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pQCD mechanism - nuclear suppression at large pr

s Introduction = py- behavior of nuclear suppression
observed at RHIC and LHC

s Final state interaction (FSI) = attenuation of a small
size dipole in a medium

» Initial state interaction (ISI) =- energy conservation
constraints

o Numerical results vs data
= comparison with LHC data
= comparison with RHIC data
Interplay of the pQCD mech. and hydrodynamics -
small-p;r suppression

s Summary & Outlook
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Pb-Pb Vs, =2.76 TeV
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LHC vs. RHIC data CFRIS,

o LHC data expose novel features in comparison with
measurements at RHIC

o the nuclear suppression factBry 4 reaches significantly
smaller values=- at the LHC energies hadrons originate
mainly from fragmentation of gluons with larger color
charge than quarks dominating at RHd@dgluons
dissipate energy with a higher rate <= FSI

o R 44 steeply rises withpr at LHC but exposes rather flat
pr-behavior at RHIC=- it is affected by restrictions
Imposed by energy conservaties |SI
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Ingredients for calculation of suppression

» time- dependentansport coefficieng(t)
s transverse sizer(t)- evolution of agq dipole

» model for hadronization{l,) oc E(1 — z3)/{k(Q?))
= several effects acting in opposite directions:
— the Lorentz factor makds, LONGERwith energy
— the increasing virtuality gives rise to a more intensive
gluon radiation and E-loss in vacuum, leading to
SHORTERI,
— the Sudakov suppression , essential at lasgealso
SHORTENYH,,

= survival probability for gqg dipole propagating
through a medium
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Transport coefficient

FSI contribution to nuclear suppression is related to
properties of created medium.

Such medium is described in terms of transport coefficient
g - the magnitude of broadening experienced by a parton
through a path length 1 fm in the medium

We rely on the usual assumption - initial medium density at
timet = tq IS proportional to the number of participants
Npart aNd density is diluting with time ak/¢

Then the time dependent transport coefficient reads:

~ 7 qAO tO n art(l_; 7?)
Q(ta ba T) — z , ’
t npart(O, O)

[X.F. Chen, C. Greiner, E. Wang, X.N. Wang, Z. Xu; Phys. Re®1(064908 (2010)]
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Transport coefficient

» the parametediy represents the maximal value @ffor the
medium produced dt = t, Iin central collision at
b=7=0

s Vvariableb - Impact parameter of collision
variabler - impact parameter of position of the parton
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r7(t)- evolution of agq dipole

during production timeé, a gq dipole is created

» this dipole propagating in a medium attenuates with the

cross sectionx 3., wherer2, is rising with time.

at low energies dipole quickly expands to the hadronic size
at high energies Lorentz time dilation freezes the initial
small size of the dipole for the time of propagation

= the medium becomes more transparent with rising
energy of the dipoleE

the transverse expansion ofg dipole reads:

d’l"‘T kT(t)

dt a(l —a)E

« - fractional light-cone momentum of the parton.
[ B.Z. Kopeliovich, J. Nemchik; J. Phys. G38, 043101 (2011) |
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r7(t)- evolution of agq dipole

s applying the uncertainty relatider-(t) ~ 1/rr, we get,

» 719 ~ 1/p7 - the initial dipole separation
E = pr - is the dipole energy in the c.m. of the collision

» such a behavior of the mean separation can be also obtained
within the more rigorous path integral technique for the
early stage of expansion, whitg- < 7}, [B.Z. Kopeliovich, B.G.
Zakharov; Phys. Rev. D44, 3466 (1991), B.Z. KopeliovichS&héafer, A.V. Tarasov;
Phys. Rev. D62, 054022 (2000), J. Nemchik; Phys. Rev. C&R 03 (2003) ]
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» We rer on the mOdalB.Z. Kopeliovich, at al.; Phys. Lett. B662, 117 (2008) ]
for - distribution of leading hadrons in a jet produced at
the mid rapidity, where the initial parton energy and

virtuality are equallE = Q = kr = pr/zn = E/zn



FSI: attenuation of adipole ~ “F&>
Production length of §q dipole

o We rer on the mOdalB.Z. Kopeliovich, at al.; Phys. Lett. B662, 117 (2008) ]
for - distribution of leading hadrons in a jet produced at
the mid rapidity, where the initial parton energy and
virtuality are equalE = Q = kr = pr/zn = E/z,

» evaluation of(l,,) in vacuum -for the quark and gluon jet

10 ¢
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Survival probability

» survival probability characterizing a propagation of aatig

over path lengtlL in a medium reads:
L

S(L) = exp| — / dl o fre(1)] pa(l)

0

(dipole cross sectioa (rr) times the medium density
pa) = theattenuation rate of the dipole

» the dipole cross section for small dipoles(rr) = C 73,
where the factoC for dipole-proton interaction is fixed
from DIS data

» the factorC' is unknown for a hot mediuras- it is
convenient to express it in terms of the transport coefficien



FSI: attenuation of adipole ~ “F&>

Survival probabillity

o the factorC is related to the transport coefficiaftwhich
IS broadening per unit of length:
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Survival probabillity

» the factorC is related to the transport coefficiaftwhich
IS broadening per unit of length:

q
C = —
PA
[ R. Baier, Yu. Dokshitzer, S. Peigne, D. Schiff; Phys. L&845, 277 (1995) ]
» [t was demonstrated that the same fa€tbcontrols both
dipole cross section andbroadening

[ M.B. Johnson, B.Z. Kopeliovich, A.V. Tarasov; Phys. Re%632035203 (2001) ]

» then the survival probability of the dipole in a medium
reads:

S(L) = exp [—% /L dl (1) r;(z)]
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Survival probabillity

» using above mentioned expression fgf

=
NN
~

o~
~—

]
ow

» and neglecting'? ~ 1/p3. at largepr, we get the final
expression for the survival probability of the dipole in a
medium

L) = exp [‘a(l ny / a1

0




cross section of the reactiop,+ p — h + X, Is calculated
using standard convolution expression based on QCD
factorization:

X, = ke exp(+y)l/s h

X, = ke exp(=y)/’s
o (p)=>Fp® Fp,& O(ij —> kl)® D

L, Kl

X

CFRIJS,



High-pr hadronsin A + B collisions “F&5

o the cross section of the reaction,+ B — h + X, at
given impact parameteérreads

0 a5 (b, pr) = / 2T (T) T (B — 7) X
0

Z Fija Q@ F;/BQ i1 & Ijh/k RZB(R T, pr)

,35k,1



High-p; hadronsin A + B collisions ©F&2

s the factorR¥ (b, 7, pr) in expression foer 4 (b, pr) -
corresponds to a survival probability ofgg -
the nuclear suppression factor in a collision of two heavy

nuclei at given impact parametBnorresponding to
production of a highks parton of speciek at impact
parametefF, propagating then over a path lendth),
radiating gluons and losing energy, and eventually
producing a colorless dipole pre-hadron with transverse
momentumpr = kr 25, (25 is a fraction of the jet
momentum carried by the produced hadram)ich
propagates through the nucleus evolving its size according
to r2.(t)
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» the suppression factdifle(E, 7, pr) has the form,

2 [ do 1 i L
R’ZB(b’T’pT) :/?exp[_a(l—a) pr / dllq(labaT‘I‘l)
0 l'l’?naw(pTazh)
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» the suppression factdifle(l_f, 7, pr) has the form,

RE (b, 7, pr) = 9P exp|— ! dllg(l,b, 7+ 1)
AB\Y s PT) = . P a(l—a)pT qg\t,y 0, T
0 l"fnaw(pT7zh)

- l"rcnazc(pTa Zh) — ma’w{<lf)(pT7 Zh)>7 lO} and

to = lp ~ 1fmis the time scale of creation of the medium
resulted from gluon radiation at mid rapidities in HIC

» the production length for a gluon jé& = g) Is short,
(19) < lo = its actual value is not important at LHC

» adominance of quarks at RHIC energies corresponds to
much higherl?) > 1, in a broad range gbr- andzp-
values=- this causes a weaker nuclear suppression in
comparison with the LHC kinematic region
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High-pr hadronsin A 4 B collisions “F&=

» although above evaluation QE’;) In vacuum gives a
dominant contribution to nuclear suppression we include
also the medium-induced E-loss during propagation of a
parton speciek corresponding to mean production length,
(L%).

» this was realized via modification of the fragmentation
function Dy, /i, = Dy, i, shifting z, to
zn =z E/(E — AE;,)

o the medium-induced energy loss
AFE;, = Kin (l’; — lp) @(l’; — lp), where® (1)
represents the step function and the rate of energydgss

was evaluated I[R Baier, Yu. Dokshitzer, A. Mueller, S. Peigne, D. Schiff;
Nucl. Phys. B484, 265 (1997) ]



High-p; hadronsin A + B collisions ¢F&2

s the ratex,,, corresponding ta{lz’j) reads,




High-pr hadronsin A + B collisions “F&2

s the ratex;,, corresponding ta{lz’j) reads,

P (1%, b, 7) 1%

» Inthe LHC kinematic region an inclusion of the medium-
Induced E-loss is irrelevant due to a dominance of gluon jets
(k = g) and consequent shortness of the mdgn < lo



Green function approach CFRIS,

» the corresponding suppression factor

RZB(B, 7?9 pT) —
2

27 1
f ;i—;_b f do f d2r1d2r2 \I’:L(’I?g, a)qu(b, ’7_"; ll, 7?1; lg, ’Fg)‘Ijin(’Fl, a)
0 0

2

1
[ da | d?r1d?r, \IJIL(FZ, )W, (7, a)
0

[ B.Z. Kopeliovich, J.N., |.K. Potashnikova, I. Schmidt,y®h Rev. 36, 054904 (2012)]



Green function approach CFRIS,

» the corresponding suppression factor

R} (b, 7, pr) =
2

f da [ d*rid?r, ol 1 (72, a)qu(b iUy, 713 la, T2) Wi (71, )

fd‘b

2
r1d2'r2 \]:12(7?2, (X)‘Ilin(’l?l, (X)

o where the Greeen function satisfies the two-dimensional
Schroedinger equation:

i b, T la, ) | Gao(b, T3 11, 713 o, 7
dl sza(l—a) Vaa( 25 T2) aq(b, T3 11, 71512, 73)

— ’L(S(lz — ll) 5(7?2 — 7?1),

2
[ d m; — Ay,

[ B.Z. Kopeliovich, J.N., |.K. Potashnikova, I. Schmidt,y®h Rev. 36, 054904 (2012)]



Green function approach CFRIS,

» Wwith the boundary conditions

chq(lla 7?1; l29 7?2)

5 — . — .
L=l (’I"z 'rl)a

chq(llaFl;l29 7?2) = 0
l1>12



Green function approach CFRIS,

» Wwith the boundary conditions

GCTCI(lla r1; L2, "?2)

5(7y — 7);
l1=l2 (r2 rl),

GGQ(lla"?l;l% 7?2) = 0
l1>12

» The imaginary part of the light-cone potential
qu(E, T3 lo, T3) IS responsible for absorption in the
medium:



What aretheobservables? "%

» nuclear attenuation (modification) factor at given impact
parameteb

UAB(ba pT)

RAB(ba pT) = = —
({ 27T (T)Te(b — 7)o (pT)



What arethe observables ? CFRIS,

» nuclear attenuation (modification) factor at given impact
parameteb

O'AB(ba pT)

Rag(b,pr) = ~
({ A?TTA(T)Te(b — T)opp(pT)

» Observable sensitive to the properties of the created mrediu
- azimuthal asymmetrgf the produced hadrons relative to
the reaction planes- it is characterized by the parameter -

elliptic How at given impact parametér

6 aB(b, pr)
O'AB(ba pT) ,

v2(b, pr) = (cos(29)) =



What arethe observables? <"

o where
6aB(b,pr) = / d>TTs(T)Ts(b — 7) X
0

Z Fz(/i) (7?) & Fg(fbg(l—; o 7?) & &ij—>kl ® Ijh/k RZB(I—;Q 7_:9 pT)v

i’j7k9l



What arethe observables ? CFRIS,

where
6 aB(b,pr) = / dzTTA(T)TB(l—;— T) X
0

Z Fz(/i)( ) ® F(A) (b — 7?) X Uzg—ﬂcl X Dh/k RAB(b T pT)?
2,35 k,1

and the modified suppression factor - simple model

o rdo
RE (b, 7, pr) = /?cos(qu) X

1 T . .
exp [— / dilg(l,b, 7+ D).
8 (1 — a) DT

l')’?na:c (pT 7zh)



What arethe observables ? CFRIS,

» and the modified suppression factor - Green function
formalism

RZB(B: 7?9 pT) —

27 2

d
J 2—fcos(2¢)

1
fdozfd2r1d2'r'2 \I’L(’I?z, (X)qu(b, 7_";l1, Fl;lz,’l?z)qlin(’l?l, a)
0

2

1
[da [ d?rid2ry O (72, ) Uy (7, @)
0
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Any reaction observed so far at any energy Is nuclear suppdes
at forward rapidities.
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CFRIJS,

Any reaction observed so far at any energy Is nuclear suppdes

Ry (%)

at forward rapidities.
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CFRIJS,

Any reaction observed so far at any energy Is nuclear suppdes
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|SI: energy conservation constraints¢F22

One can approach the kinematic limit increasing either or

I = QPT/\/E'
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|nterpretations of 1S suppression “F&>

Since the kinematic limit can be approached increasin@eith
or pr, It IS convenient to introduce a varialde

where

__2pg _ 2pr

QZF—\/E, rmr = .

NE

Herepr, andpt Is the longitudinal and transverse component of
the momentum of the produced particles in c.m. frame.
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|nterpretations of ISl suppression “F&=

s anyreactiong + b — ¢ + X, wherec = h,ll,J/ ¥, ...
IS a large rapidity gap (LRG) processgat— 1

Rapidity intervals

In

b 5 X}

s the probability to radiate no gluons in the rapidity intdrva
Ay =lIn = s IS suppressed by tteUDAKOV’'S FORM

FACTOR S(Ay) = 1 — &, which violates QCD
factorization




|nterpretations of 1S suppression “F&>

s assumingA + B collisions and summing over multiple
Interactions, the parton distribution khof the projectile
nucleusA can be expressed in termsBg(b) and the
effectivecess ~ oY = 20mb

[ B.Z. Kopeliovich, J. Nemchik, I.K. Potashnikova, M.B. J@on, |. Schmidt; PR C72, 054606 (2005)]

(B) o e_[l_S(g)]"'effTB(b) — e—O'effTB(b)
"’/N(wl’ 1,77 b) Ce F’i/N(wl’ kl,T) S(f) [1 — e %erfTB (b)]

the normalization facto€'¢ Is fixed by the Gottfried sum rule
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s assumingA + B collisions and summing over multiple
Interactions, the parton distribution khof the projectile
nucleusA can be expressed in termsBg(b) and the
effectivecess ~ oY = 20mb
[ B.Z. Kopeliovich, J. Nemchik, I.K. Potashnikova, M.B. J@on, |. Schmidt; PR C72, 054606 (2005)]

e_[l_S(g)]aeffTB (b) _ e_o'effTB (b)

S(€) [1 — e—GeffTB(b)]

B
z(/]\?‘(wlv 1,77 b) = Cg Fi/N(wla kiT)

the normalization facto€'¢ Is fixed by the Gottfried sum rule

s In A 4+ B collisions one should take into account also
multiple interactions of target partons of the nucldgisn

the projectile nucleugt leading to the same form of

effective parton distributions’! /J\), except that one should

replacer; = x3, k17 = ko, B = A, T = T4
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Numerical resultsvs. data ~——

Comparison with LHC data

1 L T T T
Pb-Pb Vs, =2.76 TeV =
0.8 L 0-5% , -]
A ALICE /
0.6
< -
<
A Ruln
0.4 :!j'_ amy
0.2
O 'l | 1 2
1 10 10
P (GeV)
0-5%

do = 2.0 GeV?/ fm.
[TRIANGLES - ALICE Collaboration, B. Abelev et al.; Phys. tteB720, 52 (2013). ]

[SQUARES - CMS Collaboration, Y.-J. Lee et al.; J. Phys3& 124015 (2011). A. S. Yoon et
al.; J. Phys. (38, 124116 (2011). ]
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Comparison with LHC data - ALICE

——rt —
1L Vsun =276 Tev
| ALICE Pb-Pb —

m 40-80%

" pr (GeV)
R s a(pr) for charge hadrons produced in lead-lead collisions at
different centralities. Calculations within the GF formsah with

Go = 2.0 GeV?/fm are compared with ALICE data.

[ALICE Collaboration, B. Abelev et al.; Phys. Lett. 720, 52 (2013). ]
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Comparlson W|th LHC data - CI\/IS
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1F 1 -
b | cmsPopo P b | cmsPo-po ﬁ -

Raa(pr)

Go = 2.0 GeV?/fm
[CMS Collab., Y.-J. Lee ; J. Phys. @8, 124015 (2011). A. S. Yoon ; J. Phys.38, 124116 (2011). ]
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Comparison with LHC data - azimuthal asymmetry

1l 77 T T T
Pb-Pb Vs, =276 TeV
i ALICE Preliminary

5-10% -

R 4 o(pr) for charge hadrons produced in lead-lead collisions
for two classes of events: In plafe45° < ¢ < 45°) and
Out-of-plang(45° < ¢ < 135°). The GF calculations wit§g

= 2.0 GeV¢/ fm are compared with ALICE data.
[ALICE Collaboration, A. Dobrin et al.; J. Phys. 88, 124170 (2011). ]
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Comparison with LHC data - azimuthal asymmetry
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[ALICE Collaboration, A. Dobrin et al.; J. Phys. &8, 124170 (2011). ]
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Comparison with LHC data - azimuthal asymmetry
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Comparison with RHIC data
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[ PHENIX Collaboration, A. Adare et al.; Phys. Rev. LetD1, 232301 (2008); Phys. Rev.8Z,
034911 (2013); M. L. Purschke et al.; J. Phys3& 124016 (2011). ]
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Comparlson with RHIC data
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[ PHENIX Collaboration, A. Adare et al.; Phys. Rev8T, 034911 (2013). ]
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Comparison with RHIC data
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R 4 4(pr) for neutral pions produced in gold-gold collisions at
v8 = 62 GeV and at different centralities. The GF

calculations withjy = 1.2 GeV?/fm are compared with

PHENIX data. [PHENIX Collaboration, preliminary data posted at
hittp : //www.pheniz.bnl.gov/WW W /plots/showylot.php?editkey = p1118 ]
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Comparison with RHIC data
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R 4 4(pr) for neutral pions produced in gold-gold collisions at
Vs = 39 GeV and at different centralities. The GF

calculations withjy, = 0.6 GeV?/fm are compared with

PHENIX data. [PHENIX Collaboration, preliminary data posted at
http : //www.pheniz.bnl.gov/WW W /plots/showylot.php?editkey = pl117 ]
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Comparison with RHIC data - azimuthal asymmetry
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Numerical resultsvs. data ~——

Hydrodynamics vs. pQCD

Our pQCDcalculations forR 4 4 (pr) andwvy(pr) grossly
underestimate data at smal} < 6 GeV.

The observed® 4 4 (pr) andvs(pr) €xpose quite a
different behavior towards smallp¥-, steeply rising and
shaping a bump.

We relate this to an interplay of two mechanisms of hadron
production:(i) evaporation of hadrons from the created hot
medium controlled bywydrodynamics(ii) perturbative

QCD mechanisnof high- pr production of hadrons, which
propagate and attenuate in the hot medium.

The abrupt transition between the two mechanisms causes
distinct minima inR 4 4 (pr) and invs (pr) both observed
at the same values g@ir.
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Hydrodynamics vs. pQCD

s Data onR 44 (pr) corresponding tén-planeand
Out-of-planeevents show that the transition from the
hydrodynamido perturbativeregimes occur fom-plane
events with a delay, at highgr- = the hydrodynamic flow
IS much stronger, correspondingly the cross section is
larger.
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Hydrodynamics vs. pQCD

» we combined oupQCD mechanism with hydrodynamic
model from:
o [IUu.A. Karpenko, Yu.M. Sinyukov, K. Werner; Phys. Rev8€, 024914 (2013). ]

Raa(pr) = Raa(PT)hydro + Raa(Pr)pocehD

V2 (pT) hydroRAA (PT) hydro _|_ V2 (pT)pQCDRAA (pT) pQC D
RaA(PT)hydro + Raa(Pr)pocD

v2(pT) =

» Where transverse momentum spectra of the hydrodynamic
model are related t&® 4 a (P1) hydro AS:

d?N44 /dyd?pr[hydro]
(Taa)d?0pp/dyd?pr v

RAA (p T) hydro —
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Hydrodynamlcs VS. pQCD

, :
- Pb Pb \/s = 2. 76 TeV
[ o 5%

A ALICE

dotted line - nonperturbative HYDRO; dashed line - perttiviesaQCD
solid lines - combination of HYDRO and pQCD
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Hydrodynamlcs VS. pQCD

I
Pb Pb \/S = 2 76 TeV
O 10%

= B m CMS

20 - 30%

A ALICE

The dominanhydrodynamic mechaniswof elliptic flow, provides a large and rising wighz anisotropy

v2 (pr ), which abruptly switches to thegime of pQCD having a much smaller azimuthal anisotropy.
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Hydrodynamlcs VS. pQCD
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Summary CFRIS,
@® Using the rigorous quantum-mechanical approach based on
the path integral technique for description of ghgedipole

evolution we apply the standard convolution expression for
description of highp; hadron production in heavy ion collisions
at mid rapidities in the RHIC and LHC kinematic range.

® The dynamics of a strong nuclear suppression of high-
hadrons is based on tlsbortness of the production length, of

a colorless pre-hadrons and on its development and prapagat
through a dense medium.

@® the main part of nuclear suppression is related to the sairviv
probabillity of colorless dipole propagating through a dens
medium=> color transparencysteep rise of the nuclear
modification factorR 4 4 (pr) with pr

® In comparison with LHC a dominance of quarks with larger
[, leads to a smaller suppression at RHIC.
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Summary CFRJS,

@® |n the RHIC kinematic range we introduced also a
suppression factor related to the constraints on nucle&ompa
distributions imposed by energy conservation.

@® This suppression factor falling steeply with- is irrelevant

at LHC but causes rather flpt- dependence aiR 4 4 at RHIC.

@® Calculations contain only medium density adjustment and
we found the transport coefficient to be:

Go = 0.60GeV?/fm aty/s =39GeV,

Go = 1.20GeV?/fm aty/s =62GeV,

Go = 1.60GeV?/fm aty/s =200GeV,

Go =2.00GeV?/fm aty/s=2.76TeV.

@® these value are more than order of magniture less than was
found from jet quenching data within the energy loss scenari
@® Finally we combined oupQCDresults with the
hydrodynamianechanism providing a successful description of
data in the full range gp.
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