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[lpenckasaHue aHM3oTponun B pp

CERN, CMS WEEK Dec 12, 2008

*Estimates of hadron azimuthal anisotropy from multiparton interactions in proton-proton collisions at sgrt(s) = 14 TeV

«d’Enterria D., Eyyubova G.Kh, Korotkikh V.L., Lokhtin I.P., Petrushanko S.V., Sarcheva L.l., Snigirev A.M.

The European Physical Journal C March 2010, Volume 66, Issue 1, pp 173-185
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Fig. 8. Integrated elliptic flow v, parameter as function of centrality (left panel) and of normalised particle multiplicity (right panel) at

midrapidity in p-p collisions at /s = 14 TeV for the different proton density distributions considered in this work (Table 1). For comparison,
the v, for Au-Au at RHIC energies is shown as a dotted line.

For realistic proton transverse profiles, we find integrated elliptic flow v2 parameters

about 3-5% in p-p collisions at Vs = 14 TeV. We were the first to investigate pp eccentricity !
12.02.2018 3
CemuHap JICB O93®B3, B./1. KOpoTKux


http://link.springer.com/journal/10052

[lpegckasaHne aHn3oTponun B pp
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Bmopasi capmonuxa ¢ pp-cmonkHO8eHUsX 0I5l 3APIAHCEHHBIX HACTUY
6 axcnepumerme CMS na LHC
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Pt - 3aBUCMMOCTb asnMyTanbHOM aHu3oTponuu B pPb
(MHOro4YacCTU4HbIE KYMYNAHTHI)

Wey Li, WPCF2017-weili-06122017

pPb collision
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3aBUCUMOCTb V, OT MHOXECTBEHHOCTU B PP CTOJIKHOBEHUAX

Wey Li, WPCF2017-weili-06122017
Collectivity toward low multiplicity

Hydro. down to dN/dy ~ 2
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If hydro., v, should go down toward low N,
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KonnektmBHbIN NOTOK (Ridge) B cTonkHOBEHMAX pp n pPb

Wey Li, WPCF2017-weili-06122017

Phase | (2010 — 2012): “Ridge”

P

LHCb

Even class 0-3%
-

» Not in MB pp (?) but resemble features in large AA
: ,\-’a—.‘f’bn ~ 0.1 fm/c

» very early stage ,< IF_O_eXp(—E
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g KonnektueBHbIN NOTOK V, B pp, pPb 1 PbPb
(MHOro4YacTuM4YHbIE Koppenaunn)

QM2017, M. Guilbaud, CMS

» Measurement of Fourier harmonics with multi-particle cumulants
o See Z.Chen’s talk tomorrow 11.40 am

Physl.ettB.2016.12. 009
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o IS fluctuations play an important role for v, in small systems
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[lotok V; B PbPb n pPb
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* Driven by fluctuations?
Phys. Lett. B 724, (2013) 213 Michael Weber (CERN) - WPCF 2014 - 25.08.2014 21

arXiv:1406.2474 [nucl-ex]
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[maopoanHamMmnyeckmn cueHapum

Phase lll (2017 — ...): Why collective?

“Hydrodynamic” scenario: accepted paradigm in AA

.

Initial spatial €. + ‘ Pressure gradient | (Parton transport,
at =0 . | (final-state interactions) = UrQMD, etc)
requires: Fast equilibrium/thermalization ?
L >> X1 » No need! Systems may well

m-J-p. be out-of-equilibrium P Romatschke
arXiv:1609.02820
AA ° T
@0 o pPp/pA
O ... . oS~ T
(@) .. O 1 L~10fm w L~1 fm
o )

. . . K. Srivastava, transport dynamics of partons
http://arxiv.org/abs/1801.07482v1
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g [eomeTpua Ha4yarnbHOro COCTOAHUSA «yrnpaBnsaeT» NoTokom B AA

“Perfect” fluid paradigm in AA

» Geometry (g,) at work! — even for A,(A,) down to 2
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CBugetenbcrBo “ynpasneHnA” KONNEKTUBHOIO NOTOKA
reomeTpuein HauyasibHOro COCTOAHUA
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“Marible HyKMoHHbIe” cucTemMbl d+Au, 3He+Au £

ICNFP, Kolymbari, Aug. 23-30, 2015
IchakTserruya [ s S B B S B B B

I I I I | | I I I | I:
0250 © Va 0-5% d+Au 200GeV PﬁNIX B
- 3 preliminary
- ® V,, 0-5% "He+Au 200GeV 7
0.20F m v, 0-5% *He+Au 200GeV —
c 0.15— I ! I ! é —
> - I .
0.10/— ! —
0.05(— I - —
- L] W I ’
B IFI | | | | | | | | | | | | | | | I_
0.0 05 1.0 15 2.0 2.5 3.0
arXiv:1507.06273 (PHENIX Collaboration) P, (GeV/c)

Comparison with various theoretical predictions are made, including to models
where the hot spots created by the impact of the three 2He nucleons on the Au nucleus expand
hydrodynamically to generate the triangular flow. The agreement of these models with data may

indicate the formation of low-viscosity quark-gluon plasma even in these small collision systems.
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[opaydme kannu KI'T]

“Tiny Drops of Early Universe 'Perfect’ Fluid” He3 + Au, RHIC
https://www.bnl.gov/newsroom/news.php?a=11749
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The upper panel of this image represents initial hot spots created by collisions of one, two, and three-
particle ions with heavy nuclei. The lower panel shows the geometrical patterns of particle flow that would
be expected if the small-particle collisions are creating tiny hot spots of quark-gluon plasma.
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dnyKTyaLum 3KCLEHTPUCUTETA HYKIMOHAa UNW i
RyKTYyaLun B pacnpeaeneHnmn y4acTBYOLWMX HYKMOHOB B SIAPE &g

Wey Li, WPCF2017-weili-06122017

Hydro. can fit the data ... pPb collision

eccentric proton Glauber-like
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arXiv:1705.03177 PRC95 (2017) 014906

While these measurements are consistent with a hydrodynamic expansion of a
tiny QGP droplet, alternative scenarios based on gluon saturation in the initial state also
claim to capture the main features of the correlation data (K. Dusling et al., 1509.07939 )



https://arxiv.org/abs/1509.07939

Wey Li, WPCF2017-weili-06122017

How to probe connections to IS in pp/pA?

Flow observables mainly sensitive to initial states
|. Universality in higher-order cumulants

Il. Symmetric cumulants (v,-v,, correlation)

lll. Factorization breaking (in n and p)

Subnucleonic-scale fluctuations relevant for v, in pp

P. Bozek, W. Broniowski, M. Rybczyriski, PRC94 (2016) 014902
K. Welsh, J. Singer, U.W. Heinz, PRC94 (2016) 024919
R. D. Weller and P. Romatschke arXiv:1701.07145

Mantysaari, Schenke, PRL 117, 052301 (2016) P. Bozek, W. Broniowski, arXiv:1701.09105

Can any IS model (w/ subnucleon fluc.) for pp/pA
quantitatively describe a wide range of data?
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Initial states in pp/pA: (I) universality

Universal features of fluctuation-driven ¢,

Yan, Ollitrault, PRL 112, 082301 (2014)

pPb, PbPb

__CMS,arXiv:1502.05382
- CMS 7
__ pPb y's_NN =502 TeV, PbPb Hu'% =276 Tev__
| 03< p, < 30GeVic, =24

1.4

Gauss BG Power » - T
2 =2 1 h
{2} o |Vo2+e VF o x’o \\
{4} 0 g [mm] - ." o C():) O ‘1
B 6
{6} 0 ° ((Ha)a(ﬂa)(?’“")] la'\ OO :
48(1+51’—T) \ O O / —_
BH O ||[Traeraeradra t o ./
“~ 7’
\._‘ .
R ,.. 2ya—1
P(e) = 2as(1 — £%)

MHorouyacTtuyHas KonnektusHoctb V,{m} B pPb n PbPb
“ynpaBnaerca” paykryaunamm skcueHTpucuteta p(e,)

12.02.2018

Predictions:

» Fine splitting among
Vo{4}, V{6} and v{8}
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Ns_
2
| | | |
| I | |
14 —
- 1.2 -
g - J
) x| DU
& 1.0 b ]
:)N I~ |
0.8 —

® pPb O PbPb

Fluctuation-Driven Eccentricities |

1 | 1 1 1 1 | 1 1 1 1 |
0.7 0.8 0.9

vo{4} / v,{2}

06 1 1 1



KonnekTuBHbIM NoTok B PhPb 1 ckowweHHOCTb p(g,|€q,0t)

Nazarova Elizaveta, XIl Workshop on Particle Correlations and Femtoscopy

Amsterdam, 16.06.2017 CMS collaborationarXiv:1711.05594, HIN-16-019
12| Yan, J-Y. Ollitrault, A. M. Poskanzer, Phys.Rev. C90 (2014), 024903 https://arxiv.org/abs/1405.6595v2 Elliptic Power distribution
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OueHb TOHKOE CBUAETENbCTBO “ynpaBneHna” KONNEKTUBHOIO NOTOKA
reomeTpuein HauyasIbHOro COCTOAHUA
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CummeTpuyHas koppensauua SC(n,m) rapmMoHukK V, u VvV _

Initial states in pp/pA: (ll) v,-v,, correlation

SC(n,m) = < Vi m> < >< > in small SyStemS 1604.07663, ALICE
((cos(m@r+npo—m@ps —n@s))). = ((cos(mPpi+nP—m@ps —n@s)))
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Anti-correlation of v, and v; in pPb, same as in PbPb
Natural feature from geometric fluctuations

CBMAOeTeNnbCcTBO «ynpaB/eHUA» KONIEKTUBHOIO NOTOKA
reomeTpueil Ha4yaNAbHOro COCTOAHUA
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HopMmupoBaHHas cummeTpuiHasa Koppensuma SC(n,m)

Initial states in pp/pA: (ll) v,-v,, correlation

CMS Preliminary v2 VS. V3
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M. Guilbaud, QM17 N:

Scaling consistent with initial geometry fluctuations (?)

MOo»HO M cunTaTh «MacwTabmpoBaHme» (coBnageHne) HOpMUPOBAHHOM
CUMMETPU30BAHHOM KOPPENALNN CBUAETENLCTBOM TOF0, YTO GPAYKTyaLUM
HAYa/IbHOM MPOCTPAHCTBEHHOW reOMeTPUM NepexoasaTt Bo GAyKTyaLuum notoka?
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Hydro — Non-Hydro in Pb+Pb

Do nuclear collisions create a locally equilibrated quark-gluon plasma?

P. Romatschke, http://arxiv.org/abs/1609.02820v2
B.Abelev et al., (ALICE) http://arxiv.org/abs/1205.5761, Vn(EP, |An|>2.0)

Pb+Pb V5=5.02 TeV Pb+Pb vs=5.02 TeV
0.12 v v ' 0.35 v v .
Vo, 00-05%, ALICE —— Vs, 30-40%, ALICE ——
V3. 00-05%, ALICE V3. 30-40%, ALICE
0.1k Vg, 00-05%, ALICE :——x-t 4 03 vy, 30-40%, ALICE +—s-—— 1
> Hydro . ¥ T Non-Hydro > 025p Hydro Non-Hydro
c o008} i i ' 5 pEiEg
5 Ty I+ £ 1 5 o2k I T
© T ] Lo o] i
T 006} if$ dar by : ] £ . E
3 I o ; B 015 * I
E.’ %J- ; E E) fi I I
T 0.04F R T T . k " g = oty
G s {{ ; S o1}p 7 I o1
5 H { L { R
0.02 F N i { y 0.05 F+ :_;’:1*3;* E: b ] ¥ ) X
S - ey P
0 f . . . . 0 L . . . ¥ .
0 2 4 6 8 10 0 2 4 6 8 10
P [GeV] HYDJET++ pr [GeV]

L.V.Bravina et al., et al.,arXiv:1311.7054

FIC. 5. Experimental data for flow coefficients v, as a function of particle pr for Pb+Pb collisions at /s = 5.02 TeV (ALICE,
[59]). No hydrodynamic curves are shown, but it is known that hydrodynamics well describes the experimental data in the
regime indicated as "hydro’ in the plot [60], possibly extending up to pr ~ 3 GeV. By contrast, for pr = 4 GeV, the experimental
data seems to deviate systematically from the low-momentum behavior, and I have labeled this region mon-hydro’.
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http://arxiv.org/abs/1609.02820v2
http://arxiv.org/abs/1205.5761

Koppensuusa napameTpa v, npy Manbix 1 60mbLwmnx p+

Cuuraercs, 4ToO MEXaHU3M (POPMUPOBAHUS A3UMYTATBHOM SJTUNITUYECKON aHU30TPONTUU
IpU MaJbIX U OOJIBIINX Py Pa3HBIM, T.K. IPU OOJBIINX Pt AOMUHUPYET MEXAHU3M
oOpa3oBaHMs CTPYH, a IPU MaJbIX P THAPOAUHAMUYECKUN pa3n€r yactul. Tak jau 31o?

CMS 404 ub' (5.02 TeV PbPb)
LI R I L] I I ST R, | LI ] L L L] I | PR RO (A | r I T | 1 | B R L I L L L l I I | LI
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g b 4 +
S P | “ !
< ; 7l I
Vo) £ 1 1 1
N 4 0¥ ' ot
o 0.05¢ - - .
£ o d]+ 1 [t] ¢ _ ®
v O ] 8 LJIJ
- N + o |
;E AR TARR 6 O Al N LV O Sl S e ) STl ] (S el s i o (el
i — 0.05 0.10 0.15 0.05 0.10 0.15 0.05 0.10 0.15
wn =2 Low-p; v, (1.0 < p; < 1.25 GeV/c)
=> X : : 3
O © 3asucumocms napamempa v, (High-p;) om v, (LOW-p;) dns pasusix yenmpanvnocmeii. Pocm

3Hauenui V,(Pr) coomeemcmeyem nepexooy om yeHmpaibHblX K nepupepuieckum coyoapeHusim.

Mouemy npu 6onblumx p; (06nacTb poxkaeHUA CTPYA) NOTOK yBENUYMBAETCA C POCTOM
nepupepUIHOCTU CTOIKHOBEHUA?
He noasnsetca v NOTOK U3-3a moauPuMKaLmMmM cpeabl NpU NoraeHum CTpym,

usnyyatowlei boicTpbie yacTuubl ?
12.02.2018 CemuHap JICB 03dB3, B.J1. KopoTkux



' KONNEeKTUBHbINA NOTOK B CTONKHOBEHUAX MaribIX HYKJ1IOHHbIX CUCTEM

HEKOTOpre 3aKNKO4YEHUNA:

1. UccnepoBaHue HHGI’II-OAaEMbIX B 3aBMCMMOCTU OT MHOXXeCTBEHHOCTU — HOBbIN
TpeHAa B (I)VI3MKE CTONKHOBEHUNA UOHOB.

2. UmeeTca MHOro ceBngeTenbCTB TOro, YTO KONINIEKTUBHbIN MNOTOK «ynpasnaetrca»
I'EOMETpVIEﬁ Ha4a/1IbHOIro COCToAHUA.

3. Hl coobuwecTtBo BCE 60nblue CKNOHAETCA K naee o6pa3oBaHUA KNacTepos
(ropauunx kanenb) KIM, KoTopble, NnepeKkpbiBaACb, MCNYCKAIOT aHU3OTPONHbIA
KONIEKTUBHbIM NOTOK YacTul,.

4. KonnekTUBHOCTb MOTOKA MOXET BOSHUKHYTb HE3aBUCMMO OT JIOKa/IbHOIo
paBHOBECUA U TEPMANN3aLUUN KaK CBOMCTBO CU/IbHbIX B3anmogenctaui (the
transport dynamics of partons).

5. MMoraweHue CTPyN MOKET NPUBECTU K U3SMEHEHUIO U3NTyYaloLen maTtepum
C NosAiBAeHUEeM NoTOoKa 6bICTpbIX YacTul,.

12.02.2018 CemunHap J1ICB O3®B3, B.J1. KopoTKmMx



g KonneKkTUBHbIN MOTOK B CTONMKHOBEHUAX MarbiX HYKMOHHbLIX cucteMis |

Cnacmbo 3a BHMMaHue
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JlnHenHbIn pocT <p> u HBT paguycos ¢ yBenuyeHnem dN/dn

Wey Li, WPCF2017-weili-06122017

Phase Il (2012 — 2017): Collectivity
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Phys.Lett.B720 (2013) 250
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(nybnukauua 2018 r.)

Or||/|caH|/|e V2 B pp npun 13 TaB, CMS nATLAS ;"¢

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song1, arXiv:1801.00271
Hydrodynamic Collectivity in Proton-Proton Collisions at 13 TeV

IEBE-VISHNU [67] is an event-by-event simulation version of the early developed hybrid

model VISHNU [68] that combines (2+1)-d viscous hydrodynamics VISH2+1 [69, 70] to

describe the QGP expansion with a hadron cascades model UrQMD [71, 72] to simulate the

evolution of hadronic matter.

TABLE I: Four sets parameters used in iEBE-VISHNU simu-
lations with HIJING initial conditions for pp collisions at 13

TeV.
or|oo| 1o |n/s|Tsw(MeV)
Para-I [0.2/10.7/0.6/0.01 147
Para-IT [0.8]0.4]0.4/0.08 148
Para-11110.4{0.2{0.2{0.24 148
Para-I1V]0.6]/0.410.4]0.05 148
12.02.2018

Following [7Y], the initial energy density profiles in the
transverse plane are constructed from the energy decom-
positions of emitted partons of HIJING together with an
additional Gaussian smearing[7!]

U T — )2 2
(z.y) _;\Z)T‘” 0 (,\p(_(? r;) +.("” Yi) )

L - ¢ 2
o§ToA, 20§

(1)
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OnucaHne V2 B pp npn 13 TaB, CMS u ATLAS

(nybnukauua 2018 r.)

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song1, arXiv:1801.00271
Hydrodynamic Collectivity in Proton-Proton Collisions at 13 TeV
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FIG. 3: (Color online) wa(pr) for all charged hadrons (a), for K3 and A (b), and for pions, kaons and protons (c) in high

multiplicity pp collisions at 13 TeV, calculated by iEBE-VISHNU with HIJING initial condition. The CMS and ATLAS data are
taken from [17] and [00)], respectively.
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“CKpy4ymBaHuMe” NoToka B 3aBUCUMOCTU OT 1

Wey Li, WPCF2017-weili-06122017

Initial states in pp/pA: (lll) 3D IS

‘_/:1(772)

V(1)

In AA

Longitudinal dynamics not fully explored yet
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“CKpy4mBaHMe” NoToOKa B 3aBUCUMOCTU OT 1

Initial states in pp/pA: (lll) 3D IS
Torqued QGP fireball

(Bozek et.al., arXiv:1011.3354)

Flow decorrelation
(&,)E, ) =5 (Va0mV, (1)

= (v, (n1)v2(12) cos(W,(171) — Pr(m2)))
+ (v,(m1)Nv2(n,)) factorization breaking

12.02.2018 CemuHap JICB O3®B3, B./1. KopoTKux



“CKpy4ymBaHuMe” NoToka B 3aBUCUMOCTU OT 1

Initial states in pp/pA: (lll) 3D IS

\ASRIACR)
oY, ah)

“Event-plane dgcorrelations”

I L U L L R L
- PbPb |5, = 2.76 TeV PRC92 (2015), 034911 |
1.00
.D:“ L \- _
%0.95_— ~
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" @ CMS, 0-5% i
- ==AMPT IS + 3D Hydro. 1 Recent development
0.90— =—Torque IS - from ATLAS:
- == 3D-gl IS. 0.=0.025 :
i glasma | 4-4<'|1b<5 | ATLAS-CONF-2017-003
00 05 10 15 20

n?

Significant effect that can be explained by
Non-boost invariant initial-state participant fluct.

CemunHap JICB O3®B3, B.J1. KopoTKmx

12.02.2018



“CKpy4ymBaHuMe” NoToka B 3aBUCUMOCTU OT 1

Initial states in pp/pA: (lll) 3D IS

Sizable effect observed in pPb!

arXiv:1506.02817

- p+Pb@5.02TeV 44 < <5
= = T e e = = — =
< - O !
o~ 0.95- 4 r maybe a 2
c . ~
N - ﬁ\
5 0.85 ™~
< -
T 0.8 : %
% - CMS, 120 < N°/"™ < 150
——0.75 — — torque model, c=0-3.4% -'
F— - model wf no Iength ﬂuct.
0.7=..1. | Lol | |
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2 2.2 2.4

T]a
Evidence for subnucleonic-scale fluctuations!?

Prediction forrs, r, ... and also for pp?
(reachable with LHC run 2 data)
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KonnektuBHbIN NoToK V, B pp 1 pPb
(MHOro4YacCTMYHbIe KOppenaunm N KBapKOBbIW CKEWIUHT)

Phase Il (2012 — 2017): Collectivity
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g KonnekTuBHbIM NOTOK B CTONKHOBEHUAX MaribIX HYKJ1IOHHbIX CUCTEM
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