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Introduction

CMS detector

EM Calorimeter (ECAL) Hadron Calorimeter (HCAL)

Forward Hadron
Calorimeter
(HF)

Collision Centrality
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(Pixels and Strips)
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N Introduction

Heavv—ion oriented data samples
m

2010 6.2 nb?! low pile-up
2010 Pb+Pb 2.76 7 ub™
2011 Pb+Pb 2.76 150 ub?
2011 p+p 2.76 230 nb!
2013 p+Pb 5.02 35 nbt?
2013 p+p 2.76 5.4 pbl
2015 p+p 13 270 nbt low pile-up
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.
Nuclear modification factor

Study of jet quenching by looking at magnitude of particle yield
suppression.

Colorless probes (control probes)
are not modified by the medium
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B 1 dZNAA /dediy Raa>1 enhancement
RAA = N 42N _ /dod Raa=1 no medium effects
< col|> pp P-dn Raa<1 suppression

PbPb 2.76 TeV
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| —— *Z (0-100%) |¥| =2 i
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.
Nuclear modification factor

PbPb 2.76 TeV

2.5_ 1 1 I I I 1 1 I 1 1 1 I I I 1 I 1 1 | I i
| —— *Z (0-100%) |y| < 2 _
[ e W (0-100%) p’ > 25 GeVic, || < 2.1 i
- —=— Isolated photon (0-10%) In| <1.44 -
21— ==g== charged particles (0-5%) In| <1 =
[ I B Jv (0-100%) ly| <24 - EPJC 72 (2012) 1945 JHEP 05 (2012) 063
150 1 charged hadrons & b-quarks
& I 1 are suppressed, Ry <1
1'_____{7___*___ 4
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=» Colorless probes are unsuppressed
=» Hadrons are modified (jet quenching)

=» Less b-hadron suppression at low p;
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.
Nuclear modification factor

PbPb 2.76 TeV PRL 113 (2014) 132301 || PAS-HIN-12-004
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L+ Isolated photon (0-10%) | < 1.44 - . J L dt =7-150ub -
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First m rement of b-jet R
= Colorless probes are unsuppressed st measurement of b-jet Rua

=» Hadrons and jets are modified (jet quenching)

=» Less b-hadron suppression at low p+; b—jets are similar to q/g jets
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-
Nuclear modification factor: PbPb vs. pPb

Charged particles
CMS Preliminary pPb L =35nb"; PbPb L = 150 ub™
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EPJC 75 (2015) 237

EPIC 72 (2012) 1945 Similar trend in R, and Ry, as a function of p;

Need pp reference data at 5.02 TeV to reduce systematics
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-
Nuclear modification factor: PbPb vs. pPb

Charged particles Jets
o 5 CMS Preliminary _ pPbL =35 nb™; PbPb L = 150 ub” pPb s, =5.02 TeV PbPb |5, =2.76 TeV
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PAS-HIN-14-001 For pPb Roa~1
PAS-HIN-12-004 For PbPb R, <1

Jet suppression observed in PbPb collisions is the final state effect

B. Boimska (NCBJ) Epiphany Conference, Cracow, 08.01.2016 9



-
Nuclear modification factor: PbPb vs. pPb

b-Jets Inclusive Jets
pPb ys,, = 5.02 TeV PbPb s, = 2.76 TeV
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arXiv: 1510.03373 For central PbPb: b-jets show similar suppression to

PRL 113 (2014) 132301 inclusive jets, R,,~0.5
For pPb: inclusive and b-jets are not suppressed, R ,~1

No jet flavor dependence is observed
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0 Experimental results

Dijet events in PbPb collisions

l‘leading’ PRC 84 (2011) 024906

Dijet Imbalance

c fo T faeww o T LT M PLB 712 (2012) 176
= i 1 ] J1
5 02 ; ® PbPbys, =276 TeV—-- g:;i]sg%g\e/\//éc—
E — PYTHIA+DATA A >2/3
: : Iterative Cone, R=0.5 ¢ T - JZ, ° eXp. DATA
§ o g + __+ ] T‘subleading’ - ref. DATA
(N | T ®
: t 50-100% | 010% | % Dijet pr imbalance (A)
5204 06 o 1 0z 04 06 08 1 increases with centrality
Ay = Py P JPy #P1 ) . pT,l - pT12 - Direct observation Of_iEt
Asymmetry: fy =7 quenching in central PbPb
Prit Pro

collisions

et 1, pt: 85.3 GeV|

:"(l) Dijet pr imbalance quantified by asymmetry A

Unbalanced jets
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"
Dijet events in PbPb collisions

l‘leading’ PRC 84 (2011) 024906

Dijet Imbalance

I T R N I § PLB 712 (2012) 176
§ 0.2] ® PbPb\5,=2.76 Te\/—" g:;i]sg%g\e/\//éc— i
! vt rns | Ap-2/3m 1 * exp. DATA
§ o : + i ] T‘subleading’ _ ref. DATA
t 50-100% | 0-10% % Dijet pr imbalance (A)
S0 o s e T o2 o4 06 08 1 increases with centrality
As= (Py 7Py /Py P ) Pri— Pro - Direct observation of jet
Asymmetry: A = D, +p quenching in central PbPb
| Correl T2 collisions
Dijet Azimuthal Correlation
E(b)J IS AN . = Jets remain essentially back-
S il e e o10% 1 to-back (A¢~n) for all centralities
‘g i PR DATA P - Propagation of high p; partons in
o= ’ ] dense nuclear medium does not lead
g 102 |1 oy +++* to a:’strong angular decorrelation
3 M it '
]0_3 E- 1 | ] 1 1 1 | 1 | I—é

05 1 15 2 25 3
Agp = ‘ jet1 ¢jet2‘ .
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0 Experimental results

Photon-jet events in PbPb collisions

Direct measure of the jet energy loss is the ratio of jet to photon p+:

PLB 718 (2013) 773
e  RAanas s X3,=pr'ep
105F 7 | 3 e exp. DATA
1A% e Py > 60 Gevie '] <1.44; f. DATA (PYTHIA+HYDJET
& 0.95 p_Jret>30 GeVic ™| <1.67 o ret. ( * JET)
S 09F =
% xq0-85§' I o T Eerarnnnanans D . O....E.. Jets lose about 15%
2 Y o8k + 4] of their initial energy
0.75} . =
O.7§— *- ---------------- -_:
0.65 -4 primbalance larger for more central collisions
06 5400 200 300 400
N
" @
,' Y-jet event — ]
| e  Jet
Photon does not interact with the
medium:
- Photon - provides initial parton p;
n=-lInig— ; ‘
2 n - provides initial parton direction
Bhoton 0, pt: 142.1 GeV| . g o
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"
Photon-jet events in PbPb collisions

Direct measure of the jet energy loss is the ratio of jet to photon p+:

PLB 718 (2013) 773 J
— et
M X3, =P7 /Py
1.051 =
1§—A¢Jv >%" p! > 60 GeVic | < 1.4 ’ exfp' PATA
¥ oest o 30 Gevie < 1.6 © "¢F DATA (PYTHIA+HYDJET)
S 09F =
% ><_§-0-85;' I o T Eerarnnnanans D . G...sh. Jets lose about 15%
g 0.8F + :l of their initial energy
0.75F ‘ 3
O_7§— *- ---------------- -__j-
0.65 -4 primbalance larger for more central collisions
06 G 00 200 300 400 1 —————

‘s exp DATA
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@

Azimuthal Correlation:

Ay, =|¢™ |

=k
=

Pair Fraction

=
<
3]
1

also for other centralities.

Photon and jet are ‘back-to-back’ (Ad)Jy ~TT), |JL|J.
Iln. A
3

c;.‘gm =
=

A
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0 Experimental results

Dijet events in pPb collisions

EPJC 74 (2014) 2951

Dijet Imbalance

LI | LI | LI | LI | L | LI
. p,,>120,p_>30GeV/c  (b) . PYTHIA (PP)
- ' ’ 1 ® pPb
075 Ml <3 A0 ,>21/3 _
A I ] .. :
o | . ] =» pr,/pr; for pPb dijets the same as in pp
TN g7k o O - g ’ .
e i 2 i > no jet quenching observed
0.65_— _
_u o b e Py v by v b By I_
0O 10 20 30 40 50 60 pPb at +/s\y=5.02 TeV
E7™ (Gev) | cocofuuc
%‘_ _.. %‘_ \\"1 FE:E[::;OZ 3?2;134 J67 3 03 52 02013 CEST
— 9 ) \
p Pb p Pb

Centrality characterized
by E; at large |n|
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0 Experimental results

Dijet events in pPb collisions

Dijet Imbalance

p,,>120,p_ >30GeV/c  (b) .

075 > 21/3

O
®

d
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< pT,2/pT,1>

0.65

o v by v e by v b by 1y
0 10 20 30 40 50
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-~ — «—
—®

p Pb P Pb

Centrality characterized
by E; at large |n|

DL | | |
(=] | | | | | | | | | | |

A¢1,2 — ‘¢jetl _ ¢jet2‘

B. Boimska (NCB))

Epiphany Conference, Cracow, 08.01.2016

EPJC 74 (2014) 2951

PYTHIA (pp)

pPb

% pr,/pr; for pPb dijets the same as in pp
- no jet quenching observed

= Jets remain back-to-back (A¢~mn) for
all centralities l

D|_|et Azimuthal Correlatlon

—
T,

pPb
+ F’YTHIA + HIJING
—PYTHIA

(" HJ

- -
o o
ra N

Event fraction
o

10*
5 ™% < 20 Gev
10°F lLoronllnnnllanenllornnllonnnlfdnnnallnnanllnnnnllnnnnllninnnflonnnl
0o 05 1 15 2 25 3 05 1 15 2 25 3
Ao, (radians) Ao, (radians)
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"
Dijet events in PbPb collisions

Where does the lost energy go?

,missing” p.!!:

V]L = E _P?a(:k Cos ((PTrack — PLeading ]et)
Tracks

transverse (_)
plane

Sum the projections of p; of all reconstructed
charged tracks (in the event) onto leading jet
axis

g 67
W}\\n@z’mﬁzr
¥
Y

Study dependence of mean ,missing” <p;//> on dijet asymmetry A,

A = Pri—Br

— 4 pr,- leading jet
Prat Pr pr - subleading jet
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0 Experimental results

) = = »
PRC 84 (2011) 024906

Missing” p!l vs. A @1
Radial dependence of the momentum balance:

All particles (AR<0.8) {raoke; (AR>0.8)

: T cl:'nlsl I LI B I LI | ; LI | I LI -: '.l_ ) |>0|-5I Gleélé LI L 1 LI | LI I LI Dut_nf_cone

qof PoepNEmzeTey [T I e 00 0 cee T Jacks

i f Ldt=67ub" + [ 2.0-4.0GeVic + Excess towards sub-leading jet -

I . T (X 4.0-8.0GeV/ic T } ]
= 20 : —— ' ____- > 8.0 GeV/c -+ |
S = : e e - e
S o : a
AI—

o |
-20:- —
a0l ]

i Excess towards leading jet ]

‘IllllIIII|IIII|IIII|IIII||||||||||||||||||||IIII|IIIIIIIIIIIIIIIII\I.

0.1 02 03 04 01 0z 03 04 0.1 02 03 04
A, A,

balanced jets

J

unbalanced jets

Momentum balance restored when summing over all particles in the event,
independently of A

In-cone excess of high p; tracks is balanced by out-of-cone low p; tracks.

Momentum difference in the dijet is balanced by low p; particles at large
angles relative to the jet axis.
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0 Experimental results

"Missing” p;!l vs. A,

arXiv:1509.09029

New analysis: projection of p; for reconstructed charged tracks onto ¢p;

Q* = Z — Py cos (¢ — PDijet)

, P2 5.3 pb(2.76 TeV) 166 ub™ (2.76 TeV)

-CMS pp

40" _Gen. PYTHIA

Subleading-jet
hemisphere

0-10% PbPb

i; 21 200
o | r [l
S | [
§51 -40. PP (P, % PbPb (p.)

=1 trk : - T'X

H p™ (GeV/o): 15 | S R BRSO SRS SRR STRFRPIC BPRPSCSCS SR S RS
) D1 | [0.5-1.0@20- 4.0 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
Dijet []1.0-20M4.0-80| balanced A unbalanced AJ
+ >0.5 [8.0-300 jets J

Missing p; from high p; particles increases as a function of A,in the

leading-jet direction

- pp: balanced by 2-8 GeV/c particles in the subleading-jet direction

- central PbPb: balanced by softer particles with p; < 2 GeV/c
Epiphany Conference, Cracow, 08.01.2016
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"
”MiSSing” pTH VS. A arXiv:1509.09029

PR O30KPOP
excess towards T be

subleading jet

— O e e et it
=>
Q
excess towards Q)
leading jet l —-10
=
~
-200=

""""""""::::,::::,::::,::::-

05 1 15 5 (PbPb0-30%) - pp -
p, >120, p,,>50 GeVic ' '
M |.m,[<0.50, A0 >5n/6

anti-k; Calo R=0.3

h.ltrk|<2'4

ptTrk (GeVlc):
[]o5-1.0[]2.0-4.0
[[J1.0-2.04.0-8.0

¢ >0.5 [8.0-300.0 0.5 1.5
A= \/(Utrk — Tiet)? + (Puk — Piet)?
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"
”MiSSing” pTH VS. A arXiv:1509.09029

N & S 0730%,Pbpb, Inclusive A
excess tc_)wards T PbPb 0-30% ]
subleading jet =

=5

S
Q
excess towards O]

leading jet = -1

High-p; imbalance
at small A

p, >120, p_>50 GeVic
m,.n,<0.50, A¢, ,>5n/6
anti-k; Calo R=0.3

h.|trk|<2'4

p‘Trk (GeVlc):
[J0.5-1.0[]2.0-4.0
[[J1.0-2.04.0-8.0
¢ >0.5 [J8.0-300.0 0.5 1 1.5
A= \/(Utrk — Tljet)? + (Prek — Piet)? A
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"
”MiSSing” pTH VS. A arXiv:1509.09029

N & S 0730%,Pbpb, Inclusive A
excess tc_)wards T PbPb 0-30% ]
subleading jet =

=5

S
Q
excess towards O]

leading jet = -1

High-p; imbalance
at small A

p.>120, p_>50 GeVic
m,l.n,|<0.50, A, >5n/6
anti-k; Calo R=0.3

h.|trk|<2'4

ptTrk (GeVlc):
[J0.5-1.0[J2.0-4.0
[ ]1.0-2.04.0-8.0
¢ >0.5 8.0 -300.0 0.5 1 1.5
A= \/(Utrk — Tljet)? + (Prek — Piet)? A
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gt Experimental results
|s jet fragmentation affected?

Measure Fragmentation Functions to check if energy loss mechanisms
modify fragmentation of partons.

- 1 dN 0% N
Jet Fragmentation Function: Track &=/ 2) = In(—=—) pTrack
raci iy’
Ny d& Py
zZ- f_raction of parton’s momentum
Peripheral (FP@ Central carried by hadron
00 L Jetp >100Gevie,mi<2  { PRC 90 (2014) 024908
E F+ Track P >1GeV/c,r<03 E
g 1 |
g e E
z * PbPb
% _ppreference | Central PbPb:
2 !
" 207 - 100% o 10% . For high p; particles (in jet cone)
0 " fragmentation as in pp
3F I RO
25 {_ .. Suppression of intermediate py
g 2 1" particles
&5 o R
v geee s iye 4 e Tt Enhancement of low p; particles
055 =S i 1
R s R R R S
e=in(iz) §=In(1/2) Centrality dependent modification of jet
High py Low pr fragmentation functions in PbPb collisions
particles particles
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"
|s jet fragmentation affected?

pPb collisions
Ratio of Jet Fragmentation Functions:

Low py jet High pt jet
60-80 GeV/c > 140-200 GeV/c
[ TTT | TTrrT | LELELE | TrrT | TrorT TTTT I TTTT | TTTT I TTTT I TTT1T T T 11 I TTTT I TT T 7T I TTTT I TTTT TT T T | TTTT | TTTT I TTTT I TTTT TTTT I TTT1T I T T 11T I TTTT I TT T

% 53pb’(276 TeVpp) T antik particle flowjets T pe > 0.5 GeVic J] M5, 1<1.5 T CMS ;

_ 19[] 30906 (5.02 TeV pPbEE g 3 T . ¥ Preliminary 3

2 1e|)| 25®7 (7 TeVpp) I ' ] E

=4 I r ] r ]

g, 14 T T ] T ]
_'-‘H_-h 12 - . 1 ¥
&1 Hﬂinﬂugiﬂﬂﬂnnﬂnug Hﬂﬂﬂﬂﬂﬂnauﬂﬂﬂﬂnnn i 23 ﬁuﬂ==un=gun:=nﬂﬁﬂ
L 0.8 _: ] T _+

“F 60<p™<80Gevic I 80<p™<100GeVic T 100<p™<120GeVic T 120<p <140 GeVic 1| 140 <p™ <200 GeVic
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» No modification of jet fragmentation function in pPb with respect to
the interpolated pp reference

» Without modification in jet R p, and FFp,, the observed PbPb
modification can be attributed to the final-state hot nuclear matter effect
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"
Sequential melting of quarkonia

. . . ®
In QGP, color screening (Debye screening) leads to melting of oo Y
quarkonia = suppression of quarkonium yields. ‘}' Qéo
Quarkonium states have different binding energies (radii) . '!:‘. Qe
- they melt at different temperatures of the created medium. ‘e @
@
Quarkonia: mass, binding energy and radius
Mass(GeV) 310 3.53 3.69 Mass(GeV) 9.46 10.0 10.36
AE (GeV) 0.64 020 005 AE (GeV) 1.10 0.54 0.20
ro(fm) 025 036  0.45 ro(fm) 0.28 0.56 0.78
Centrality-integrated R,, vs. binding energy
_ (Yield in AA) Note: 6.5<p<30 GeV for J/y and w(25)
Ran Ncow (AA) x (Yield in pp) B A R A I R
o L  CMS Preliminary 0-100% 7 - 1/(r)
1217 PbPb\/syy = 2.76 TeV ~
- N 450 MeV Y(18)
Less bound States are 1: o Inclusive y(2S) (6.5<pT<30 GeV/c, ly| < 1.6) 7
more suppressed than v T(ES) (il < 2.4), 95% upper imit E
tighter bound ones > o brompt oy 6.8 <p, <30Gevie, <24 ] 210 mev [ff] 1w Y(29)
sequential suppression PO xas (v <24) E oo ey [l %o YGS)
of quarkonia 0.4f- . Y= 3 W(2S)
L Jhy .
PRL 109 (2012) 222301 0.2 y(25) Y.*EZS) -
PRL 113 (2014) 262301 L@ Y(33) - -
PAS—HIN-12-014 of .¢. ] Mocsy, EPJC61 (2009) 705
0 0.2 0.4 0.6 0.8 1 1.2
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0 Experimental results

Y production in pp and PbPb

Updated results: statistics for pp data x20; improved reconstruction for PbPb

pp 5.4 pb’ Is=276 TeV PbPh 166 pb” | Sy =2.76 TeV

_ _ _ = L B L B L L B LN LI B - S B L B R IR B R
PAS-HIN-15-001 2 2500:_ CMS ] = 1800F Pbe CMS
EB r p p Preliminary :% 1600 Preliminary

S r ] S E E

1;2000? B :14005 Cent. 0-100% 1

: £ . Iyl <24 £ 1200F vl <24 E

Dlmuon Spectra 9 51500_— p:'aG.SGEV-’h—_ 51000:— p::G.EGeV-"C—:

[ p:’ > 4.0 GeVie E 3003_ Pl = 4.0 GeVie |

B00f

400F
. 200F =
Y(] S)’ Y(ZS) dependence Onl G..|....|....|....|....|....|....' 0:..|....|....|....|....|....|....:
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part
-1 -1 _
< Pbpb:(is”blppsﬁpb‘I‘S“IN*zTaTeV 14Pbe1eepb’1 pp 5.4 pb”! pT Sy = 2.76 TeV 14Pbe166ub'1, pp 5.4 pb” Sy = 2.76 TeV
i AT T e T e A T e e e e
| CMS T L ] 7 i
120 Iyl<24 g ] o E Cent 0-100% CMS ] x i 100% CMS |
% Prelfmmary i 1 2; ent. 0-100%, |y| < 2.4 Preliminary ? 1.2 — Cent. 0-100% Preliminary N
1| | i i
il 1 — 1_ —|
i Y(1S) B i C ]
[ ] L wY(1S) 3 L hr(1s) ]
0.8: + 4 Y(2S) ] 0.8 ] 08l N
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L ¢ i r HIJ X q L i
4 B ] i C & i = ]
0 :E| u o] 0-4__¢ b 3 _:1 0.4 B 7] ,# -
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Near Py (Gevic) lyl

» Y suppression dependence on centrality observed and suppression is
stronger for excited state

®» Y suppression does not depend on kinematics (pr and y)
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-
Y production in pp,

pPb and PbPb

JHEP 04 (2014) 103
Y(nS)/Y(1S) ratio, centrality integrated

—~ 05
@ F cMms PP 5y =276 TeV
T0.45E o L=s4pb’ 7
YA [y <193 ]
fg - CM _
— 0_4'_ = = —
= = Pbys, , =502 TeV
= s e ]
035 Vo <193
03 E PbPb {5y = 2.76 Tev_f
. l Y L=150pb" 3
F e - ly  l<24 .
0.25 E i PP v 958} upper limit ]
0ok pPb _:
0.15 E
3 PP §8------ 3
0.05 E
- PbeT .

0 T(2S)T(1S) T(3S)T(1S)

Relative production of excited state
(Y'(2S) or Y(35)) to ground state Y (1S)
more suppressed in pPb than in pp

In PbPb stronger suppression than in
pPb collisions

Y(2S)/Y(1S) ratio vs. multiplicity

a‘o“ 0.57 |||| L T Ll T I\\‘ T T L T ||||| :
EO 45:_ PP Sy = 2.76 TeV  pPb |5 =5.02 TeV PbPb |s,, = 2.76 TeV

o F o Iyl < 1:93 ®ly,l<183 Ky, | <24
S 04 3
= + E
0.35; I p p Y(ZS) :
0.3 T(S) 3
: « | P+Pb 5
0.25F- Jf Pb+Pb 2
E L .
0.25— ¢ + =
0.15 % -]
01 cMms ’%‘-
0.05 H, E
O:I ||I| 1 1 111 I\\‘ 1 ||I| Il 1 L1 I:

10 102N’""“ 10°

tracks

Niracks — Number of tracks with py>400MeV/c and |n|<2.4

Y(2S)/Y(1S) decreases with event
multiplicity for all systems

Same physical mechanisms present in

PbPb < pPb < pp pp, pPb and PbPb collisions 7?7
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"
Two-particle correlations

Signal pair distribution: Background pair distribution:
1 dZNsame Event ] 1 dZNmix
S(AnAp) = ArdA B(An,A¢)=N ArdA
N, dAndAg wie AATIdAQ

Event 2

(e,

i,

sttt N |
(R,

N
e g L

i

i

77

4

S(AN,AQ)

same event pairs mixed event pairs

Associated hadron yield per trigger:
[An = massoc — ntrig } 1 d>N™ SAnAg)

= dyassoc _ tri :B O’O
EES N, dandag Y Blanag

B. Boimska (NCBJ) Epiphany Conference, Cracow, 08.01.2016 28



0 Experimental results

Two-particle correlations: Pb+Pb,

"Ridge” observed for all systems:
Pb Pb 2.76 TeV p Pb 5.02 TeV

35-40%

- offline
CMS pPb \[s,,, = 5.02TeV, N ™" = 11
1< P < 3 GeVic

(b)

5|5 18
LT 1e LR
o3 1.4 Hg 1
4 =
4
-4 -4
JHEP 07 (2011) 076 b 724 (3013 313
EPJC 72 (2012) 2012

v |
Fialal
A
ARSI

i 3 .“"'o?h l;\‘_"
Ay LS

EAS

JHEP 09 (2010) 091

long-range (An), near-side (A¢~0) correlations

Unexpected "ridge” in high-multiplicity pp collisions

B. Boimska (NCBY)) Epiphany Conference, Cracow, 08.01.2016

29



0 Experimental results

Two-particle correlations: Pb+Pb,
"Ridge” observed for all systems:

Pb Pb 2.76 TeV p Pb 5.02 TeV b p 7TeV

A

35-40%

CMS pPb \[5,, = 5.02 TeV, N’/ > 110 ()

1 N
NtrigdAn dA¢

R(An,A¢)

-4
Explanation of the effect:

Fluctuations of the
initial geometry and
hydrodynamic evolution

Origin unknown for the small systems:
- hydrodynamic behavior 7?
— initial-state gluon saturation (CGC) ??

Energy dependence study for pp collisions: 7 TeV (Runl) and 13 TeV (Run2)
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"
Charged hadron multiplicity in pp@13TeV

First LHC Run2 publication |rLe751 2015) 143

Pseudo-rapidity distribution s Energy dependence
CMS
8 _| LI I LI I LI I LI N B | T 1T 11 I T 1 1 I_ 8 B T 1 1 || T 1 1 1 I 1 I. 1 I .I ]
F pp Vs = 13 TeV inelastic ; e CMS pp inelastic ]
7E 3 7 F - ALICE ]
. . ] x PHOBOS ]
6 R ,_-... ..... .......... ] 6 [ v UAS _:
E TR !- .-!_. """"" . - + ISR ] ]
5 E - © 5 | === PYTHIA8 CUETP8S1 3
5 F . ; f e EPOS LHC 3
S4F = = 4F 3
z I . 2 ]
3 b . 23t .
_ . o X
2 - data —; 2 - - -------- 3
B - PYTHIA8 CUETP8S1 3 a3 ]
F EPOS LHC ] ; —— parabolic fit in In(s)
0 s oo by ooy by oy oy by s by oy by 0 N L 1l 1 TR | L M|
3 2 - 0 1 2 3 10" 102 10° 10*
n Vs [GeV]
dN . .
[_d;h] = 5.49 1 0.01(stat) + 0.17(syst) for inelastic events
|n]<0.5

Energy dependence as expected
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0 Experimental results

Two-particle correlations in pp at 13 TeV
p p 13TeV

High multiplicity

N::""e > 105

T<p_<3GeVic

Low multiplicity

N‘::‘““ <35
T<p_<3GeVic

1747

= <=
o - lE _.
Z| = < = 165
o - -
o| g 016 e 7775
“|2%014 ~|E 16
4 4
4

arXiv:1510.03068

"Ridge” in high-multiplicity pp collisions at 13 TeV
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0 Experimental results

Ad—projected correlation function

Comparison for pp collisions: O7TeV and @13 TeV

Increasing p;

01 < pr< 1.0 GeV/c 1.0< pT < 2.0 GeVic 20< pT < 3.0 GeVic 3.0< pT < 4.0 GeVic
0.1
. 30".'.5. Comy=075 f@pp \s=13TeV C,,, =012 Coppu=004 £ C,ppy =003 For (2<|An|<4)
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Q Losh I folele
T 005f - - -
| |3 [ ool ol Py
=4 ] - I~ 0% r OV g®
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"
Integrated associated yield

arXiv:1510.03068

1.45, 2<|Anf<4
M <p™ <2 Gevic H HP .
[y oo pr and multiplicity dependence:
1 ' 0.04
z CMS e (@) ()
- @ p|:1|'§'5:13Ta.=:".r',Ntrh = 105 | 1.0<p <20GeVic
&) O pp\s=7Tev, N™ "= 110 20<lanl <40
-~ B rk 3
[ah]
] i
= 002k - +
2 P
E i E B Ig .
4]
5] i ® e
2 ¢ %
= i L ] ® e
° m__T__[&ﬁ_L_E-' | | |
ﬂ 1 1 1 2 1 1 1 4 1 1 1 1 1 EG -Im 150
p_(GeVic) N
tr

=» No collision energy dependence observed

®» Effect is most evident in the intermediate transverse momentum
region (1 <p:<2 GeV/0)

» Approximately linear increase with multiplicity for N, °fline>40
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0 Experimental results

Integrated associated yield

Comparison pp vs. pPb vs. PbPb

- CMS arXiv:1510.03068
- A PbPb \s = 2.76 TeV A
s 7| opPb (s=502Tev [:]
E I .pp\fg=13TeV A o O
g - opp\s=7Tev a B
) i A -
o 01 B
e i
I A o 2.0<|An| < 4.0
g |
2 | a H 1.0<p_<2.0GeV/c
< N o B T
i a DQ.C’ o ® *
orwlei e
I L " " 1 1 1
0 100 200 300
N Multiplicity

Strong collision system size dependence of the associated yields
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0 Experimental results

Elliptic (v,) and triangular (v;) flow harmonics

Azimuthal anisotropy harmonics determined from a Fourier decomposition of
long-range two-particle A¢ correlation functions

PLB 724 (2013) 213

0.10
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R
| (a) PbPb \s, = 2.76 TeV

L L I S L A B L
1 (b) pr\"STW=5.02TeV
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trk

—03<p <3 GeWc.—....._.f, i
e ]
. h - - ..... m |
Oan® : 000 9.0 0000,
n .-.- L N 1
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W Vv.{4} J
— — 1 TN S E .
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Noffllne Nofflme

trk

0.03
™ 0.02
>

0.01

‘ T T T T | T T
e B vz |An|>2}

R — V{2, IAnI>2}, N2"™°<20 sub.

r 0.3< p, < 3 GeV/e

PbPb \ =276 TeV
pPb \s., = 5.02 TeV

1 ~——_ Triangular flow (v5)
4\ =3 ) reflects fluctuations
- of the initial geometry

H4
u L - 4

0.00

B. Boimska (NCB))

ol

P ST N N RN T R S S R
100 200 300
offline
I\Itrk

n

Elliptic flow (v,) reflects the
medium response to the initial
collision geometry

2

PbPb and pPb collisions

are similar:

= v, and v; increase with

multiplicity for both systems

=% However, the magnitude

Epiphany Conference, Cracow, 08.01.2016

of

v, smaller in pPb than in PbPb

=% v; in PbPb and pPb coincide for all multiplicities
(but very different collision geometry for PbPb and pPb)
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0 Experimental results

Correlations of strange and charged hadrons

high-multiplicity p Pb 5.02 TeV

ﬁ ' <«
= 1
(c) CMS pPD {/Syy =5.02 TeV, L =35nb (d) CMS pPb {5,y =5.02 TeV, L =35nb
220 =N < 260 Ly s 220 =N < 260 =_ T
1 -::p'T’i“-c:B GeV Kgh 1<p'T'i“<:3 GeV N A/Ah
1<pF** <3 GeV 1<pF** <3 GeV : ‘

» 3 |3 saf
wzg %g 3.9
t’ﬁmsrs S 31
-] E ] E

| |.F 30

PLB 742 (2015) 200

"Ridge” observed for K°-h and A-h correlations
in high-multiplicity pPb collisions
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0 Experimental results

Vv, and v,/n, of strange hadrons

Pb PLB 742 (2015) 200
LA Pb —E 5o
= .
p- Pb hlgh multlpI|C|ty events Pb Pb perlpheral events Same multiplicity bin for pPb and PbPb
03f - 0.3 L 1
CMSK";" =502 TV CMS P {5, =276 TeV v, shows mass ordering in pPb and
I ) ] .
off ax L os 0] off AT PbPb: at_low pT,_smaIIer v, values
o len oo ae o Lanmm e 1 for heavier particles
ES el 17 . * | . :
T JEe o 1 o & 1 Mass ordering more clear in pPb
e 220N <260 220 = N'™ < 260 : i
W (00005'3.006%) e oy 0 | than in PbPb > stronger radial flow
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- [ ] E - 1 . = "y w
i : | degrees of freedom in the initial
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0 Experimental results

vs_and v;/n, of strange hadrons

PLB 742 (2015) 200

Pb
____p_l _________ l? _t!__ _’é Pb
—_— -—

p-Pb high-multiplicity events Pb-Pb peripheral events Same multiplicity bin for pPb and PbPb
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Summary

Results from Runl1 presented for PbPb, pPb and pp collisions. First results
from pp collisions at 13 TeV (Run2) also shown.

PbPb and pPb collisions:
Jet quenching
m  Suppression observed for central PbPb is a final state effect
No flavor dependence measured at high p+

m  High-p; excess of jet tracks on leading jet side compensated by low-p;
excess of jet tracks on subleading jet side, which extends to large angles

m Jet fragmentation function modified in PbPb and not in pPb

Quarkonia production
m  Sequential melting of quarkonium states observed in PbPb

m Y suppression depends on collision centrality and does not depend on kinematics
m Y(2S)/Y(1S) ratio decreases with event multiplicity

Collective behavior

m Results for "ridge” and elliptic (v,) and triangular (v;) flow similar in PbPb and
high—-multiplicity pPb collisions

pp collisions:
"Ridge” observed also in high—multiplicity pp collisions at 7 TeV and 13 TeV
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