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outline

- hydro of small systems: scaling, role of viscosity

- reminder of min.bias pp/pA: strings, spaghetti, Lund

model
- high multiplicity pA is different (hydro: radial flow etc)
- QCD strings and their interaction

. spaghetti collapses at large string multiplicity, their sigma
fleld collectivizes and creates QGP fireball

.+ QCD string balls
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High-multiplicity pp and pA collisions: Hvdrodynamics at its edpe

Edward Shurvak and Ismail Zahed

the radial (Gubser’'s) flow is higher for smaller systems,

(assuming the same Tf=150 Me\) .
(Gubser's solution of ideal relativistic hvdro- wTE T AA pAL p) = [0L69, 0,83, 095
dynamics, for che transverse velocity and che
energy density rends
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my guesses of the
system’s size

central PbPb 400 0.5
PA: 15-20 participants 1
pp 2 0 1 2 3
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We predicted the radial flow |
in pp/pA to be even stronger T =0
than in central AA -

OF 6« i 5« c5i=iieiiimaiieiiiniisim

" straightforward

| | N hydro” (Epos)
! a e . § or cascade (AMPT)
”‘5 = | predict very weak

3 04 f oz radial flow
= g

0.3 é:

F—
'_'--'_'_ el
|:| :_:. L " i .k
0.1
] 0.2 d.4 0.6 i
m Ganic?]

hu; A 4 S s 07 0H 0u
distriution T (Y] (et
srurnbers oo the righl

FIC:. K. (Color onlne) The shpes of lhe

as i lunctien of the pariiele mass, Froom [ 13]. . . ) ) . )
FIG. 4. (Color ealine] (al A seonple ol speeclra caloulaled T

. o KL po wop-teballom, versas omeo e, togetber with kel
N Ot t h e Mt S C al I n g at I ar g e exponenis ] Comparison of the experionental sZopes T 0m) versus
Lhe particle mass s (GeW ) The selid corcles are foom te highest

enultiplicty vindale of Fig, B cempared woLhe Beerelicad predections,

Ntr :> n Ot a | arg e QS The solid and dasbedoiled lines are our calcalations lor Ineeee-

ol lemperaiunes Ty = (017, 0012 G nespectively. The asterisk-

ek dashed [tnes are for Epos LEIC mnoedel, dliaponal crosses on

but a CO”eCtlve fIOW p:m V the dashed line are for AMTE model.



brief history of QCD strings

NIy f;f,"/’f”

| B | b .

1960’s: Regge phenomenology, Veneziano amplitude. Strings have exponentially
growing density of states N(E)

1970’s Polyakov,Susskind => Hagedorn phenomenon near deconfinement
1980’s: Lund model (now Pythia,Hijing): string stretching and breaking

1990-now lattice studies. Dual Abrikosov flux tubes. (Very few) papers on string
Interaction

2013 Zahed et al: holoraphic Pomeron and its regimes (cannot speak about it in
few min’s)



the simplest multi-string
| state: the spaghetti

2N

Under the hood
of Pythia and Hijing

. N Strin%sgz_ZNgPomerons)
iIn small multiplicity bins Strings are dilute

and thus broken independently (the Lund model),

but one should obviously think about their interaction
If string number grows

area In pA (from cross section) is about 100 mb=10 fm” 2,
(inner) area of one string is 0.1 fm” 2:

so 30 strings (16 pomerons in central pA)

still make diluteness about 0.3 <1

and sigma fields not collectivized



2 flux tubes on the lattice
we live inside the attract each other

type-1 superconductor

attractive sflux tubes:
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Fipure 12 Longitudinal electrie field profile of teo interecting fux tubes in the symmetry plane
[ £, solid line). The length of flux tubes is 4 — 22a, the transverse distance of equal charges is 4a.
For comparizon, the dotted lines show the results for single fux tubes at ¢ = 20 and r = < 2a,
and the deshed line correspends to the superposition £ + B 5 of these two non-interacting flux

e M. Zach, M. Faber and P. Skala, Nucl.
Interaction Phys. B 529, 505 (1998) [hep-

Strong |y g rOWs lat/9709017].
near Tc



arXiv:1404.1888v1 [hep-ph] 7 Apr 2014

string Interaction via
sigma meson exchange

T. Iritani, G. Cossu and S. Hashimoto, arXiv:1311.0218

our fit uses | 015
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So the sigma cloud around a string Is there!



20 spaghettl collapse

Basieally strings can be viewed as a 2-d gas of particles
with wnit mass and forces hetween them are mven by the
derivative of the energy (5] | and =0
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| - i peripheral AA
E . contraction in x first
. I (and only: limited

| | time scale)

120
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0 string stretching - about 1fm/c
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collective sigma field

before and after collapse
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Field gradient at the edge
leads to quark pair production:
QCD analog of Hawking radiation

the crarally mestored phase.



Our lattice model for string balls

jl" r Ay .|r. .
Z Illrrlf.-e.'-:[r M nfad— 1) = TrE (18!
] i )
and hence che Hagedorn divergence happens ac
!:r'| E .
Ty = : 1 19]
T Ind2d - 1) R

Secting Ty = 0.0 0GeY, according to the lattice daca

mentioned above and the string tension, we fx the &
dimensional spacing to be

Epieguesse = dmpn = 1.9 0eV (21)

15 amusingly in the ballpark of the lowest glueball masses
of QO (For completensss: the lowest “meson”™ is one
link ar mass 0.5 GeV', and che lowest “baryon” is three
links — 1.0 GeV of string energy - plus that of the “barvon
Jjunction”. ]

Example of non-interacting
strings

The most compaet [volume-filling or Hamiltonian]

AtTing wrapping visits each site of the lattice, [T the string
iz closed, then the number of cecupied links s the same

as the number of occupied sites, Since in d = 3 each site
iz shared among & neighboring cubes, there s effectively

only one occupled link per wnic cube, and chis wrapping
produces the maximal energy density,

¢'|||.|_|- . !:r'| LI
T3 e’

F= 4. |22

we normialized it to 8 power of T, the highest tempera-
cure of the hadronic phase]. It = instructive to compares
it o the energy density of the gleonic plasma, for which
we use the free Stefan-Boltzmann value

2
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Self-interacting string balls
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i re Comat ?

2 ' Jet quenching during the mixed phase

[t has however been pointed out loag ago 24] that large
experimental values of v, are difficult to explain by any

simple model of quenching, in particular, they were in a
strong contradiction with the simplest assumpiion (30,

{ne possible solution to this puzzle has been suggested
few vears agao in Bei. 6@ the ©; data can be reprodoced.

if ¢ 15 slgnificantly enhanced in the mixed phase. More

L T
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string length inside

Here we want to point out that a natural explanation
for the enhanced o in the mixed phase can be provided

by the strings. As far as we know, the “kicks" induced by
the eolor electric field inside che QOCD strings has been ig-

nored in all jer guenching phenomenology: anly the helds
of “charges” (quarks and gluons in CHE P, hadrons alterna-
tivelvl wers inelnded  in the anherical Tehes annrnvima-
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But in high entropy self-supporting balls it can be
up to one order of magnitude larger!



Summary

- PA has stronger radial flow then AA (and then
straightforward hydro predicts) why?

- because spaghetti (multiple strings) collapses and
makes denser fireball

. string balls are known from string theory to interpolate
toward black holes (size, entropy)

. we studied QCD string balls and found that their QCD
analog —> self supporting high entropy balls in the
mixed phase



Intro Into pA collisions

0.1 ® 0 0o
Multiplicity distribution in pPb . Re
0.001 7 0\
maximal mean number of participants f,/ yd A\ y .
IS along the Pb diameter, about 16 10-5 f,,f”f
blue line is Poisson with <Np>=16 g \\ o
red with <Np>=20 e
1077 -~ e
20 50 00 200
geometry — columns with smaller Np - MS charged
explains well the left side (Bozek etal<2.4,p t>.4
2011) T -
the large tail to the right is not the two sides
explained by the “wounded are very different:
nuclei model” '

to the right of it one needs to explain extra
multiplicity, and — more importantly — appearance
of radial, elliptic and triangular flows

(= Independent string
fragmentation, Lund model)



