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micro-to-macro:
excitation of stringy Pomeron

stringy Pomeron: Stoffers-Zahed model
T=>T(Hagedorn) in bulk and for one string
transition to explosive regime

black hole connection



A. Stoffers and 1. Zahed, arXiv:1211.3077
Strin omeron:..
I. Zahed, arXiv:1211.6421 [hep-ph].

At very high energies the rapidity interval pa-
rameter is large
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Thus the resulting pomeron is supercritical,

and will play the role of the effective time in with the intercept above 1
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variables x4 — are complemented by two trans-

where the first term is due to Casimir-Luscher
contribution and the 1/v/\ correction follows
from the tachyonic correction (58) as discussed

verse coordinates plus a “scale coordinate” z
Its initial value corresponds to a physical size
of the colliding dipoles and diffusion means the

production of small size closed strings. The z- in [1].

coordinate is not flat. We will model its metric

by an AdSs with a wall. The number of trans-

verse coordinates, which will play an important , o

role in the following, is thus Dix. A more precise bound follows from the
D, =3 (49) inclusion of the 1/\ corrections in the tachyon

mass (58) or
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This leads to the bound y < 10 for the cor-

where K7 is the pomeron propagator for dipole
sources of color N -ality k£ describing the string

flux. k runs over all integers till N./2 for even rected phenomenological value of the pomeron
N, and N./2 + 1/2 for odd ones. In the real intercept op — 1 =0.08 in (60), which roughly
world with the SU(3) color group, k = 1 is corresponds to energies below the LHC. This

the usual string between fundamental charges
(quarks) and the largest tension k = 2 is the one
between two baryon junctions. The first argu-



now our paper
a stringy cylinder generates temperature,

entropy and even viscosity (Kubo)

|/T is circle’s sircumference,
so T is highest at the middle
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but when T is too close to T(Hagedorn),
transition to QGP happens, pressure grows

and the ball can

T=>T. 29 _Tu 4o L)
Hagedorn regime B T N.
string makes a ball
small Fp
|a|~ge ES The ratio of the high multiplicity events to the

minimum bias events can be estimated as
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where we have dropped an overall number of
order 1 and D; = 3. For near critical strings

we have (70) and gs =~ 1/N.. At LHC, y = 10
/ : so that
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FIG. 2: Schematic temperature dependence of the This eSFimate 18 C(.)n.qpara.uble to the probability
entropy density. The dashed line represents equi- of the hlgh multlphclty trigger used by the CMS

at T'= T.. The solid line between points A and B

represents the expected behavior of a single string pp collisions at LHC.
approaching its Hagedorn temperature Ty.



a string ball is dual to a black hole

The

correspondence is
usually derived via
the entropy
(=Hawking-Bekenstein)
But one can also
calculate viscosity,
which gives |/4pi

although the calculation is stringy
not BH. (And even if BH it is
very different from that in AdS/
CFT , not located in 5-th
dimension, so were surprised)

Kubo

tensor. To assess the primordial viscosity, we
follow [2] and write the needed expression on
the streched horizon for the excited string

0
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with Ar the area of the black-hole and 7 a di-
mensionless Rindler time. The retarded com-
mutator of the normal ordered transverse stress
tensor for the Polyakov string on the Rindler
horizon reads

R23’23 (T) = < [TJ2_3 (T), TJ2_3(0)} > (88)

and the canonical rules [afn, a{z] = m5m+n,05ij )
The averaging in (88) is carried using the black-

body spectrum as in (84). The result is

— lim AR s (wR/2)2 . 1 s
TR = a0 2w 242, ePren/2 — 1 Ap 8Bg
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We note the occurence of the Bekenstein-
Hawking or Rindler temperature Sy = (Br in
the thermal factor.

Combining (86) for the entropy to (90) yields
the viscosity on the streched horizon
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summary
MICro==>macro

® at very high energy the strings of the Pomeron
gets longer and effectively hotter

® as its I approach Haderon temperature, a string
ball regime appears => high S,E but not p

® as [ grows too close to T(Hagedorn), string ball
saturates the space and transition to sQGP
happens. => p grows =>hydro explosion
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Macro to micro: Outline

® history before LHC

® 4 papers from LHC experiments

® two small parameters of hydro

® the radial flow, gradients and viscosity
® higher harmonics, sound damping

® higher harmonics for pp and pA

® higher gradients and LS resummation
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LHC era begins

Observation of long-range, near-side angular correlations
in pPb collisions at the LHC

high multiplicity trigger in pp reveals a " ridge”
The CMS Collaboration* which is also there in pPb

CMS pPb \/sy, =5.02 TeV, N/'"™ < 35 (@) CMSpPb \lsy, =5.02TeV, N[,"™ = 110

1 <pT<3GeV/c 1 <pT<3GeV/c

dngair

1

dngaw
N, dA dAG
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pr < 3GeV/c. Results are shown (a) for low-multiplicity events (Nifline <
35) and (b) for a high-multiplicity selection (N21i"® > 110). The sharp near-side peaks from jet

correlations have been truncated to better illustrate the structure outside that region.

arX1v:1210.5482v2 [nucl-ex] 22 Oct 2012



e all bins show back-  :°*
to-back correlation iz°~
well described by =
" “minijet” models e
like HIJING l@

® Ridge is a peak at , oo
the same azimuth, ‘;
seen at highest

multiplicity only and
at pr=1-2 GeV

it is stronger in pA
than at pp, yet the
same multiplicity is
needed
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Figure 2: Correlated yield obtained from the ZYAM procedure as a function of |A¢| averaged
over 2 < |Ay| < 4 in different pt and multiplicity bins for 5.02 TeV pPb data (solid circles) and
7 TeV pp data (open circles). The pr selection applies to both particles in each pair. Statistical
uncertainties are smaller than the marker size. The subtracted ZYAM constant is listed in each
panel. Also shown are pPb predictions for HIJING [24] (dashed curves) and a hydrodynamic



® a2 double ridge” in ALICE and ATLAS

Long-range angular correlations on the near and away side
in p—Pb collisions at ,/syn= 5.02 TeV
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Fig. 3: Left: Associated yield per trigger particle in A@ and An for pairs of charged particles with
2 < pruig <4 GeV/cand 1 < prassoc < 2 GeV/e in p-Pb collisions at /sy = 5.02 Te'V for the 0-20%
multiplicity class, after subtraction of the associated yield obtained in the 60-100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto An averaged
over |Ap| < m/3 (black circles), |A¢ — | < w/3 (red squares), and the remaining area (blue triangles,
Ap < —7m/3, /3 < Ap <2m/3 and Ap > 47/3). Bottom right: as above but projected onto A¢ av-
eraged over 0.8 < |An| < 1.8 on the near side and |An| < 1.8 on the away side. Superimposed are fits
containing a cos(2A¢) shape alone (black dashed line) and a combination of cos(2A¢) and cos(3A¢)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
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Fig. 3: Left: Associated yield per trigger particle in A@ and An for pairs of charged particles with
2 < pruig <4 GeV/cand 1 < prassoc < 2 GeV/e in p-Pb collisions at /sy = 5.02 Te'V for the 0-20%
multiplicity class, after subtraction of the associated yield obtained in the 60-100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto An averaged
over |Ap| < m/3 (black circles), |A¢ — | < w/3 (red squares), and the remaining area (blue triangles,
Ap < —7m/3, /3 < Ap <2m/3 and Ap > 47/3). Bottom right: as above but projected onto A¢ av-
eraged over 0.8 < |An| < 1.8 on the near side and |An| < 1.8 on the away side. Superimposed are fits
containing a cos(2A¢) shape alone (black dashed line) and a combination of cos(2A¢) and cos(3A¢)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
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Observation of Associated Near-side and Away-side Long-range
Correlations in ./syn = 5.02 TeV Proton—lead Collisions with
the ATLAS Detector 4
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FIG. 3. Distributions of per-trigger yield in the peripheral and
the central event activity classes and their differences (solid
symbols), for different ranges of p% and 0.5 < pp < 4 GeV,
together with functions ao + 2ascos2A¢ obtained via a
Fourier decomposition (see text). The values for the ZYAM-
determined pedestal levels are indicated on each panel for
peripheral (b and central (b5, ) SEL® bins.
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FIG. 4. Integrated per-trigger yields, Yint, (see text) vs pT for
0.5 < ph < 4 GeV in peripheral and central events, on the
(a) near-side and (b) away-side. The panels (c¢) and (d) show
the difference, AYint. Panel (e) shows the pr dependence of
c2 (left axis) and sz (right axis). The right axis of (e) differs
from the left only by a multiplicative factor 1/v/5.4 x 10—3
(see text). The error bars and shaded boxes represent the
statistical and systematic uncertainties, respectively.
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High Multiplicity pp and pA Collisions:
Hydrodynamics at its Edge and Stringy Black Hole

Edward Shuryak and Ismail Zahed

e What is the smallest system size which
still undergoes a hydrodynamical explo-

sion? two small parameters

e How do all hydrodynamical observables Of h)’d ro
scale with the system size R and viscosity- O(1) ~ - hl — (2)
to-entropy ratio n/s, for such systems? In I'Rpp,htgh mutipticity

: : 1 1
particular, how large are the viscous cor- > T central pA > T peeniral A
rections for radial and elliptic flows?

~ O(1/10)

Another important small parameter which we

e How do amplitudes of higher angular har- seem to have for strongly coupled Quark-Gluon

monics v, scale with n,R and n/s? In Plasma (sQGP) is the wiscosity-to-entropy-
which p; region do we expect hydrody- density ratio
namics to work, and for each v,,”
N
-~ 0(1/10) K 1 3
e Do high multiplicity pp and pA collisions S (1/10) (3)

in which the (double) “ridge” has been re-

cently observed at LHC [7-9] fit into such Roughly speaking, it tells us that viscous ef-
: . fects — or the mean free path — is additionally
a hydrodynamical scaling?

suppressed compared to the micro scale 1/7T.



the radial (Gubser’s) flow

v [AA, pA, pp] = [0.69,0.83,0.95]

Gubser’s solution of ideal relativistic hydro-

dynamics, for the transverse velocity and the
energy density reads

2tr
= 1
nlhn) = ey (10)
€ 6028/3
@t L4282 4 r2) + (12 - r2)?)
t=q7, T =qr

Gin =43, ¢-=1, quw= 0.5(fm)
PA PP

my guesses of the
system’s size
central PbPb 400

pA: |5-20 participants
PP 2



w-2- o the role of viscosity

for n/s = 0.134 we will use as representative
number H, = 0.33.

nonzero viscosity the solution is In [19] Gubser and Yarom re-derived the ra-
dial solution by going into the co-moving frame

7 Ty 4 Hy sinh® P via a coordinate transformation from the 7,7 to
(cosh p)2/3 ~ 9(cosh p)2/3 a new set p, 0 given by:
375 o 1 — 72+ 72
X o7 | =, =; =, —sinh 27 ' —
241 (2 ) 6 ) 9 , — S P ( ) sinh p = or (25)
. 2r
with T = Tfj/élT and f, = ¢/T* = 11 as in tanf = 1472 — p2 (26)

18],

The radial flow in pA,pp
has moderate corrections!

FIG. 3: (color online) The temperature versus di-
mensionless time ¢, for ideal hydrodynamics (solid)
and viscous hydrodynamics with n/s = 0.132
(dashed) lines. The upper pair of (red) curves are
for pp, the lower (black) ones for pA collisions. The
upper plot is for » = 1, the lower plot for r = 3.
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viscosity for higher harmonics

Staig+ES (2010) suggested to use acoustic”
damping expression

t=0O(R)
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viscosity for higher harmonics

Staig+ES (2010) suggested to use acoustic”

damping expression

t=0O(R)

w05 () ()|

In AA: (m/10)"2
in pA/pp (m/3)"2

1.0-
0.9

0.8 "\
074 \
06\ \
0.5 ‘\ \
04| \
03] \
02 ‘\‘ \

’ \
0.1 PP N

FIG. 4: (color online) Squared amplitude dissipa-
tion factor P2 (as it appears in 2-particle correla-
tors) for n/s = .134 as a function of the azimuthal

harmonics m for AA (black) solid, pA (blue) dash

and pp (red) dash-dot.



Is anisotropic flow really acoustic?

Roy A. Lacey,! * Yi Gu,! X. Gong,'! D. Reynolds,! N. N. Ajitanand,! J. M. Alexander,! A. Mawi,! and A. Taranenko!

! Department of Chemistry, Stony Brook University,
Stony Brook, NY, 11794-3400, USA
(Dated: January 3, 2013)
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o(p)

5(p)

Harmonics 2,3,4 for AApA,pp

v(p)

v(p)

v(p)

AA

=20 -1.5 -1.0 -0.5 0.0

stronger damping in pA,pp

(03 4)? = (05 ™)? « (v87)?

= 0.5(e5)2 : 0.3(5™)? : 0.16(57)? (36)

This is qualitatively consistent with the
squared damping of the amplitude of the pre-
vious section, for m = 2.

A comparison to CMS data shows that the
pp data show smaller vy as compared to pA
data. Quantitatively, the ratio is about factor
1/4 (see Fig.3 of [7]) rather than 1/2 which the
hydro solution provides. Perhaps it is because
the pp collisions create a somewhat more spher-
ical fireball, with €2? < €, in spite of being
smaller in size. We will return to this issue at
the end of the paper.

small v3/v2

ratio of the m = 3 to m = 2 harmonics

,Ué4A 2 65414 2

U3 €5

UpA 2 €pA 2
3 3

= ~ 0.09 | =
pA pA

Uy €

vgp 2 N Egp 2

o) ZHE
Assuming e3/es ~ 1 one finds that in pA we
predict v3/vy &~ 1/3, which agrees nicely with

the ALICE data [8]. For pp we have vs/vg =
1/7 which is probably too small to be seen.



resummation of higher gradients a la

Lublinsky-Shuryak

An approximate PADE-like re-summation of
the higher order terms has been suggested by
Lublinsky and Shuryak (LS) [20]. The main
point is to notice the alternating signs of the
series, which calls for an resummation a la geo-
metrical series. Here we discuss only the single
pole resummation model or LLS2 in [20] in which
the Navier-Stokes viscosity or NS is subtituted
by an effective viscosity

k) = NINS
1 - U2,0k2/(2WT>2 - Z'W770,1/<27TT>
(40)
Note that (40) involves only two dimensionless
coeflicients

ULsz(w,

1
12,0 = —5 0,1 = 2 —1n2 =1.30 (41)

Schematically the resummed hydro equations
look as

(Euler) = nOrs(Navier — Stokes)  (44)

where O g is an integral operator. However,
one can act with its inverse on the hydrody-
namical equation as a whole, acting on the Eu-
ler part but canceling it in the viscous term

O, s(Euler) = n(Navier — Stokes)  (45)

These are the equations of the LLS hydrodynam-
ics. Obviously they have two extra derivatives
and thus need more initial conditions for solu-
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summary of the hydro

® the applicability of hydrodynamics rests on two small parameters:
(1) the micro-to- macro ratio 1/TR, (ii) the viscosity-to-entropy ratio n/s.
For central AA collisions, both are O(1/10). For high multiplicity pA and pp
collisions, the first parameter is no longer small 1/TR = O(1), prompting us
to ask which hydrodynamical predictions are preserved by the smallness of
only the second parameter 1)/s.

® After solving the hydrodynamical equations we found that the radial
(axially symmetric) flow is little modified by viscosity and is
in fact enhanced by higher transverse gradients. Thus our main
prediction is an enhanced radial flow => a change in the observed pt spectra
on the particle mass, or growing proton-to-pion-ratio with pt.The
magnitude of the effect should be even larger ( => ALICE ?)

e Higher harmonics are penalized by larger viscous
corrections.We obtained explicit solution for Gubser flow for m =2, 3,4
as shown in Fig.5.We have found a small v3/v2 = 1/3 ratio for pA in
agreement with the reported ALICE data (in contrast to v3/v2 > in central AA)
The value of v2 itself is also suppressed by viscosity, and the relative
suppression we have found between the pp and pA collisions agree
reasonably with the CMS data.
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