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Introduction — Azimuthal Correlations in AA Collisions

Two-Particle Correlations _
Back-to-back jets

1< ptTrig <3GeV/c

1< p’:s” <3 GeV/c

y

Projecting in A
the long-range correlations

CMS PbPb \/s,, = 2.76 TeV
— 1 . . . T . T 1
- — Sum IAnl > 2
Ly =120 ub™
0-0.2% centrality -

_ A¢ (radians)
1 dNP2T N
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assoc
1+ Z 2V cos(nA

— 2
VnA = Vn

In Hydrodynamic models : v, (elliptic flow) and v5 (triangular flow)

Related to medium response to initial collision geometry and its fluctuations



Most of the AA Data well Described by Hydrodynamics

[ T '0'_'5'% I ' ' ' ' ' ' ' Phys. Rev. C 89, 0449076 — CMS Results J
| CMS PbPb (s, =2.76 TeV Phys. Rev. Lett. 110, 012302 — IP glasma + MUSIC |
e 0.2.— oV ]
5| v | o |
= -V, |* Shear viscosity (0.07 < n/s < 0.2) = Almost perfect fluid!
.
o.o 1 . - 2 — 3 B L] L] 1 1 L] L L |l T L] L] 1 Ll T
O p, (GeVic) p, (GeVic) p, (GeVrc) 010l PbPb \(sﬁ,=2.76 TIeV 1 N Phys. Lett. B 765 (2017), 193 |
— ' eee®
0.3 CMs | ' 1 Phys. Lett. B 742 (2015), 200 | e *°
| PbPb s, =276TeV,L =23ub" |
I |
- " KS + 1 sub,
ol — ] o v;'°{2, IAnI>2} _\
R L + . > m v{4} vo{2} 2 v {4} = v, {6} =
ST et e o . 05 Fus ] v,(8) ~ vylo)
o o . { ™. Mass ordering up to ~2 GeV K o vA8} ! ; ' 21 "
T gle ] Connected to Radial Flow O VALYZ} | 2 Collectivity!!!
- 120 = N < 150 . 0.3<pT<3.O GeV/c _
- (673%) Lo, <24
oo 0 100 200 300
2p (GeV) 4 Noffline
T trk
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“Ridge” in All Systems

Similar to AA collisions
0 Long-range near-side correlations in High-Multiplicity pp and pPb collisions

M = — 502 TeV. Noffline 11
CMS p b \/% 5.0 ev, irk = O CMS pp \s=13TeV
1<p . <3GeVic -

CMS PbPb |s,, = 2.76 TeV, 220 < NJy "™ < 260
105 <Ny, <150

trig __assoc

1<p. " P; <SGeV/q_._.--"""

1< ptT'ig <3 GeV/c
1< p:ss“ <3 GeV/c

\
s

AN

g . = g 1 - 1.75
. < = “‘ ‘ g_ o ,é _g
3 |8 28 z2 170
S5 2ol S Blg 1 3
2.6 2 1.65
© % LN\ © Tz
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Are small systems behavior similar to AA?

Similar ridge structure as in AA Pair counting per trigger particle pack-to-back di-jets

0 Higher relative contribution from jets CMS pp Vs = 13 TeV

105 < NJv ™ < 150

Questions

0 Is collectivity present in small systems?
o |If yes, what is the origin? Is it similar to AA collisions?

Importance

0 Opportunity to study non-perturbative QCD in very high
density regime

Procedure

0 Perform key measurements for pp and pPb to compare with PbPb
o Two- and Multi-Particle v,, measurements for charged particles and V,'s
o Comparison with different energies
o Correlations between v,, coefficients

9 July 2017 SAO PAULO RESEARCH AND ANALYSIS CENTER




CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes

Overall diameter : 15.0 m
Overall length  :28.7m
Magnetic field :3.8T
p————

SILICON TRACKERS

Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m?> ~9.6M channels

TRACKER |

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

\ |
\
\ \

ECAL/HCAL |

T

=—

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating Pb(WO,, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



Two-and Multi-Particle Analyses

Description of two-particle correlations via Fourier expansion -
[ 1< pTg, pf’s“ <3 GeV/c

pair
dgAq, < 1+ ), 2Vyacos(nAd), Vi two-particle coefficient

O vy, = +/Vpha (single-particle anisotropy coefficient)

i Long range (IAnl > 2)

tle [ *105<N<150
BIC0.05- @19 <N<20

A¢ (radians)
Projection in A¢ removing short-range correlations (|An| > 2)

Back-to-back di-jets estimated using low-multiplicity events
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Two-and Multi-Particle Analyses

Description of two-particle correlations via Fourier expansion . hE-h
pair [ 1<p. ", p2*° <3 GeVic
dN : - _
5 & 1+ Y,2V,acos(nAd), Vyp two-particle coefficient OE 010" | 5ng range (1An! > 2)
O vy, = +/Vpha (single-particle anisotropy coefficient) = ‘e " +105 <N <150
. . . 2|8 0.05-
Q-cumulant method for multi-particle correlations e [ T10sN<20
o 2-, 4-, and 6-particle correlators '_|2‘
o = ((ein(d1-92) = ((ein(d1+d2—d3—d4) Ll SERREER
((2)) = <(e 12 )> ((4)) = <(e 1+b2= b3 =04 )> 0.00] |
- 0 2 4
0 = ({in(d1+b2+P3—ds—ds—de) .
((6>>n = <(e‘ 1+P2+P3—ds—ds—ds >> A (radians)
((...)) = average over all combinations and all events Projection in A¢ removing short-range correlations (|An| > 2)

Back-to-back di-jets estimated using low-multiplicity events
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Two-and Multi-Particle Analyses

Description of two-particle correlations via Fourier expansion . hE-h
pair [ 1<p. ", p2*° <3 GeVic
dN : - B ]
5 & 1+ Y,2V,acos(nAd), Vyp two-particle coefficient OE 010" | 5ng range (1An! > 2)
O vy, = +/Vpha (single-particle anisotropy coefficient) = ‘e " +105 <N <150
. . . 2|8 0.05-
Q-cumulant method for multi-particle correlations e [ T10sN<20
o 2-, 4-, and 6-particle correlators '_|2‘
o = ((ein(d1—-¢2) — [{ain(d1+d2—b3—b4) mT P
() = <<e — )>, ((4) = <(e 1+~ 3=y )> 0.00MiMissooeiil¥”
- 0 2 4
0 = ({in(d1+b2+P3—ds—ds—de) .
((6>>n = <(e‘ 1+P2+P3—ds—ds—ds >> A (radians)
((...)) := average over all combinations and all events Projection in A¢ removing short-range correlations (|An| > 2)

O Cumulants
o cafd) = ((4) — 2(2))° 5 val4) = Y—cal®
° Cn{6} - <<6>> - 9<<4‘)> + 12<<2>>3 ) Vn{6} = 6\/ Cn{6}/4

I Reduces non-flow effects (jets, resonances, etc...)

Backjto-back di-jets estimated using low-multiplicity events
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Results
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ff1;
(Vo & V3) vs Npge  °

oMS Phys. Lett. B 765 (2017), 193 |
v, - OpPby(sy=5Tev
o 0.10_DPbeVs_NN=2.76TeV soo -
0 Similar trends for the three systems L an)>2 s ® 8° !
0O
. - B O 7]
0 Smaller magnitudes for small systems [N «s® . e = sslEgg ]
N Il d d f ' f o el _
0 No or very small dependence as a function of energy B 50, anets 8 dolEe BT
- gQ, S pp Vs=7TeV -1
V3 L 03<p_<3GeVic Oppfe=5Tev ]
a Similar trends between pPb and PbPb 003 S -
= D -
o Different trends for pp collisions at HM  JAI=2 o ® 58 = 5 ]
0 No or very small dependence as a function of energy < 0.02}- % {5’ i
= | B !
Some descriptions with Hydrodynamics: S ? “ 8 i
superSONIC [arxiv:1701.07145] 001 ¥ $ ]
. . ) K %i 03<p _<3GeVlc i
Interpretations using other mechanisms are B I
possible: e.g. CGC ° 100 20 300
Ntrk
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v, vs pr (for h™, K2, and A/A)

CMS pp {5 =13 TeV__ Ifhy; Lt?tt.'B 7{65 ,(2017)’ 193 |

. . 0.15— >
Mass ordering in all systems at HM up to pr~2GeV e =2
N 0.10:— ° AR ++ + ]
a Connected with radial flow D " $ o
> - +* -
= m )t
0 Higher separations in pPb and pp collisions LA t (105 <N < 150) - (10 <N < 20) ]
ooOf— ———
. . . i 2 p. (GeVic) ' _
0 Interpretations in hydrodynamic models and CGC osfoms " 4 odfoms T
| PbPb (s =276TeV,L =23ub" | | pPb S =5.02TeV,L =35nb™ ]
[ = K2 | K2 l
o AMPT — parton scape mechanism [arxiv:1604.07387] & 02 o AR . ¢ ' 1 & o2 AIK g B
% . ht <>=<> o o . TL\_ o ht o<> o -
i_ I " :G’. . + +¢’ i_ i s m .
> UrQMD - hadronic interaction [PRC 91, 064908 (2015)] = of e PbPb J + S : b J :
[ <m 120 < N < 150 ] [ {_ﬁ:' 120 < N2 < 150 |
o CGC + string fragmentation [PRL 117, 162301 (2016)] o (6723%) | (0.5-2.5%)
[ U S B U S
P, (GeV) [ (GeV)

Phys. Lett. B 742 (2015), 200 |
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(v,{2}, v,{4}, v,{6}, v,{8}, v, {oo}) vs NoLIne

Similar features among different systems

a va{4} = v,{6} (in pp), vo{4} = v,{6} = v,{8} (in pPb), and v, {4} = v,{6} = v,{8} = v,{co} (in PbPb)
o Strong Evidence for Collectivity!

0 Unlike pPb and PbPb: v,{2} = v,{4 & 6} for pp in higher multiplicities (>100)

*///////////’ ows e PhwsLeﬁ B765(2017{%93:

In Hydrodynamic models: 010 PPYS=13TeV o "2{:{5 iAni>2)- PP [y =5 TeV 1 o F 276 T.ev. se0e @
- - CIAYA 1 1 A
Can be connected to ImUaI-state\_ + v,{6) i | .° ® ’ I
geometry fluctuations! \Tva@\ . i o
_ O VALYZ} N seeess | |
> o9
0.05F . .**.‘. .I T ll ‘-'H *).‘, . T -
Explanations using other i e =n 1 + 1 1
mechanisms (i.e. CGC) still possible! e i | _
0.3< P, < 3.0 GeV/c 0.3< P, < 3.0 GeV/c 0.3< P, < 3.0 GeV/c
| | ImﬁZA | '] | Im<%4 | ] | IM<%A | ]
0 50 100 150 0 100 200 300 0 100 200 300
ffli ffli
N?rflzlme N?rk ine Ng’k ine
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offline
(Vo, V3, V4 ) VS Nii

Similar trends among the three systems! o
New : 8 TeV pPb Collisions! J

0 For pPb: compatible results between 5 and 8 TeV for both v, and v,

Before subtraction of di-jets correlations

0 Di-jets corrections have higher effects in pp and lower multiplicities
CMS Preliminary CMS Preliminary CMS W CMS PAS HIN-16-022 J
AL DL AL L L DL L et - ! : LA i !

I T T T I / I T T I
- 13 TeV PP " 8.16 TeV 5.02 TeV / 5.02 TeV PbPb -
[ VSR v, 0.3<p_<3GeV/c ] I 0.3<p_<3GeV/c ]
— | ® =—=n=2 . B
QV m ==n=3
0.10F - -
/\ 3 y
= i 1
h| I 1
,-QAI\ L -
H>"C1005_ o Py X ) [ ) [ [ - =
- L] ¢ - L] - ! |
- = - = - H -
° | i e ll-ﬁ‘ﬂﬂ'lf" | | . asasna-nd |
- = am 8. 1 - T it + -+ ] i #‘I o P S s bl
I—I.I':*.I*I_I'I*I‘*II*I_?‘I L L L Il L L IHII L I+I L L L L I L I+I L I L L L L L I L L L L I L L L L I L L L L I L
0 50 100 150 0 100 200 300 400 0 100 200 300 400
Noffline offline Nofﬂine
trk Ntrk trk
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Correlations between (v, & v3), (Vo & v4) vs Nfrfliline (1]

Symmetric Cumulants (SC) from 4-particle correlations

New : 8 TeV pPb Collisions! J

0 SC(n,m) = ((4), — ((2)), - {(2) = (VAv&) — (viNvE)

(), = <<ei(n¢1+m¢z—n¢3—m¢4)>>' ((2)) = <<ein(¢1—¢2)>>

Overall similar behavior for pPb and PbPb (same origin of correlations???)

a SC(2,3) becomes negative (anti-correlation) for N2Li" > 60

CMS PAS HIN-16-022 J

%107 CMS Preliminar 0® CMS Preliminary %107 CMS Prel/m/nary
LN A I B AL AL B L UL UL RS B AL L L I R I IR B
ok . 13 TeV pp [ + .02 TeV 8.16 TeV pPb ] [ 502 TeV Pbe
[ e SC(2,3) _ a4, ¢ SC(23) 4 e SC(2,3) -
= SC(2,4) . - =L [ = = SC(2,4)
—_ 7 — i — ] | --. =
£ n € 1 lg 1 E n T ]
£ 5 ° 1 =7 o \g\ ‘.'.ll“.
®) 1 © | !m ] Q [~
o | . ] @ EARAN = D o—* g
SC(2,3) becomes | ° "ea . 1 o8 [ %, )
t. . b t<\ ° 1 X .MQ P 2-_ oo o *ooes h
0 < @ O -
negative Ir] pp’ u i 0.3<pT<3Ge 1 03<p <3 GeV/c - 0.3<p <3 GeVlc ]
not very significant! ————=5 00— 750" _20 """ 1oo' ——500 500200 o' = '100' 500500700
offline offline offline
Ntrk Ntrk Ntrk
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Correlations between (v, & v3), (Vo & v4) vs Nfrfliline [11]

Normalize SC(2,3) by (vZ)(vZ) & SC(2,4) by (v2)(v2)

a (vZ){vZ2) from 2-particle correlations

Normalized SC(2,3)

New : 8 TeV pPb Collisions! J

o Similar values for pPb and PbPb for N2iline > 120 CMS PASHIN-16-022 |

o Indicates similar origin for collectivity CWS Preliminary CMS Preliminary
o pp is close but with large uncertainties 1.01 '+' + pp 13 TeV ] [ 'T' +ppi13TeV |
i ® pPb8.16 TeV 1 o0k ® pPb 8.16 TeV |

: o~ W PbPb 5 TeV 0 W PbPb 5 TeV

A (‘005— — AN <

Normallzed SC(2’4) C\J/\><C\l l 0.3<pT<3GeV/c i c:/><N + 0.3<pT<3GeV/C'
. . . > > B h
0 Different magnitudes in pPb and PbPb =, = | _
. . . . @™ ) | Y + |
May point to different contributions from ) i.. geett WEEEE S 7 . .
initial state fluctuations and/or transport P o5k A ..d_ ]
properties of the medium. : | - TT1Y 1
1.0 . ) L T L ! ! !

0 100 200 300 400 0700 200 500 400

Ntcl)j(fllne Ngﬂ‘lme
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Summary

Latests results on azimuthal correlations in small systems from CMS
0 Evidence for collectivity in pp and pPb collisions

o Similar trends compared to PbPb in:

° v,’s as a function of multiplicity
o v, forinclusive charged hadrons (mostly pions) and V;)’s as a function of pt
o Correlations between v, and v3 as a function of multiplicity

0 Different trends in the correlations between v, and v,
o Indicating different contributions from initial state fluctuations and/or transport properties of the medium

This is a VERY active area...
O Many results comming from different experiments
0 Many theoretical studies being developed

Is QGP formed in small systems? Not enough information to answer this yet...
0 Additional studies and more precise measurements will come soon.
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Thank You
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BACKUP



Event Reconstruction & Track Selections

Similar event reconstruction and track selections in pp, pPb, and PbPb

0 Minimum Bias events
o Trigger: HF energy deposits (coincidence)
o Multiplicity < 85

0 High-multiplicity events
o Trigger:

ECAL/HCAL energy deposits (Levell)
Tracking (High Level Trigger)

o Multiplicity > 85
0 Tracks selected for analyses

°c 0.3<pr<3GeVand|n| <24

a For multiplicity classification (NoHine)

o Selected tracks: pt > 0.4 GeV and || < 2.4 (to match trigger selection)



Di-jet Correlation Subtraction Method (l)

Subtraction is done in two-particle coefficient (V)
a Assumes similar shapes for jet correlations in low (10 < N2t < 20) and high-multiplicities

o Assumes there is no signal (ridge) contribution to v, in low multiplicity

CMS pp Vs =13 TeV

offline

To extract the shape of the 105 = Ny, < 150
. . . 1<pT,pT <3 GeV/c
jet contribution

h*-K Used for modulation of the jet
contribution in High-Multiplicity

[ tig t_hE ] . v A & yShort range (lAnl < 1)
< [ 1<p., p**<3GeVic 2R G e * minus -
< - .
QK-' 0.10_ Long range (1Al > 2) %’Long range (IAnl > 2)
5 B [ +105<N <150 i +105 <N <150
L, i n _
BIP0.05 @10 <N <20 #10 <N <20
(o]
~—|_E - on
= dh
|z é& @; _
0. Q0[P ririeireies™ Fﬁ“‘ %Mmq
0 2 4 o 2 4
A¢ (radians) A¢ (radians)



Di-jet Correlation Subtraction Method (lI)

I . *_ht ] - Short range (IAnl < 1)
i 1< pilg, p:ssoc <3 GeV/c h h ] s 0.4} + minus -
< - -
Oh 0.10_ Long range (IAn| > 2) 1 0%1 . Long range (IAnl > 2)
§le [ *105<N<150 5 o +105 <N < 150
Q-Z %O 05 ‘2 < 0.2 ]
o WO 110<N <20 ol° *10<N<20
2 L Rz
"lz“ 2
0.00 Wi :

A¢ (radian

high

high,sub high
Vv = V. A

nA Nassoc

N.ssoc := average number of pairs per trigger particle
Ratio of jet yields in short- minus long-range.
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c,{4} as a function of N2I1® for charged particles

Similar trends between pPb and pp! «o* CMS
: , PP -
0.03f + m(s=13TeV
Indication of energy dependence for pp | o \s=7TeV
| » Vs =5TeV
0.02 H+
. pPb
0 Larger c,{4} for lower energies § | #3 l S Vo = 5 TeV
= _
Coof 4 0.3<p_<3GeVlc |
o Can be connected to the fact that average p; values : |‘ S <P evic
are slightly smaller at lower energies = smaller ‘ ! m <24
negative contribution to c,{4}. ~ a <S¢ 4 |
i ST (.
e ey m
i O O O O !
0 50 100 150 200
offline
I\|trk
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ATLAS vs CMS Results from pp Collisions

. . . e . Phys. Rev. Lett. 116 (2016), 172301 |
Different magnitudes in all multiplicity K L e B I I A B I

. e ge ey 0.1- ATLAS Vs=2.76 TeV T ATLAS (s=13 TeV -
ranges and trends in lower multiplicities : { _

: o o O 0o o i@ooooo:
0 This was checked to be mainly due to distinct 0.05f- e 0 .

procedures applied

T 2.0<lAnl<5.0
1 O.5<p:’b<5.0 GeV
> Mainly in the jet correlation removal T T M7 M e T R T}
Ny Noy

Phys. Lett. B 765 (2017),193 | &§MS
0.10F PP Vs=13TeV o vso(2 |Ani>2}-
m v,{4}
+ v,{6}

I 0 V{8}

. . | O V,{LYZ}
0 When using the same procedure get consistent

results between CMS and ATLAS data 0'05__ T Y U
: 03<p <30 GeV/c:

| I SR T ||Y|I|<|2|.4| PR |

0 50 100 150
0 A PA R AR A ANA R

offline
Ntrk

o Discussions and cross-checks ongoing among the
experiments




