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Cold and Hot Nuclear Matter Effects
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HG Hot Nuclear Matter effects:
suppressio 1) suppression
| 2) regeneration

Cold Nuclear Matter effects:
1) shadowing effect
2) Cronin effect
3) nuclear absorption
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Cancellation between Suppression and Regeneration
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The suppression and regeneration both increase with colliding energy but work in
an opposite way, the cancellation between them weakens the sensitivity of the yield
to the colliding energy.

Transverse momentum distribution is created in the medium and more sensitive to
the medium properties !



Initial Production and Regeneration in Different P, Regions

f®) = fini(p) + freg ()

Initially produced quarkonia:

1)Cronin effect leads to a p, broadening,

2)Low p, part is strongly suppressed by the hot medium, but high p; part can
survive.

Regenerated quarkonia:
produced in the later stage and carry low p; .
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TMD can distinguish hot mediums at SPS, RHIC and LHC !



A Dynamic Transport Approach for Quarkonium Motion
Yan,Xu,Zhuang, PRL(2006)
Liu,Qu,Xu,Zhuang:, PLB(2009)

® QGP evolution
o,1"" =0, 0,n" =0 +Lattice QCD equation of state
® quarkonium motion (Y=J/vy, v, 7.)

Ofy/0T+ vy Ve = —agfo+ Pu. hot nuclear matter effects
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@® assuming thermalized charm quark distribution:

fe(x,q) ~ eq“u—;lt/Tﬂ u, (x) and T(x) determined by hydrodynamics
@ analytic solution
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Dissociation and Regeneration Rates
J/y (N+g - Q+Q

@ gluon dissociation cross section calculated by OPE (Bhanot, Peskin,1999):
a(p,,P,)

@ at finite temperature, we use the classical relation
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WG( P, P,)

@® Y dissociation rate

a(p,, Py, T)= <r2>(l') potential model

Digal, Kaczmarek, Karsch, Satz, 2005
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@ regeneration rate is determined by the detailed balance 6



Shadowing and Cronin Effects

nuclear shadowing factor
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Elliptic Flow at RHIC and LHC
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Averaged Transverse Momentum at SPS, RHIC and LHC
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Strong Magnetic Field in A+A Collisions

Deng and Huang, 2012:
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strongest magnetic field in nature but lasts ~0.1 fm/c

Gursoy, Kharzeev, and Rajagopal, 2014:

inducting medium may lead to
a long life time !
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Charmonia as a Probe of the B Field
Guo, Shi, Xu, Xu, Zhuang, 2015

ideal probes of the B field:

« created in the early stage,

« sensitive to the B field,

« not affected by the later hot medium.

high p; charmonium is such an ideal probe !

high pt charmonia

|dea:
during the evolution of a cc¢ state |cc),

Y BN o~ IR

i~ |ce)(®) = AB())|ce)E)
the B field leads to an anisotropic production
probability

\ : | (W|ce)@) |

— anisotropic charmonium formation !
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Time-dependent Schroedinger Equation

. 0 — g 7 o_ (ﬁc_CIcA)c)Z_L(ﬁE_CIEA)E)Z (qcSctqeSc)-B
1) i atcp(t) = Ho(t), H= T - + V(1)

VCC—(T‘):-% + or + Be Vs, - 5,
parameters are determined in vacuum, see Alford, Strickland, 2013.

> > —>_pc_pZ'
> ¥ =71 — rc,P pc+pc’p 5

-

2) R
m P, = ﬁ-qcﬁc -q:Az, conserved momentum B, = P + q A, + q:Ac,

kinetic momentu

N~ |

H = Ho + ﬁB; ﬁB - = (Gcictdese)B _ 2?"; (ﬁps X E) T+ a

me

3) expanding @ in terms of the charmonium states:

Pr-R—

Cb( ps’ RT, t): ;n ( 4mc> Z¢ Cl/)( ps’ ) “Euty (),
ﬁow<f>:E¢w<f>
L0y (B t) = Ty e BV € (B, 1) [ 370" A0 ()

the probability for the c¢ to be in the charmonium state 1) is |Cy(P,s, t)]?
1



Initial Condition

magnetic field in heavy ion collisions:

( 2 2

2.2
N X Z
Be,, 0<t<tg and 4 Y

(Ra—Db/2% " (/22 bjE

B =+

L 0, otherwise

b=8fm, Ry = 6.6 fm,
LHC: 25m,, 0.2fm, 1400

initial wave function determined by p + p collisions:
3 (P-Tp)?

Ot = 0) = 2ro?) ae” 00 = Xy, Cph(P),
Ty = 1o(sinbycos@,, sinbysing,, cosby,),

1, and o are determined by the feedback from ' and y, in vacuum:
R(x.) = 30% and R(yp") = 10% (LHCb)



Time Evolution of the Feedback from ' and y.

__|Cu®))PB(Y = J/Y)
2w [Cu(t)]?B(Y — J/¥)

Pb+Pb Collisions at \s,,,, = 2.76 TeV
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Y’ and JY enhancement by 10% and y,. suppression by 23% .



P; dependence

Pb+Pb Collisions at |s,, = 2.76 TeV
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strong enhancement or suppression at high P;, due to the Lorentz force.
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Anisotropic Formation

Pb+Pb Collisions at |/s,,, =2.76 TeV
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1) anisotropic charmonium formation in the B field.
2) strong enhancement or suppression at ¢ = 0, but almost no

change at ¢ = /2.
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Non-collective v, at High P,

Pb+Pb Collisions at \IISNN =276 TeV
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()
€CC He, Liu, Zhuang, PLB(2015)

... 1S the ground bound state of 3 charm quarks,

it is not yet found experimentally.

1) ... production in a p+p collision needs at least 3 pairs of cc, the
production cross section is small even at LHC energy.
see for instance J.D.Bjorken 1986 and Y.Chen, 2011.

2) However, coalescence among uncorrelated charm quarks in A+A
collisions leads to a large production cross section,
3
N(-Qccc) ~ N¢

it may become most probable to discover 02,.. in A+A'!
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... , a Clean Signal of QGP

Current signals of QGP:

jet quenching,

JY suppression,

strangeness enhancement,

electromagnetic probes, ......

However, they are produced in both p+p and A+A, the signal is only the
guantitative difference between p+p and A+A.

If 2... 1S observed, it is a clean signal of QGP, since it can not be
produced in p+p at the same energy.
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... , Computable Coalescence Probability

The coalescence probability for light hadrons is usually assumed to be
a Gaussing distribution, and the width is taken as the particle’s radius.

However, the calculation for heavy quarks becomes theoretically solid.
The Wigner function (the coalescence probabillity) for ... can be calculated
via Schroedinger equation.
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3-body Schroedinger Equation

H‘I‘(I‘l-rz-l‘a) = EpW¥(ry.ra.r3)

H Z I']_. o, 1'3}
?mc

ry,rs,r3) ZPEE r;,T; Vee = Vo /2. Vea(rirg) = |
ij

1a,o,m, cab be determined by fiting the charmonium spectra,
2)coalescence happens at T,, assumping V(T,) = VV(0)

|I' _|_ C:r|]:"-t.j'|

1) #,%,7 — R (baryon coordinate),?,, 7y (relative coordinates)
V(7 1y, 73) > qb(R)‘/)(Fx'Fy
2) T, Ty = 1,65, @y, 0y, Py, a0 = arctg:—y (hyperspherical coordinates)

X

Problem:
since V(|F,; — 17]|) depends on the 5 angels, one can not separate the
relative motion into a radial part and an angular part.
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Hyperspherical Symmetry
E.Nielsen et al., Phys. Rep. 347, 373(2001), l.narodetskii et al., JETP Lett. 90, 232(2009)

Taking the averaged potential

8 [T/ 2 2
v(r) = — / E Vee ('\/5-1'5'111 r::\) Sin“ av cos” adey
T
0

i<j
to replace V(|ﬁ- — 77]|) , one separates the relative motion into a radius

equation
1 > 5d
{ (_f}? - i{—) + f'('f')] p(r) = Ep(r)

2m,

and an angular equation.
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Wave Function

mg = 4.75 GeV (4.8 GeV from LQCD) €g = 900 MeV
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Wigner Function

Wi(r.p) = fdﬁye_ip'yd: (r + %) h* (r —

P(r.p) = fT °p / W (r.p,#)sin* 4do

PP

Y

2

)

26



Coalescence

N 3 3. 13p 130 3
AN _ o [ AR [ drad vy d" Pad™Py f(1ry, pr) f(r2, p2) f(r3, P3)W(re, vy, Pas Py)
d*P (2m)3 (27)6

1) Coalescence happens on the hadronization hypersurface X
determined by

T(R,) =T.
dN Ptdo,( R} drrpd*r d pedip s
d-QPTQI.T? / p / ()ﬂ,)g - f(?]- pl)f(?z pQJfUSﬁPB)T‘ (rTeryﬁp.T:py)

dog = (RTS sinhn + Rp1 cosh r;) dRrdodn,
i

or J
d — [ E— i
op! ( sing — Rt By,

CoS @) dRTdodn.

o> T
dog = — (; d; cos ¢ + R o sin r;')) dR7dodn
Ao ORT '
dog = (RTS—; coshn + Rp7sinh :r) dRrdodn.
L 5 1
2) Charm quark (thermal) distribution  f(7,p) = PR 1 ]

3) Local T and u,, are from J,7"” =0 + QCD EoS
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Numerical Results at LHC

6

Pb+Pb |/S,,=2.76 TeV
lyl<0.9

CCcC

N, x 10*
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Nt
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o
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Ncoll

Effective cross section per binary collision:

oo = No Opp = 62mb — 05 =9nb

— (T
NT A PP
Neot1l An

o

1) In comparison with p+p (Bjorken 1986, Chen 2011):
o, = 0.06-0.13nbat7 TeV
0.1-0.2 nb at 14 TeV

2) In comparison with J /iy and Y in A+A:
oy =1900nb  and oy = 3.4nb
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Conclusions

(PE) 4
(p?),;

between SPS, RHIC and LHC: from pt broadening to pt suppression.

1) Quarkonium TMD, especially v, and 4 = , can distinguish hot mediums

3) The anisotropic charmonium production at high pt is a signal of the initially
created magnetic field.

We need more precise study on quarkonia at RHIC and LHC!
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decay modes

Decay through weak interaction, for instance
nonleptonic cascade decay mode (Chen 2011):

Qrt 5 Qt 4+ a

e CCS
0
chs —+ T
0 Tt

SSS

semileptonic decay mode (Bjorken, 1986):
Qr— Qo +3u" + 3u,

ccc



Model comparisons for the LHC

from Andronic, QM2014
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Both model categories reproduce the data ...doz/dy values rather different:
midrapidity: Stat. Hadr.: 0.3-0.4 mb
Transport: 0.5-0.75 mb (TAMU), 0.65-0.8 mb (Tsinghua)



J /i vs. pr - data and models from Andronic, QM2014
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(re)generation models describe the LHC data well ...with a healthy fraction of
J/1 newly produced

ALICE, arXiv:1311.0214 (& prelim., Book, HF 4)



Another way to look at it from Andronic, QM2014
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Zhou et al., arXiv:14015845 the transport model reproduce the data very well
...requires thermalized charm quarks ( “sanity check”)
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Heavy Quark Distribution

assuming thermalized charm quark distribution: ZZ_Q i

1
fe(x,q) ~ SaFuT 20— |
u,(x) and T(x) determined by hydrodynamics 18| F |

equation for charm quark density

au(fcuﬂ) — Rgain — Ripss

T A(#)Tg(%-b)cosh(n) dogs
To an

fe(To) =

Rgain = Rgg—>cc' + Rq(7—>cc'
(Nason, Dawson, Ellis, 1988) . .

100

Rj0ss: determined by detailed balance with Rg4in

80

- w/o Shad. w/o Thermal Prod.

Zhou, Chen, Zhuang, 2015

60 w/o Shad. w/ Thermal Prod.

w/ Shad. w/ Thermal Prod.
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