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High-pt parton scattering leads to

formation of 4 cones of gluon radiation:

(i) the color field of the colliding partons
is shaken off in forward-backward
directions.

(ii)) the scattered partons carry
no field up to transverse
momenta kt<pt.

The final state partons
are regenerating

the lost color field by
radiating gluons and
forming the up-down jets.
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In terms of the Fock state
representation all radiated
gluons pre-exist in the initial
bare parton, and are liberated
on mass shell later on in
accordance with the coherence
length/time of gluon radiation

2B X~ %) -5 Trg

R IR D 2 il [0
kT—I—qu kT

L.

First are radiated gluons
with small longitudinal and
large transverse momenta.

B. Kopeliovich, GSI, Sept. 13, 2017



)N

Semi-inclusive deep-inelastic processes (SIDIS) can be used as a
testing ground for the models describing final-state attenuation of
high-pT hadrons produced of nuclear collisions

h h
I cold nuclear
matter A
A VA
hot nuclear
matter
Similar kinematics
e
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Jet quenching in DIS

Two—step picture

'Y*

0 |

Production length:
energy loss, broadening

Two sources of jet quenching:

Perturbative color neutralization

h

—

Formation of the hadron
no energy loss, no broadening

(1) energy loss of the parton prior production of a pre-hadron

(no absorption);

(1) attenuation of the pre-hadron in the medium (absorption)
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Testing the model in SIDIS

At A . | z> 0.5 H hv>7GeV
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Vacuum energy loss

12

How much energy is radiated over the path length L? — light quark
> —— C quark
Q 1 dn TH) o b quark
B 2 g 5,
AE(L) —E/dk /dXXdXdk2@(L |y 1
A2 0 .
dn,  20s(k?) k2[1+ (1 —x)?] E
T i 6_
dx dk? 3T x k2 + x2m?2|? S e
5 [ q] ué 15 Ge
: 41
Dead-cone effect: gluons with k? < x*m? are suppressed. —
Heavy quarks radiate less energy than the light ones. —f
Another dead cone: soft gluons SR e e
cannot be radiated at short path length L (fm)
B.K., I.Potashnikova,l.Schmidt,
2Ex(1 — PRC 82(2010)037901
K2 > X(L X) sz(zjl (2010)
This is why heavy and light quarks radiate with similar rates
Ex(1 — x)

at short time scales L <——
HY R




E

jion: 1, < s ’
Energy conservation: 1, S — ; 771 —2Zn)  (in vacuum)

Energy and scale dependences of the production length in SIDIS:

(i) Energy dependence at fixed Q2
(dE/dl) is fixed, so 1, ox E

(ii) Scale dependence at fixed energy
(dE/dl) rises with Q? so 1,(Q?) is falling

Specifics of high-pT jets: the energy and scale strongly correlate:

. E =pr Is the pT-dependence of l,(pT) rising or 1“cnllir|g‘.>
Q2 ~ szr - the answer is not obvious...
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Hadromization im YaCiiliimd

E. Berger, PLB 89(1980)241
Perturba-rive hadroniza?ion B.K., HJPlrner,ISChmldt,ATaraSOV

PRD 77(2008)054004
at |0f'96 Z 1 B.K., H.J.Pirner,|.Potashnikova,|.Schmidt,
o * PLB 662(2008)117
The mean value <z, > :
- x10°
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1 T ; - ST o E S
f RHIC phenomenological
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10 10
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Production time/lengtlh

t,-dependent fragmentation function b (20, E)) 1 /dt ; 0D /q(2Zn, E?)
p\Zh; 3 P'p
(9D7T/q(zh, E) Dﬂ/q 8tp
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0-3---""""""""_ i quarks '
z =0.7 _ e Zho—=10:0"
‘ | o ::\\\h — 07
0.2 9 = \\\\\ == O 9
Lo == 0 GeY: E \\\ 8
S --- E= 20GeV - A1) s :
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Production time/lemngth

Why the Lorentz factor does not make 1, longer at large P ?

Jet features depend on two parameters, the hard scale Q“ and jet energy E.

E

For the leading hadron energy conservation constraint: lp S dE/ dl(l — Zn )

Energy and scale dependences of 1, in SIDIS:

(i) Energy dependence at fixed Qz
(dE/dl) is fixed, so 1, oc E

(ii) Scale dependence at fixed energy
(dE/dl) rises with QZ so 1,(Q?) is falling

W For high-pT jets: E=pr Q2=p2
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BK,.I.Potashnikova, [.Schmidt

As far as l, is short, the in-medium attenuation Phys.Rev.C83(2011)021901
of the pl“OdUCZd dipoles becomes the main source BK, J Nemchik, I.Potashnikova, I.Schmidt
of the observed suppression of high-P_hadrons. : Phys.Rev. C86(2012)054904
I Tl e g T LA S T
Exact solution: path integrals ERES S s va R
BK, B.Zakharov, Phys.Rev. D44(1991)3466 0.8 P et . / 2
» ALICE

One has to sum up all quark trajectories.
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o BK, J Nemchik, I.Potashnikova, I.Schmidt 0.4 ' ' ' '
B e R e X v 1701.07121 b quark
TRl ALEPH, OPAL, SLD ks T 1ReX
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g 02‘ -", : _ b->B' C-)D.
2 0.1} o =
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= ohoEEErT L Yy b>:_3t ................ % On the contrary, large z
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Attenuation in a hot medium

The light quarks in the B-meson carries a tiny fraction of the momentum,
X ~ Mg/ myp ~ 5%
Therefore, even if the produced b-q dipole has a small transverse separation,

its size expands with a high speed, enhanced by 1/x. The formation time of
the B-meson wave function (in the medium rest frame) is very short,

2 2
tB = VP + mj (w=300MeV)
Zmb

The mean free path of such a meson in a hot medium is very short

1 8
AB ~ — ~ where (r2) = — (r?
) () = 5 (%)
B meson is nearly as big as a pion, (r? )g = 0.378 fm? [Ch.-W. Hwang (2001)]

E.g. at §=1GeV?/fm A =0.04fm, i.e. the b-quark propagates through the

hot medium, picking up and losing light quarks. Meanwhile the b-quark keeps losing
energy with a rate, enhanced by medium-induced effects. Eventually the
detected B-meson is formed and survives in the dilute medium at the surface.

=B 13
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Where the nuclear suppression comes from?

A high-pT b-quark, produced in pp collisions, starts radiating so intensely, that loses
20-30% of its initial energy on a very short distance, then picks-up a light antiquark.

The produced colorless B-meson stops radiating and retains its

If, however, the b-quark is produced in a dense environment,

fractional momentum z.

it has to propagate a

long distance up to the medium surface, where the final B-meson can survive.

All this long path the quark keeps losing energy and eventually

produces a B-meson with

reduced fractional momentum z, which is suppressed by the fragmentation function.

do(pp — BX do(pp — bX) 1 |
( 42 - /d2pg (dz b ) Dy,/8(2), o
PT P zZ = 0.5
t 0
do(AA — BX) / ,  do(pp — bX) 1 2 0
= lvd D /4 AA o
T PT d2pb = b/B(ZAA) S(lp ) 3,
%0
- - S
dl |
S(144) =exp | — / 0.15
L S :
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Interplay between energy loss & absorption

Energy loss in the medium: radiational
- S(1”")  vacuum and induced, collisional,string.

b
/—b - In vacuum: gluon radiation plus string
: dEgtring/dl = —k = —1 GeV /fm

String tension is falling with temperature:

While in vacuum a B-meson is produced B(TY =% (1 5T P
on a very short length 1, < 1fm, in a
hot medium strong absorption pushes the k(T) [GeV/fm]

production point to the dilute medium surface.
However, energy loss on a longer 154 > 1, causes
a large shift down to small z, suppressed by D(z). 05l

LK A= const -

Thus, the two sources of suppression act )
in opposite directions

0.4 0.6

T [GeV]

H.Ichie, H.Suganuma & H.Toki(1996)

AR 15
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Results

fixed by quenching of pions
at LHC (RHIC)

J.Nemchik,l.Potashnikova,l.Schmidt & B.K.

o 2
qo = 2GeV~/fm PRC 86(2012)054904

(1.6 GeV?/fm)

Different sources of time-dependent energy loss should be added up. Medium-induced
energy loss is much smaller than the vacuum one, and should not produce a dramatic
effect. They are particularly small for heavy flavors (Yu.Dokshitzer & D.Kharzeev (2001)

Pb-Pb Vs =2.76 TeV
s+ B=JN¥,6.5<p;<30GeV, CMS

Pb-Pb Vs, =2.76 TeV

s B=JW¥,0-100 %, CMS

A k \
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Results

c-quarks radiate in vacuum much more energy than b-quarks, while the effects of
absorption of c-q and b-q dipoles in the medium are similar. Therefore D-mesons
are suppressed in AA collisions more than B-mesons.

1.25 e ] £ : : P T R T 1F Ty = o 1o o e s e L e S =
| Pb-Pb Vs, =2.76 TeV Pb-Pb Vs, =2.76 TeV
1 . = D mesons, 0-7.5%, ALICE _ i = D mesons, 8 <p; <16 GeV, ALICE !
| 4 Dmesons, 0-10 %, CMS ! 0.75 + \ 4 D mesons, 8 <p; <16 GeV, CMS s
= = ‘\ -
0.75 | i 1 i ‘\ \ ;
< : j < : ‘I -
< ; 1 <C 05 SN $|
e} | _ e Da2i o _
0-5_ + F o - Q{ ..+"~~~~ p
8 T_ -% i +\ _____
L F ~ 3 - )l L * ~L

o LT e

"10 N T A I '}02 0 100 200 300 400
P (GeV) N

part
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JI¥ in a hot medium: melting or absorption?

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

The main flaws of the melting scenario

® Once a bound level disappears,
the charmonium dissociates and is terminated.

@ Screening of the potential is the only reason for
charmonium disintegration in a dense medium.

Most of charmonia at RHIC-LHC have large (pt) ~ 4 — 16 GeV?
so they move with relativistic velocities and the Schrédinger
equation and lattice results cannot be applied.
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Charmonium propagation through a medium

Path integral technique .d  m2- A

i VaqlZ, 1 Ggq(z LA 2 =)
B. Zakharov & B.K. PRD44(1991)3466 | dz  Eg/2 qa(z,1v1)|Ggq(21,111;2,1)

q l . .
'....|nn‘m““\\\“II||||||||||||||||||||||||||||||||||n“N|||||.||||||||||\|\|| gy T reen fumctin Gl o ST EE
2.

Z,
1
GQQ(Zla 07 <2 T)

ReVg4q(Zz,1r) 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 R e
potential between ¢ and ¢ (T — ~ ), No binding
still the J/¥ can survive. 0.8 —
I.Potashnikova, I.Schmidt, M.Siddikov & B.K. e <
PRC91 (2015) 2, 024911 o
e :
==rls=2"Tm
0.2 —— =8
— 1. =5l
Path-integral description of J/¥ attenuation
O L : |
1 10 10
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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

P <(x - ;)2> 5 Eﬁig = iwﬁ ~ 0.017

Introducing a variable C Fourier conjugate to A,

1
< dx . »
\Il(‘:c(C,I'J_) == %\IJEC(X7 I.J_)ezlmCC(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 AL #(0/00)° ~mg
0z s (p%/gz) = U(ry,¢)| G(z",(,ri;27,¢1,r11) =0
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Lorentz boosted binding potential

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

Ve ( _ 1y 42) _ 7 (1- e uDr) _ Lol

r

5 2472
wT) =g(T)T \/1 - &= 53T /Ay

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

However, most of J/¥s are fast moving, at the LHC <P?p> = (p%) ~ 10 GeV?

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

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



Results for J/Y

2. Net absorption: ReU = 0;ImU =# 0.
27 -
S2 _(b) = / d¢ [ d*sTA(S)Te(b ) 3.Total suppression: ReU # 0;ImU = 0.
s 27 Tas(b) PR e
O 2 1.2 p— Ful qo = 2GeV¥fm -
3 fd2r1d2r2d<1dC2\Il;r'(C27fZ)G(OO7C27f2§lOaClafl)\Pin(Clafl) A Meltiﬂg. -
[ d2rd( ®H(C,F) Win (¢, F) VSRt S TR
MR
M08
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 Ul e et e S e
L 1 10 138
pr(GeV)

g7 23
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Charmomninm with high P
|
O k
; 10 E— Pt ¢ J/¥notfromy,
from e k;:; : :::fromx'
¢A
— - s *a Prompt production

a/dPy»Br

CDF

direct J/ w_=——"~

Y :

? | f

10-21{_— =

E.Berger & D.Jones PRD 23(1981)1521
R.Baier & R.Ruckl PLB102(1981)364 | : 4
-3 AAl'J;

"0 7% 6 8 70 12 14 16 18 20

P{J/¥) (GeV/c)

F. Abe et al., PRL 79(1997)572
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Charmomnimm with higlh P

Color-singlet model fails, because the strong kick from the target
breaks-up the c-cbar pair.

Color-octet model: the projectile gluon can easily accept a strong kick,
and then fragment to J/y via production of a color-octet c-cbar.
Fragmentation is assumed to happen on a long time scale, by a soft
mechanism, which cannot be calculated, but fitted.

However, we demonstrated that energy conservation restricts the
time of color neutralization and the colorless c-cbar dipole is
produced promptly, in the perturbative regime. Therefore this
contribution can be evaluated in pQCD.

- 25 B. Kopeliovich, GSI, Sept. 13, 2017
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S. Baranov & B.K. 2017

Perturbative fragmentation A single high-pT c-quark can fragment
into J/y similar to q->wq transition
g — J/iY+ 2g x
% C _& J /2
v o X WO_Q
o~ . [ : Y o1 L c-quark fragmentation
+ ). ] - gluon fragmentation J—— s B T
Loo0sE RN T 0.08 | T \
T 506 L © 0.06 -
o) - S -
2 0.04 | o 0.04 = |
— - -
N —1.1"l1|1111|1111\1111|‘Hulu- NEENEENEREEN O—I"II’I,"IIIIIIII|IIIIIIIIII|IIIIIII|||||||‘
0 0 02 03 04 05 06 07 08 09 1 O 0.7 0.2 0.9 0.4 0. 0o 0./ 0.8 0.9 1
z(Y) z(Y)
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Gluoen vs gqua
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:P'

collinear factorization

— "
=
- HLLLL gluon fragmentation

/
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Although the quark to J/y FF is
much larger than gluon FF, gluons
win because the cross section of

N
.-" F

- quark fragme"tftlon T T‘“ e gluon production is much higher.
:10 [ | IQF | IECI I/1 ClI I 50I [ | BOI | | 17O [ | lgg }ﬁ?;Ol mﬁm
_ [%(@D,G@W
;'" kt-factorization
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L essentially underestimate data.
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ing fragmentation

Full calculation of 36 LO graphs for g+g-> J/y+g+g

HL_TWU W

v
III'I_H
- d

| IIHHII| IIIIHII| IIHHH|

- -
h‘-- CRC U

g"-->Jd/psi+g+g S I -

_h1 - " rte-
—

||II||I|I|III|||III||||I|I|I|||II||_rTT-;.]1_I+..L-

O 20 A0 40 50 o0 /0 80 90 100
DTW), GeV

|
~J
— (1 EETT

No severe disagreement remains
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Summary

Fragmentation of high-pT quarks expose nontrivial features.

The FF of pion production at large z in the Berger's mechanism,
dressed by gluon re-summation, complies with data.

A high-p jet with virtuality equal to its energy dissipates energy
so intensively, that has to produce a leading hadron (colorless
dipole) with large z promptly, on a very short time scale, which

does not rise with p .

Heavy and light quarks produced in high-pT partonic collisions radiate differently.
Heavy quarks regenerate their stripped-off color field much faster than light ones
and radiate a significantly smaller fraction of the initial energy.

This peculiar feature of heavy-quark jets leads to a specific shape of the
fragmentation functions. Differently from light flavors, the heavy quark
fragmentation function strongly peaks at large fractional momentum z, i.e. the
produced heavy-light meson, B or D, carry the main fraction of the jet momentum.
This is a clear evidence of a short production time of a heavy-light mesons.

g3
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Summary

Contrary to the propagation of a small q-q dipole, which survives in the medium
due to color transparency, a q-Q dipole promptly expands to a large size. Such a
big dipole has no chance to survive intact in a hot medium. On the other hand, a

breakup of such a dipole does not suppress the production rate of g-Q mesons,
differently from light qq mesons.

Melting of a charmonium in Q6P 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.

A novel procedure for boosting the Schrédinger equation to a moving
reference frame is proposed.

A high-p J/y appears to result from perturbative fragmentation
of either a gluon, or a quark
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BACKUPS Results
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PN

Quenching of EEE%E’EEI?E hadromns
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BACKUPS Azimmuthal asymmetry
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Azimuthal asymmetry

S d2s T (s)T(b — s)
va(b) = Sﬁ/q,(b) /% cos(Zgb)/ Tap(b)
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Results for ¥’

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