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Early years of high-energy QCD: nuclear effects

Wide-spread believe in the 70s: hard
processes experience no nuclear effects.

Naive, but sounds natural...
5 o(hA) _ A
Ao (hN)

Rpa

Thus, a=1 has been anticipated,

and indeed was well confirmed by data.

K.J. Anderson et al. PRL 42(1979)944
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! The first surprise: NA3 experiment

J. Badier et al. Z.Phys C20(1983)101

A. dOHg/d0m

o

o nn~ 150 GeV/c
® = 280 GeV/c
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Energy loss?

The first explanation: initial state energy loss
F. Niedermayer & B.K. 1984

/\ Y {gm
h | - —— D e
0( _ : > | W

s 8 2 80 GgV

4

e_o-abspAL

dE/dz = —x
dE/dz is energy independent in the
k=3 GeV/fm string model, but also in pQCD

F. Niedermayer PRID34(1986)3494
S. Brodsky & P. Hoyer, PLLB298 (1993)165

Xi-@ — Xi—@ + AE/E

i 0307 06 08 1
JﬁN(XF) = JﬁN (xp + AXF) X
The shift in x_ causes suppression
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E772/866 experiments: more surprises

1.0
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Data at 200 and 800 GeV demonstrate

energy independence and( xF-scaling)

o 2
X1Xo = MIPT/S
X1 — X2 = XF

If suppression at large
xXF were related to

a modification of PDFs,
one would expect scaling
in X2, or in

M
ER szXz

Data rule out x2-scaling)

RHIC data confirm
lack of x2 scaling

1_1 T rrrrry T T rrrrr
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X_- scaling

The data also exclude the above explanation with energy-independent energy loss.
However, the nonper"rur'ba’rlve Fock-state decomposition of the incoming hadron leads to
. Every process measured so far exposes nuclear
suppression increasing towards 1'he kinematic bound.
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W(2S) vs JIP

! Naively one should have anticipated a much stronger nuclear suppression for the
radial excitation ', which has the mean radius squared twice as big as J/y.

B == o S | . .
0o | LE B _ Two time scales controlling the nuclear effects
_ T _ S.Brodsky & A.Mueller PLB206(1988)685
® J 9|
08 - By I:-:' _ i 2E¢
° t —
o ez e e Coherence time g
E866/NuSea 1L & e C
0.7 t -
800GeVp+A—>J/ A : : .
i v - T - ® Formation time of the charmonium wave function
Y 00 02 04 06 08 10 ¢ 2ky > ¢
X_ M/ (Myr — My /y)

The naive picture of a charmonium propagating through the nucleus is relevant only at
low energies E, < 10GeV, when 4¢ is short, otherwise the dynamics is more involved.

A small-size cc pair propagates through the nucleus and afterwards is projected to
the charmonium wave function. The latter for ¢’ has a node in r-dependence, which
might cause even nuclear enhancement instead of strong suppression.

.- B. Zakharov & B.K. PRD44(1991)3466
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b Energy dependence of 05ps

e_o-abspAL
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pA: |/W formation and color transparency

A cc dipole is produced with a small separation @ ~ Hll ~ 0.1@

and then evolves into a J/¥ mean size rj/¢ ~ 0.5 tm

: : ; 2E E
during formation time tr = mZ /_Jr;qé/@ = 0.1{m (1(“;{;1{,—) e
70
Per'."ur'ba'l'ive \], /\/\/ T dI’T 4pT A
: T'ec LD
expansion o e e
8t =
h(t) = g g
The mean cross section is L- and Edependent o’
L _ .
L 1 4L 0 : 1
Uabs(LaEEc) . E /dl Uabs(l) e C(E(_:c) (Eac | mg> 1:‘ 9
0 3 | 7
1 L 40 100
ok / d?b [1 —e absTA<b>} E_(GeV)
g7 e e

_liﬂb,ll'l‘. B 8
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pA: Higher twist c-quark shadowing

]./Xz

At higher energies 0,1,5 is affected by another .1 21 41 &
time scale, the lifetime of a cc fluctuation _
210 1 0.7 -
tp = 2'] A (5 times shorter thantf) §©
mJ/\IJ XoININ ac

0.6 -
If t, > Ra the initial state fluctuation g — qq |

leads to shadowing corrections related to 0.5 Frtmrrrerrr e
a non-zero cc separation. ateke ”
O. Benhar et al. PRL69(1992)1156
e e
L o NMC 200 GeV
12| a NMC 280 GeV
S o o e e ae o -
Path integral technique: all possible paths of the ¢ o5l =t 14~
quarks are summed up; o.1,s(r1, Ezc) gives the ] + _
imaginary part of the light-cone potential. PRIt |
30 80 130 180 230 280
v (GeV)
g3
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Example: photoproduction of vector mesons

% 1/3
i Ve =R e A
23
Y * Vv t. <<R, ¥a\

The quantum-mechanical effect of
coherence is proven theoretically and
clearly seen in data.

The energy range of RHIC-LHC is well
in the regime of t. > Ra

H3
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J. Hiifner, J. Nemchik & B.K. PLB383(1996)362
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Mechanisms of J/ production in pp collisions

Color singlet mechanism b ~ - —
; 10 = P ettt ¢ J/¥notfromy, -~
E oA & J/y fromy, »
frOm X \0\»’: A sum
A
— - s *a Prompt production

5 1 :

3 CDF |

o e |

direct J/ ¥—=—_

: 5, 3

E.Berger & D.Jones PRD 23(1981)1521 : 3
R.Baier & R.Ruckl PLB102(1981)364 10+ ;
collinear factorization

4‘

10-3! I A.‘ AlT ;
Ph.Hagler, R.Kirschner, A.Schaefer, 2 4 6 8 10 12 14 16 18 20
L.Szymanowski, 0.Teryaev PRD63(2001)077501 P{J/¥) (GeV/c)

k- factorization F. Abe et al., PRL 79(1997)572
11
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Mechanisms of J/ production in pp collisions

[ kT factorization)

S. Baranoy, A. Lipatov, N. Zotov
PR D85(2012)014034

do/dy dp; [nb/GeV]

An updated unintegrated gluon

distribution

—4
o
—

B do/dy dp; [nb/GeV]
o

do/dy dp+ [nb/GeV]
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Mechanisms of J/ production in pp collisions

Modified color singlet mechanism .-Brdo/dQ, nb/GeV  (lyl<0.6)

Tevatron

NLO

S

“r
ot .
.'

Eur.Phys.J). C39(2005)163

The NNLO contribution is enhanced by :
the factor Ins, which allows to bring the | = N T D D
- 0 2 4 6 8 10 12 14 16 'l 2
cross section up to the data. Q, GeV
g7
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Color octet/evaporation models

Ad hoc assumption that the
characteristic time of color
neutralization is as long as
the formation time

t>t,

Long time propagation without
gluon radiation is strongly
Sudakov suppressed.

The model fits the data

to be explained. ;

§ .'-‘ ‘ "
L N D.AS;“

“I think you should be more explicit here in step two”
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The SPS era: more challenges

_h Data for central Pb-Pb collisions expose a stronger J/y suppression compared
with the cold nuclear matter effects extrapolated (incorrectly) from pA to AB.

—~ 100
2 90 Experimental rescale to 200 GeV
o 80 | Theoretical rescale to 158 GeV
>_
o /07 Y NA51 pp, pd 450 GeV
p—
o 60t |
i\: o0 | [J NAS50 HI p—Be, Al, Cu, Ag, W 450 GeV
\:\: 40 | O NA50 VHI p—Be, Al, Cu, Ag, W, Pb 400 GeV
~ |
bﬁ. i# HJ ;_i 1
o 30| bg )
| ¢ . 4
‘ b
" eTee
20
v
|
\ 4
® NA38 S—U 200 GeV | '+|
Ty
|
v —Pb 20 k!
10 |- |
9 u
I I I | |
0 2 4 6 8 10
L (fm)

A stronger suppression was predicted
in Q6P dues to Debye screening and
melting of the bound state.

- Matsui & H. Satz PLB178(1986)416
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Later, however, the temperature was
found to be too low to dissociate J/y

F. Karsch, D. Kharzeev & H. Satz PLB637(2006)75
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Cold nuclear matter is not cold

'y
J. Hiifner & B.K. PLB445(1998)223; PLB477(2000)93 __
NN 74 The radiated gluons participate in the &
ALK cC break-up as well as in broadenin )
- O Pt T
% X
s ; &
Gluon radiation time i
R
B A
a2m<21 e k2 e T R i i
AB
o0 1 ( ) 2:
3 do(gN — gX 19}
n,) = dk? do O(Az — 18 18}
< g> oin(NN) / / da dk? ( f) 517}
k?nin Amin % 1.62-
O 15}
B <f 6.9 x 101 (SPS, /5 =20GeV) ]
s = V -9 [ -
g \. 6.9 >< 10—3 (RH[C7 \/g % 200 Gev) 12 I | A NA50, Pb-Pb 158GeV
1.1} - NAGD. pA 158G0Y
1 : .................................................

The effect vanishes at the energies of RHIC and LHC. L (fm)
Broadening is not additive, it is

stronger in AA on the same length.

H3
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J/¥V melting

No signal of J/Psi melting has been observed so far

The main flaws of the melting scenario

@ Prejudice: the cold nuclear matter effect in AA can be
extrapolated from pA collisions.

@ Prejudice: once a bound level disappears,
the charmonium dissociates and is terminated.

@ Prejudice: screening of the potential is the only reason for
charmonium disintegration in a dense medium.

Most of charmonia at RHIC-LHC have large (p3) ~ 4 —10GeV,
so they move with relativistic velocities and the Schrédinger
gy ¢€quation and lattice results cannot be applied.

AR S e 17
UNIVERSIDAD TECNICA
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Charmonium propagation through a medium

Path integral technique .d  m2- A

i VaqlZ, 1 Ggq(z S EAR i 2% =)
B. Zakharov & B.K. PRD44(1991)3466 | dz  Eg/2 qa(z,11)|Gaq(21,711;2,11)

q l . .
«nmmm“““““|||||||||||||||||||||||||||||||||||||\N“|||||.||||||||||\|||\ gy () T reen functin Sl S BEE
2.

Z
1
GCYQ(Zla 07 22 T)

ReVgq(2z,r) corresponds to the binding potential, which is
known only in the rest frame of the dipole.

The imaginary part of the light-cone potential describes color-exchange interaction
of the dipole with the surrounding medium, missed in previous consideractions.

q(z)r4 Transport coefficient §~ 3.6 T°
is to be adjusted to data.

1
ImVgq(z,r1) = ~7



Survival of an unbound cc

Even in the extreme case of lacking any BTt
potential between c and ¢ (T — ~ ), No binding
still the J/W¥ can survive. 0.8 -
I.Potashnikova, I.Schmidt, M.Siddikov & B.K. «~ 06 -
PRCY1 (2015) 2, 024911 o
2 0.4 :
e 5| Lo W 1
0.2 —— wl-=8&in
——— e T
Path-integral description of J/¥ attenuation
O N Pu]
1 10 10
f et = 7 —1/2 py (GeV)
U ST g S T L B i e S ey BECE e
1672L 2m. / m2 A 2 2m,
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Lorentz boosted Schrodinger equation

E.Levin, .Schmidt, M.Siddikov & B.K. arXiv:1501.01607, PRD(2015)

The light cone fractional momentum distribution of quarks in a
charmonium sharply peaks around x=1/2. With a realistic potential

(X2 = <<x — ;)2> = gﬁ% = i@ﬂ ~ 0.017

Introducing a variable T Fourier conjugate to A,

1
= dx : o
\II(—:C(C,I‘J_) — %\:[I(_:C(Xy I.J_)GZIIIICC(X 1/2)
0

and making use of smallness of A and of the binding energy, we arrive at
the boost-invariant Schrodinger equation for the Green function

g N #(0/00)° ~mg
0z A (pé/gz) = U(ry,¢)| G(z",(,ri;27,¢1,r11) =0




Lorentz boosted binding potential

Debye screening of the potential for J/¥ at rest relative to the medium
can be modeled,

3 e 2 S e e % = ) —u(T)r) & —u(D)r
i (r \/Il+< ) u(T) (1 s r

> 24772
wT) =g(T)T \/1 - &= 53T /A Y

F. Karsch, M. Mehr and H. Satz, Z.Phys.C37(1988)617

However, most of J/¥s are fast moving, at the LHC (p;) = (p1) ~ 10 GeV?

V(I') is not Lorentz invariant I is 3-dimensional

The procedure of Lorentz boosting of the Schrédinger equation was developed
recently in E.Levin, I.Schmidt, M.Siddikov & B.K. arXiv:1501.01607, PRD2015

SR 21
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Results for J/Y

1. Net melting: ReU # 0;ImU = 0.
2. Net absorption: ReU = 0;ImU =# 0.

Survial probability

27 ol

g2y [0 [d*sTa(S)Te(b —8§) 3.Total suppression: ReU # 0;ImU = 0.
jw(b) =
27T TAB(b)
2 2 t ~ = < SR ([ e 0L qo = 2GeV¥fm -
S fd I'1d PzdcldCQ\Pf(C2,I'z)G(OO,Cz,I‘z;lo,Cl,rl)\Pin(Cl,rl) e e Melting. |
[ d2rd¢ ®{(,F) Tin (¢, F) IR e o T
MR
< |
YL A08
Calculations are done for central Pb-Pb 04 ;
collisions with realistic nuclear density. |
No ISI effects are added. i __
I.Potashnikova, I.Schmidt, M.Siddikov & B.K. PRC91 (2015) 2, 024911 Ve e e
i 1 10 138
pr(GeV)
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Azimuthal asymmetry

TR d2s T4 (s)Tg(b — s)
va(b) = Sﬁ/ql(b) /% COS(Zgb)/ éI‘AB(b)

[ d?r1d?radG1d( Wi ((e, F2)G (00, Ca, F2;lo, 1y F1) Win (G, Fa)
[d2rd¢ Wl(¢,F) in (¢, F)

0.3

0.25 FI'

0.2

0.05

st 1R ST OREIR25 U 23 a = A00=45

) P GGV
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Results for ¥V’

Projecting to the wave function of W(2S) one gets a stronger suppression

e R 1o | — Full _
SRS Melting | | -
{2 i Absorption 1.0 /\

1 10 102
pr(GeV)
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» pA at LHC: a new challenge

A perturbatively produced cc, rather than J/¥, propagates through the nucleus.

g c (b, z) J /W
SILLA . _

c 18} 1}

The dipole transverse separation is quite small, r* ~ 1/mZ ~ 0.02 fm?
so the dipole cross section, o(r) = C(x2)r? , with x2 =€ ¥ Mgc/V/s,

is known, fitted to HERA DIS data. It is small, but steeply rises with
energy. Correspondingly, small is the mean number of collisions

_J 061-02 (RHIC)
s =0o(r){Ta) ~ { 02-04 (LHC)

DA 25
UNIVERSIDAD TECNICA
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Enhanced )/ at LHC

As far as (n)po < 1, one can rely on the approximation of a single interaction
Roa = + [d?b [ dz|Spa(b,2)|”,

Spa(b,z) = [ d?r Wgc(r) exp [—103( )T _(b,z) — 50( r)T ., (b, z)]

03(r) /= Ocegll) = %(7(1‘/2) - %(7(1‘) A Bl o f dz'pa(b,z’);
T+(b ) Ta(b) — T_(b,2)
Wee(r) = B} (1) o(6) T(r)

Simplified oscillatory potential Lorentz-boosted realistic potential
: : I.Schmidt, M.Siddikov & B.K. (2015)
I.Potashnikova, I.Schmidt & B.K. :
NPAS64(2011)203 _ The suppression at the LHC.‘rur'ns
1] 0.9 out to be grossly over-predicted.
e 0.8 [ This is a serious challenge, b
] 82 because the dipole cross section
20.6:— Sags o(p,x) steeply rises with energy
i et (HERA data). so the nuclear
0'4;_ | ; 0.3 | -_ matter should be more opaque at
0.2 : 02 '_ LHC than at RHIC.
| _ e R ' The LHC data are affected by a
D AT S N S 0.5 1.0 1.5 2.0 2.5 3.0 3.5 novel enhancing mechanism.
5 y Y

UNIVERSIDA "ECNICA
FEDERICO EAINTA MARIA

B. Kopeliovich, Crete, August 23, 2015



Novel mechanism: double-step J/P production

Although the mean number of collisions B
of a small cc dipole is small, the 2 g
singole-scc.rr.ter'ing approximation rf\igh'r N X N X
be insufficient, a double scattering
correction might be important.

e 1/3
One can ppoduce J/W without gluon Such a correction is enhanced as A :
radiation (CSM), exchanging two gluons and rises with energy, because the
with different bound nucleons dipole cross section does.

At very high energies (so far unreachable) multiple interactions become the dominant
mechanism. The probability of color singlet cc production from an initial octet

approaches 1/9: S(r,z) = 3 ée_%a(r)TA(Z)- Ojn(r, —o0)

A.Tarasov, J.Hufner & B.K. NPA696(2001)669
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Double-step photoproduction

Example: inclusive photoproduction of )/

J. Hifner, A. Zamolodchikov, & B.K. Z.Phys.A357(1997)113

!EMC VRN

v ="T0 GeV v =100 GeV %
433 \\ - . / . . A A

: Glauber double scattering
/\ :
o c
%2]
N
S
n-Glauber double scattering
OFe - . . — .
0.4 B26 0.8 0 dE 1
TR et o n 5GeV /fm
x y Z 7TQfP
=l Glauber

_liﬂb,ll'l‘. B
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Double-step production

The double-step correction, shifted down to smaller x;, shows up due to the
steep fall-off of the diffractive cross section.

100-
it )
)
E
S
3
N,
,,,,,,,,,,,,,,,,,,, -
_ - @)
Bt e X ke S
/7
e b Grhis 3 . Il);fublle color exchage ;
Q . . O_ /7 / N oy e oS ot
-t e i i T R R 7 VP
é / ! 30 GeV
\ ¢ / I
) / l
) / /
/ ]
/ /
L L : : .
0.4 0.6 0.8 {8
L e DR N R B
X 1
X1
R 29
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Double-step J/P production in pA

1
e z793ATA e 298ATa 7 291ATA 11 grder to produce 1" (J/¥) in the second
QI c . interaction, in the first collision, a P-wave
g Aos g Otr antisymmetric octet state 8 must be created.

X The corresponding combination of dipole
cross sections has the form

Adg(r,r') =o3(r) + o3(r’) — Xg(r,r') = % (rT - r7)

oc(gA — J/YX) = [d*b [ dzipa(b,z1) | dz2 pa(b,z2) [ d*rd?*r’ dadd’

.‘.
X\IIJ/w

X exp[ Zalta)ioelr.a) [ dzpa(b,z)—Z2EG) [dzp, (b,z)— LnatrEe) | dZPA(baZ)}

(r,0) Wy/(r', 0) \Il;(r’, Q') We(r,a)AXg(r, v, a,a )Y (r, v, o, ')

® For the denominator, A o(gp — J/¢¥X), one can use experimental data
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Results for J/VY

Parameter-free calculation
I.Schmidt, M.Siddikov & B.K. (2015)
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Bottomium production

The relative contribution of the double-scattering term for Y production is
m3 /m{ suppressed compared with J/¥, can be neglected

I.Potashnikova, H.-J.Pirner, I.Schmidt & B.K. (2010)
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! J/Y¥ suppression in AA collisions vs energy

é - Nuclear modification factor
® 1........ .........................................................................................................................................................
The ObSCf‘VCd ener‘gy dependence Of Jet - O PHENIX, Au+Au, |y|<0.35, + 12% syst
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_b_ More surprises come from LHC

<
T

1.4

= ALICE {Pb-Pb\[s,,, = 2.76 TeV), 2.52y<4, p =0 (preliminary|
= PHENIX {Au-Au\s,

NN

= (.2 TeV). 1.2<lyl<2.2, DT;:-O (arXiv:1103.6269)
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Double-step (ISI/FSI) J/P production

(V0@
e 2
N X ,\ X
Initial state AA collision Final state AA collision
(cold nuclear matter stage) (hot nuclear matter stage)



Summary

® The double-step term enhancing J/W¥ in pA collisions rises with
energy and becomes significant at the energies of LHC.

® This enhancement explains the puzzling energy dependence.
At higher energy the pA/pp ratio may even exceed unity.

@ Melting of a charmonium in QGP does not lead to its disappearance.
The survival probability is still high and rises with pT.

@ Another source of charmonium suppression is color-exchange
interaction with the medium, which breaks-up the colorless dipole.

PN A novel procedure for boosting the Schrédinger equation o a moving
reference frame is proposed. The resulting equation is linear and
does not contain any nonlocal operators.

@ OUTLOOK: FSI stage in AA collisions includes initial color octet,
cc produced in ISI. The contribution of double-step (ISI/FST)
production rises with energy and shows up at RHIC/LHC.
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Backups

J/1 and 1)’: Measured/Expected

-518 i | o] |
2 - JAp DY 574 1
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g | & S-U 1 e Expected: normal nuclear absorption, from
X0 :
4 A . .
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0.6 ‘ +* S e * *# E U;bb827.6:: 1.2 mb
- ! :
0.4 - Y /| DY .7 —
e IS PR
02 F * S-U -
- 0 pA ¢ ] e In A-B collisions the 7/’ departs from the
T T T TR N T S IS ST NN S ST SN SRR SN SN TN S S N S
%0 2 4 6 8 10 normal absorption curve “earlier” in central-
L (f .
M)ty than the Jp.
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Novel mechanism: double-step J/P production

A quark pair can be produced in g+ p — cc+ X 3 color/space states:
A.Tarasov & B.K. (2002)

(i) color singlet (1_ ) (1 ) and (8 ) are antisymmetric, but (8+) is
(ii) color octet (8 ) symmetric relative permutations of spatial
(i) color octet (8"') and spin variables (xisl1l, J/pis 1).
1 2 2
o(gp — {ec}kX) = > [da [d?ro®M(r,a) (Lol 8T (kK'="1 5585
p,p 0

2
> |@(r,0)| = Gy [m2KE(mer) + (o® + a%) m? K3 (mer)|
s [

o and a@ = 1 — o are the fractional
momenta of ¢ and ¢

o(r) =oz(r, a)

c17) 4 og8) 4 587 = 2 _a(ar) + a(c‘vr)_ — 3

03 is the 3-body, ccg dipole cross section describing glN — ccX
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Suppression vs enhancement

r’ A.B.Zamolodchikov & B.K. (1985)
J.Hiifner, A.Tarasov & B.K. (2001)

Evolution of the dipole is described in terms of density matrix

A

R(r,r'|z) = S(r,r'|z) Py + L O(r, r'|z) P S
9 9 1 8 9 8 p 5; 515k

£ S(r,r'|2) = [~ 351 8(r,x'|2) + Z¢: O(r,r’|2)] pa (b, 2)
d
d

~O(r,r'|z) = [8%, S(r,r'|z) — ¥g O(r,r'|z)| pa (b, z)

Yt = 55(b —a) A== 20(r2r )
21:(: b == 20-(1._;1.)
¥s = 7=(2b + 7a — ¢) c = o(r)+o(r)

2i1, 28 are the dipole cross sections of 4-quark systems,
consisted of two color singlets, or octets respectively.
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