Multiparticle production in QCD at strong
coupling

A.V. Leonidov

Lebedev Physical Institute, Moscow

PQFT2011, Dubna, 06.10.2011



Motivation

» Multiparticle production is a fundamental topic related to the
nature of cross sections at asymptotic energies

» Very interesting data on multiparticle production at LHC in
pp and AA collisions, more to come.

» Meeting point for ideas from various domains of physics.



Particle production at strong coupling: e™e™ annihilation

» Left: particle production in the weak coupling regime.

» Right: particle production in the strong coupling regime.



Particle production at strong coupling: e™e™ annihilation
Y. Hatta, T. Matsuo (2008)

» DGLAP evolution equation:
O q2Ds /70, Q%) vs,7()Ds; 70, Q%)

1 .
Ds;r(j, Q%) = /OdXXJ_lDS/T(Xsz)

» Relation between spacelike and timelike anomalous dimensions in
perturbation theory:

1s() = 70 —2vs()
r0) = G +2v7()
» There exist arguments [B. Basso, G. Korchemsky (2007)] that the

above relation also holds at strong coupling at j > 1. Let us
assume that it holds for all j.



Particle production at strong coupling: e™e™ annihilation
Y. Hatta, T. Matsuo (2008)

» In conformal theory multiplicity is controlled by y7(1):
n(Q?) x Q17

» Weak coupling:

(@) o QU
» Strong coupling:
(1) = 1= = = Jpm =1 = (@)l x @
2VA
» Qualitative interpretation: democratic cascading

Q Q Q
Qi:? = QNZZWNA = n(Q2)N2NNK



Particle production at strong coupling: e™e™ annihilation

Y. Hatta (2008)

» Weak coupling:
> Intrajet multiplicity is controlled by collinear logarithms.
Multiplicity growth controlled by DGLAP.
> Interjet multiplicity is controlled by radiation at large angles.
Multiplicity growth controlled by BFKL!

» Strong coupling: equivalence between

» Shock wave description of ete™ annihilation
» Shock wave description of a wave function of fast hadron



Particle production at weak coupling: nuclear collisions.
Initial state.
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Particle production at weak coupling: nuclear collisions.
Collision stages

freeze out

hadronsin e,
}ﬂ hydrodynamics
gluons & quarksin eg.

gluons & quarks out of eq. —s kinetic theory

strong fields —s classical EOMs
Z (beam axis)




Nuclear collisions: classical solution

(D F™] = I
U= 6T pr(x 1, xT) 4 84T pa(x 1, x7)

Looking for a solution to all orders in p1 >



Boost-invariant classical solution

» Coordinates 7,7
x0 4+ x3 = ren, X0 —x3=re"

» For one source the convenient gauge is A* =0

» For two sources the convenient gauge is A" =0

A=A =

e

(xtA™ +x~AY)

Boost-invariant solution does not depend on 7



Boost invariant classical solution

>
Al = 9(—x+)9(X7)A£1)+9(X+)9(—X7)A£2)+9(X+)9(X7) é3)
AT = 0(xT)0(xT)A,

» consistency condition at 7 = O:
Aglr=o = An+Ap

Allr— = %[ (1A



Immediately after collision: glasma
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Initial conditions: hydro

» Equations of motion
OuTH =0

» Equation of state
p=f(e)

» Initial conditions are specified at some 7 = 79
TMV(T = T0,1, XJ_)

» Generic structure of THY:



Initial conditions: color glass condensate

For configuration Ej, = AB},

<TW/(T = 0+7777XJ-)> =
—€

Does not look like hydro nut looks like QCD string model
(negative p;)

glasma tubes strings
negative p, string tension
glasma instabilities | string breaking

Isotropization mechanism?



Initial conditions: color glass condensate

>
ﬂ, . TRAQS
dn =0 N Qs

>
dEJ_‘ _ . WR%Q%
dTl n=0 — CE

Qs

dN
HERA = Q% ~12GeV = %'":O ~ 1100



Glasma instability

» Consider 1 - dependent perturbations:
Ef(07 mn, XJ_) = 5EI(777 XJ_) )
ET](Oa , XJ_) = Ig [agl.a 04’2] + 5ET](777 X1, ) ’

» Maximal Fourier component of longitudinal pressure
P, =72T™M

» Deviations from boost invariance generate exponentially
growing transverse fields

|EL|,|BL| ~ eV @7



Initial conditions: quantum evolution. Factorization.

» LO )
TLG = 78" F Fry — FPUFY

[F., F*]1=J", lim A*(t,x) =0
t——00

v Ao Ny 0%
5TNLO: In /\1 Hi +In /\1 Ho TLO

» Quantum corrections can be packed into the evolution of the
density matrix

» NLO

(Tho +9Tkro) = (Tion

» New averaging

A:I:
W/\f: = [1 +1In (/\1 ) H12} AE



Initial conditions: quantum evolution. Factorization.

» General structure of quantum corrections

1
(O)nro = [2/)td3ud3vgw(u,V)T’dT5 —|—/Zd3uﬂu(u)']r4 (O)ro-
» T, is a Lie derivative

a(x) = / 20 T ()



Glasma instabilities: resummation

» Resummation:

()= o0 |3 [ PudvGua )Ty + [ Pus(uTe] (O)uo

» Useful identity:

e | [Law)T.] (010 100] = Olgo +

» Proposed resummation is equivalent to Gaussian averaging
over fluctuations of initial field configuration:

Ores — exp [2 / BudvG(u, v)T, T, + / d3uﬁ(u)1ru} Oroléol

/Da exp [ /d3ud3va( )g_l(u,V)a(V)} O [po + o+ 3]



Particle production at strong coupling: nuclear collisions

» Particle production from thermally equilibrated fireball created
in high energy nuclear collisions.

» In AdS language formation of this fireball (thermalization) is
described by formation of AdS black hole in a collision of two
high energy objects

» Multiplicity is proportional to the surface area of the black
hole.

» In practice one calculates the area of the trapped surface
(surface with null normals going inwards).



Particle production at strong coupling: nuclear collisions

S. Gubser, S. Pufu, A. Yarom (2009)
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» Formation of a trapped surface in a high energy collision of two

particles



Particle production at strong coupling: nuclear collisions

S. Gubser, S. Pufu, A. Yarom (2009)

» The shock wave is a solution of 5-d Einstein equations in AdS

1 6
R — EgWR - pgw = 871GsJ,,
with the source
23 1 2 _
J_ = EF(S(X )0(x)0(z — z)d(x7)

» Solution:

L
ds® = dsf\dss + ;¢(X1,X2,Z)5(X_)(dx_)2



Particle production at strong coupling: nuclear collisions

» Solution:

GsEz, 1
= ———,F(3,5/2;5,—-1/q
g2 q32 1( / /)
where
)PP H (2 z)
9= 4zz,
>
L2 d(x, x2, 2) 2EZ}
T__) = o(x7) i T — * o(x~
< > 47TG5 (X )ZTO z3 W(XJ2_+23)3 (X )
>

3XX2 __
/d3x(T__> =E  and W =2z2



Particle production at strong coupling: nuclear collisions

» Peripheral collision of two shock waves:

L L
dsf\dss—i-;d)_(xl, X2, z)5(x*)(dxf)2+;¢+(x1, x2,2)8(xt)(dxT)?

where
G5Eizi 1
0] ——————F; 2;5;—1
+ TR 1(3,5/2;5,-1/qx+)
(x' = be)® + (x*)* + (2 — z¢)?
g+ =
dzz,
> 4
2E_z% _
(T-) = 5(x")

T [(x1 = b_)? + (x2)% + 23}3

» b mimick impact parameters



Particle production at strong coupling: nuclear collisions
» Solution: area of the trapped surface
4E223)1/3 sinh~1 3

Gs/L3 B\/1+ 32

Atrapped = 47 Gs ( 0= b/22>,<

» Solution: entropy

Atrapped . <4E223>1/3 sinh_lﬂ
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Particle production at strong coupling: nuclear collisions

Problems to solve

» Confinement scale should have an adequate representation

» Transverse scale (saturation momentum) should have an
adequate representation

» Impact parameter profile controlling inelastic cross section and
ensuring Froissart bound should have an adequate
representation.

» There is clear;y a long way to realistic theory. Still the existing
state of art shows many interesting leads to follow and looks
promising!



