1 1 4 ] 1

0'8__+ Non-prompt Jhp_- 1.8~ Non-prompt J[w__ 081 Non-prompt Jhp—‘
0.6/ i 41 a8l . 0.6 =
- * * 1 i . : — N
- * 7 - I .
0.4 * 1 4+ : + : + — 0.4 + 7
021 lyl<2.4 1 22F Cent. 0-100% - 0.2[ Cent. 0-100% |
[ 65<p <80GeVle - 6.5<p <30 GeV/c - - Iyl <2.4
e _III|IIIIIII|IIIIIII|IIIIIII|IIIIIII|IIIIIII|III_ _II|||||||||||'|"'||""|""
0 50 100 150 :loo 250 300 350 400 OyTG5G0608 1 1214 1618 2 22 24 % 5 10 15 20 25 30

 Centrality (p, y integrated): slow decrease of Ry,
- 50-100% (peripheral): factor ~1.4
- 0-5% (central): factor ~2.5
* Y (p1, centrality integrated):
- hints of less suppression at mid-rapidity
* pt (Y, centrality integrated):
- hints of increasing suppression at high-p+ CMS PAS HIN-12-014

CMS

gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10t Feb, 2013



Open charm and beauty

I T 11 | T 11 | I T 11 | I T 11 | I T 11 I T 11 I T 11 I T 11
o= 14 CMS -
" PbPb\[s, =2.76 TeV j In central collisions,
— O | ALICE: c-quarks n .
120 ~emce’ r0¢ 1 Raa hierarchy
1: 6<p_<12 GeV/c, lyi<0.5 ] between ¢ and b:
- 7] e :
08— via secondary J/y (x| RAAcharm < RAAbottom
- * E.E-:pT-:HD EEWI::},M-:EA:
06~ ~
: * ok :
ﬂ-4_— H * * __
0.2 ﬁ g -
:I L1 1 | L 1 11 | L 111 | L 111 | L 111 | L 1 11 | L 111 | L1 1 I:
% 50 100 150 200 250 300 350 40 CMS PAS HIN-12-014
Npart Phys.Rev.Lett. 109 (2012) 112301
CMS e
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Jy vs. y(2S)

PbPb (p; > 3GeV) pp (pr > 3GeV)

— I B B | I | T ;104:_ T L N
X O - ..
L | CMS Preliminary S [ CMS Preliminary |
" N,, 3510+ 112 S /s = 2.76 TeV Ny, 1046=34 ]
—_ Jhp* - i =2 . ) i
(3 PoPb s\ =2.76 TeV g ' 01050020 5 PP : R 0.020 0,007
Q[ Ly =150ub" o = (50 = 1) MeV/ic® 1 S 10° b =231 10 0= (51 1) MeV/c®
e ~— ® data 3
= * data - L o % total fit .
% J/ % total fit 403:: J/ % PbPb fit = béckgzc?zlézd i
Q IP == background 3102 TIJ / cver With Rw(zs)(Pbe)_:
W 102 0-20%, 1.6<lyl<2.4 — - / 1.6<lyl <24 :

3 <p,<30GeVic a - / 3<p, <30 GeV/c -
28 : / \ :.,-" ".-‘-‘ ,lp (28) i
v )— 0 * Y ///1 ._ 7 ST

|||||||||||||||||||||I|||||||||_ I L L | L1l 1
26 28 3 32 34 36 238 4 42 26 28 3 32 34 36 38 4 42

2
m,, (GeV/c?) m,, (GeV/c?)

Indication that the loosely bound y(2S) is
less suppressed than the more tightly bound J/vy for p; > 3GeV

not more than 2c significance, limited by pp statistics!!
CMS PAS HIN-12-007
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Summary: dimuons

« Dimuons are measured in a huge mass range in CMS
» Suppression of quarkonia is sensitive to temperature

« Quarkonia states are (indeed) suppressed according to
their binding energy

 These measurements are relevant for questions of
regeneration, quantifying viscosity, entropy density

* b-quarks are slightly less suppressed than c-quarks at LHC

 More pp data at 2.76 TeV is needed to clarify the ¥’ vs. J/¥
suppression

CMS
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Electroweak bosons:
the control experiment

CMS Experiment at LHC, CERN

Data recorded: Tue Nov 9 23:51:56 2010 CEST
Run/Event: 150590 / 776435

—— | Lumi section: 183

Muon 0, pt: 29.7 GeV

Muon 1, pt: 33.8 GeV

CMS
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Why measure electroweak bosons?

» Electro+weak bosons are essentially not perturbed by the
QCD medium
— At 18t order, check the binary scaling hypothesis,
— Serve as a reference to modified processes (jets...),
— 2" order modif. ultimately constrain initial state (npdf)

= | | | | | | | | |

rb . . ‘r' ||||||||||||| | LI | 1T 11 | |||||
=2 CMS PbPb\[s_. = 2.76 TeV & Opposite-sign o ]
:E, ‘1 NN & Same-sign ﬁ 140 CMS Preliminary 7
015 — _[Ldt=?.2ph B []oMS pp7Tev 29 ; M L Po+Pb\E=276TeV
pp7Tev29p = L - : e 4 i
% p; > 10 GeVic, n'| < 2.4 % 120 [~ Opposite charge pairs ::a_ 21[!5:-::&: e
c S L T ' ]
) D oo 7

5 4"
80~ —
S —H — 601 .
, r o -

D* | ++ +| (# * | | + | B
30 40 50 60 70 80 90 100 110 120 20~ -
Dimuon mass (GE.V;GE) - | 11 1 | L1 1 1 |-+-I 11 |

. . %D 70 80 a0 100 110 120

« 39 candidates in 2010, pt# > 10 GeV/c M, (GeV/c?)

« 616 candidates in 2011, p* > 20 GeV/c 2321323(,2,3:,\})12215821
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Centrality independence: Z boson

= 00— e T T

[dNAA / TAA =do pp X RAA] 5% 9OE- CMS PbPb Preliminary 150.0 ub" aty/s .y = 2.76 TeV

- 8obE E

» Very low pp statistics S 70-h e

available at 2.76 TeV = 60= B | :

. 2 60f - e

= 20 times less Z than PbPb 2 500 + + E

S a0f =

- & oM -

*+ Compare to POWHEG 0 B Minimum bias 0-100% E

(NLO generator) |nStead ED:— Systematic Lncartainty —:

—Well tested at Tevatron 102— POWHEG (5% uncertainties) _i

(2 TeV) and LHC (7 TeV) Oy —50-"400"480" 200250300 350" d[lllil_
—5% uncertainty from NNLO,

pdfs, etc.

[RAA= 0.95 + 0.0

part

CMS
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W > pv (2010)

-
DU'I

CMS

» Signal already visible in = 2, [ll Comwoven ooz

— Fit: Background + W — pv
" <21

muon p; spectrum ->

« Simple missing p; from
tracks (pr > 3 GeV/c) »

 Then transverse mass |

>
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CMS m PbPb data (muon triggers)

160} > 25 Gevic + CMS
PbPb ys\ =276 TeV o PbPb data (p) > 25 GeVic, | < 2.1)

140 Il <21
- p. > 20 GeV/c

L, (PbPb) = 7.3 ub™
Lin (PP) = 231 nb™ L, =7.3pub" /. PYTHIA + HYDJET

( P, ) [GeVi/c]
S 3
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o
)

— 40F Y
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~ [~ ++
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Centrality independence: W bosons

[dNAA / TAA —_ d O_pp X RAA]

a L (PbPb)=73pb" CMS
I_é 900 L., (pp) = 231 nb!
=~ 800
<
} 700
PP

CMS

£
o O
= =
IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII|IIII
ES |
.

2010 PbPb = pp data
Raa(W) =1.04 £0.07 £0.12
RaA(W+) =0.82 £0.07 £0.09
\5=2.76 TeV Raa(W7)=1.46£0.14 £0.16
Consistent with pure isospin

[0-100]%
300 o O E@ ﬁ % 2
200 ﬁ
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100 | < 2.1 O W ow
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o9 Noar
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Isolated photons

CMS

Trigger on ECAL clusters

— Uncorrected E; > 15 GeV,
fully efficient for E; > 20 GeV

Subtract underlying event

— From same pseudorapidity
strip, event by event

Look for isolated cluster

— Remove photons from
bremsstrahlung and jet
fragmentation...

Look at shower shape in the
highly segmented ECAL

— Further remove isolated 1, n

gabor.veres@cern.ch
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Photons are also unmodified

CMS \/s =2.76TeV L _(PbPb)=6.8ub" L, (pp)= 231 nb™

2IIII|IIII|IIII|IIII|IIII|IIII|IIII
I —e— R,, (0-10%) |
B Systematic Uncertainty
15 __ T, scale uncertainty __
[ I i ]
N e = 1 * Normalised by pp
- S S s N U
1 —— —$ : : :
S }"__:__::___::—-  Consistent with unity
0.5 PoPoEPSOOpPCTIO) 1« Uncertainties still
- PLPBDS)PRIETIO) i Iarger than modified
- e PLPH(HKNO7)/pp(CT10) - Jf taint
B — — EPSO09 PDF uncertainties _ p unceriainties. ..
IIII|IIII|IIII|IIII|IIII|IIII|IIII
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Photon E_ (GeV)
PLB 710 (2012) 256
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Summary: EWK bosons

o > UM
— Proportional to binary collisions
— Nuclear effects (isospin, shadowing...) small wrt uncertainties

« W v
— Proportional to binary collisions
— Expected strong isospin effect when separating W+ and W~
— Shadowing (4%) small wrt uncertainties

* Isolated photons
— Proportional to binary collisions
— Nuclear effects (isospin, shadowing...) small wrt uncertainties
— Serving as reference to opposite-side suppressed jets...

CMS
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pPb collisions: 2012/13
the reference measurement (?

|T HAD A BAD DReam :
Wdat Fioe aes

M
LLOWN Accaemroe 4
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Defining two-particle correlation

Signal pair distribution: Background pair distribution:

%0'04_ Event 1
0.03
same L g
e’ ] ) -..__-..4:{#;‘,¢ 5 ,:;35._“:.‘{ It
ev.ent 01 &%%ﬁﬁi%ﬁ»'l!
pairs
2 aTmix
B(An, A¢) = L+ EN
’ Nirig dAndA¢
High multiplicity pp
2 An = ny-N,
2<p<3GeV/ 3 _
<p; < eVic A(P _ (P1 (PZ

1< p:ssoc <2 GeV/c

Associated hadron yield per trigger:

1 dZNpair _
2 * | Nyiy dAndDg — B(0,0) x

N

Yy

JHEP 09 (2010) 091 4
CMS/!
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pPb: the “ridge” is observed again!

Physical origin still unclear

p+p 7 TeV

(d) N>110, 1.UGeWc<pT<3.UGeWc

_._—;-__r-,:f;"‘:""-‘

AR SO0
ARASY

R(An,A¢)

A

ot

Y

A0S
X

4%

e
e
'..1

1
nLO N ®

N = number of offline : :
PLB 718 (2013) 795 . _ < it 0.50.4 GeV/c Much bigger than in pp! JHEP 09 (2010) 091
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Associated yield vs. pr and multiplicity

In the p; range
where the yield is the
strongest, the ridge

At high multiplicity, the
strength of the effect
rises and falls with p;

ZYAM example

CMS pPb Vs =5.02 TeV, N> 110
7‘ T T T T ‘ T T T T

oS pretiminary 2<IAN1<4 | turns on at N=50
145, <p:ig<2GeV/c |
§ g— : 1<pT <2GeV/c — I T ! ! | 1 T ! | ! I I | ! ! 1 | | l I | ) I l ) | | 1 l ) I | )
glo é-? (@) CMS Ngre> 110 |1 ®) |1 <p <2Gevic
| 8 0.04r ® pPby\s, =502TeV __
: + O pp\s=7TeV
o ¢ ¢
D ¢
<0.02F + .
© i )
% i + o ¢ + o o 5
S e _° %% ¥ 4§ o °
2 0 e o ®
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{ ] ] A | ] ] | ) | ol
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pT(GeV/c) Nofine

N = number of offline tracks

with p;>0.4 GeV/c FUS 71O () 153

CMS
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Dijet event in pPb at Vsnn = 5 TeV
Much more to come...

CMS Experiment at LHC, CERN

Data recorded: Fr Jan 18 08:13:59 2013 CEST
Run/Event: 210353/ 763649864

Lumi saction: 366

CMS
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Dijet event in pPb at Vsnn

CMS Experiment at LHC, CERN
Data recorded: Mon Jan 21 01:52:10 2013 CEST

leading jet:

E. = 170.3 GeV
sub-leading jet:

E, = 166.9 GeV

CMS Experiment at LHC, CERN =3

Data recorded: Mon Jan 21 01:52:10 2013 CEST P ? 2
Run/Event: 210534 / 6777413 e e sl .
Lumi section: 32 (PR T SN

CMS
gabor.veres@cern.ch Primordial QCD Matter, Cairo, 10t Feb, 2013




J/w candidate in pPb at Vsnn = 5 TeV

CMS Experiment at the LHC, CERN

Data recorded: 2003-Jan-20 14:29:19 126331 GMT({08:29:19 COT)

Run/Event: 210498 / 3387635952

CMS
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Y(1S) candidate in pPb at Vsnn =5 TeV

CMS Experiment at the LHC, CERN

Data recorded: 2003-Jan-21 02:02:03.076254 GMT(20:02:03 COT)
Run/ Event: 200534 / 68185478

CMS
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Z candidate (+jet) in pPb at Vsnn = 5 TeV

CMS Experiment at the LHC, CERN

Drata recorded: 2013-Jan-21 02-28:16 352602 GMT(20:28:16 C
Run/ Event: 210534 / 83950186 /
- H

CMS
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Conclusions

* The CMS experiment has completed two years of successful Heavy lon
program with 19 published papers

« CMS excels in measuring hard probes (jets, EWK bosons, quarkonia) as
well as global properties (multiplicities, elliptic flow, energy flow)

* Various properties of the created medium are studied at a quantitative
level, with new tools at the LHC energies

* All challenges in data taking, triggering, reconstruction were met so far

« We are at the end of a successful p+Pb data taking (although we hoped
for more luminosity and wanted some more pp data @ 2.76 TeV)

« We are looking forward to the high luminosity runs starting in 2015

=P | Many more results to come; we are still at the beginning!

hitps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN

CMS
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