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Introduction

» J /1 was known to be produced in heavy-ion collisions.
Multiple NN collisions or from QGP.

» Photoproduction of vector mesons was known to occur in UPCs.

» ALICE observed J /¢ with very small transverse momenta also
in peripheral and semi-central collisions.

» We interpreted this in 2016 as due to photoproduction of J /v
which survives even there.

» However, the dependence on impact parameter is a bit
complicated.

» Recently the STAR collaboration observed enhanced production
of dielectron pairs with small transverse momenta.

» We show that this may be interpreted as vy — e*e~ processes
even in central collisions.
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Our current analyses

The presentation will be based on our two analyses:

» M. Klusek-Gawenda and A. Szczurek,

“Photoproduction of J /¢» mesons in peripheral and semicentral
heavy ion collisions”,
Phys. Rev. C93 (2016) 044912.

» M. Klusek-Gawenda, R. Rapp, W. Schafer and A. Szczurek,
"Dilepton Radiation in Heavy-lon Collisions at Small Transverse
Momentum”,
arXiv:1809.07049, Phys. Lett. B790 (2019) 339.
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Photoproduction of vector mesons

IP/IR
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Figure: Schematic diagrams for the single vector meson production by
photoproduction (photon-P/R (left) or P/R-photon (right) fusion). Here the
symbol P/R is an abbreviation for multiple diffractive scattering of the

hadronic system in the nuclear medium.
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Photoproduction of vector mesons
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Some details of calculations for UPC

The cross section for this mechanism is usually written differentially
in the impact parameter b and in the vector meson rapidity y

doaa,—AAY dP.p/r (Y,b) N dPp /R, (Y,b)
d2bdy dy dy '

Both exchange of Pomeron and Reggeon is possible in a general
case of photoproduction of vector mesons. For J /v) production the
Reggeon exchange may be safely neglected.

In Eq.(1) P,p/r(Y,b) or Pp,r,(Y,b) is the probability density for
producing a vector meson V at rapidity y for fixed impact parameter
b of the heavy-ion collision.

(1)
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Some details of calculations for UPC

Each of the probabilities is the convolution of the cross section for
1A, — VA, or v,A; — VA; (the photon emitted from first

(w1 = (my /2)exp(+y)) or second (w, = (my /2) exp(—y)) nucleus
and a corresponding flux of equivalent photons:

dP b
%(y) = w1 2N (w1/2,b) S(b), (@

where N (wl/z, b) is usually a function of impact parameter between
heavy ions (b) and not of photon-nucleus impact parameter.

Finally S(b) is an impact parameter dependent function which with
good precision can be approximated by a geometrical factor

S(b) ~ 0(b — Ra — Rg). In UPC’s the geometrical factor excludes
cases when nuclei collide, that at high-energies automatically means
their break up.
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Some details of the calculation

tmax tmax
doya—s DA «Q
Tonjin = — 2GR o / c [Fa (O = 25000 [ AIFA)
I/ %
(3)
In our present calculations we use the following sequence of
equations:
do, —J (t = O) €
- /ﬁ’{’ = ByjyXaWap'™ (4)
2
Aoy jyp—apup £ =0) Ty dopyjup (t=0) 5)
dt Amoem dt ’

dO’J —J (t = 0)
Utzot,.J/wp = 167/ éfp , (6)
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Some details of the calculations

2
doyag/ma (t =0)  XemOig j/yn

= : (7)
2
dt 4fJ/w
Constants for the yp — J /¢)p reaction are obtained from a fit to
HERA data: By, = 4 GeV~2, X3y = 0.0015 pb, €5/, = 0.8 and
vector-meson coupling square is szw =47 -10.4.
US;MJ/@A = /dzr (1 —exp (—owora/pTall))) (8)

1
0-8{\{'3/1[“6\ = 2/d2r <1 — exp <—§atot73/prA (r)>> , 9)
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Some details of the calculations

respectively, where r is the distance in the impact parameter space
of the photon (or cC fluctuation) from the middle of the
nucleus-medium and nuclear thickness function is defined as

Ta(r) = /p (x/r2 + 22) dz . (10)

Formulae (8)-(9) are used to calculate the YA — J/¢A cross section.
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Some details of the calculations

In our calculation of UPCs we use the following generic formula for
the photon flux for any nuclear form factor F

2 2
(L)
Z2%a b?
N(w,b)zTem /ule(u)bf . (11)
()

Realistic form factor (Fourier transform of the charge density) is used
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Centrality classes

In general, centrality of collisions depends on the impact parameter
b and a total inelastic nucleus-nucleus cross section

2
L (12)

~Y
Oinel

In a purely geometrical picture (oinel = 7 (2RA)2) we get:

b2

cC=——. 13
4RZ (13)

We have used the simple formula to describe relation between
centrality and impact parameter because, this simpler formula gives
almost the same results as that obtained in the Glauber model.
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Impact parameter picture

T/
(a)

Figure: Impact parameter picture of the collision and the production of the
J/+ meson for ultraperipheral (left panel) and for semi-central (right panel)
collisions. It is assumed here that the first nucleus is the emitter of the
photon which rescatters then in the second nucleus being a rescattering
medium.
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Coherent production of J /v in b-space

QGP QGP

J/p Jip

Figure: Picture in the plane x,y perpendicular to the collision axis (z).

Is J /% created before nuclear collision ?
Easy to melt J /¢ in the quark-gluon plasma.
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Effective fluxes for semicentral collisions

Now we wish to proceed to semi-central collisions i.e. to the case of
b < Ra + Rg. Then the S(b) factor has to be omitted as we are
interested also in situations when colliding nuclei break apart.

The effective photon flux which includes the geometrical aspects can
be formally expressed through the real photon flux of one of the
nuclei and effective strength for the interaction of the photon with the
second nucleus

(Jb; — b))
WR%\

N® (g, b) = / N (w1, by) ARA Py, (14)

— — — — —
where b; = b + b,. The extra (Ra — (b1 — b |)) factor ensures
collision when the photon hits the nucleus-medium. For the photon
flux in the second nucleus one needs to replace 1—2 (and 2—1).
For large b >> Ra 4+ Rg: N (w1, b) ~ N(wy,b). For small impact
parameters this approximation is, however, not sufficient.
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Effective fluxes for semicentral collsions

Since it is not completely clear what happens in the region of
overlapping nuclear densities we suggest another approximation
which may be considered rather as lower limit. In this approximation
we integrate the photon flux of the first (emitter) nucleus only over
this part of the second (medium) nucleus which does not collide with
the nucleus-emitter (some extra absorption may be expected in the
tube of overlapping nuclei). This may decrease the cross section for
more central collisions. In particular, for the impact parameter b = 0
the resulting vector meson production cross section will fully
disappear by the construction. Then:

O(Ra — (Jby — b)) x 6(by — RA)dzb
ﬂ'Ri L

N@ (wy,b) = / N (w1, bs)
(15)
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Some details of the calculations
In our calculations we use also a form factor which is Fourier
transform of the charge distribution in nucleus. Two-parameter Fermi
distribution of the charge density

Pem,0
N —— s ].6
pem(r) 1—|—eXp(r;R) (16)
where the density is normalized as
/ pem(r)dr =Z . (17)

Then the normalization constant penm o for the lead nuclei equals to
%0.1604 fm—3 and R = 6.62 fm, a = 0.546 fm is used in the
calculation for charge distribution of the lead nucleus and for the
gold nucleus we use: pemo = %0.1694 fm—3, R =6.38 fm and

a = 0.535 fm. The form factor (called here realistic form factor) is
calculated then as

Freal(qz) = 47T

Zq pem(r)sin(gr)rdr . (18)
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Impact parameter picture

T/
(a)

Figure: Impact parameter picture of the collision and the production of the
J/+ meson for ultraperipheral (left panel) and for semi-central (right panel)
collisions. It is assumed here that the first nucleus is the emitter of the
photon which rescatters then in the second nucleus being a rescattering
medium.
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Effective fluxes
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Figure: Standard photon fluxes N(w, b) (see Eq. (11)) calculated for
realistic (left panel) monopole (right panel) form factors.
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Effective fluxes
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Figure: Two-dimensional distributions of the photon fluxes N (w, b) (see
Eq. (14)) and N®(w, b) (see Eg. (15)) in the impact parameter b and in the
energy of photon w for three different conditions (more in the text).
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Ratio of fluxes
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Figure: The ratio of the differential photon fluxes in the impact parameter b
and energy of the photon w. The left panel shows the case with the realistic
form factor and the right panel the form factor for monopole form factor.
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Centrality of the collisions
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Figure: Centrality of nuclear collisions as a function of the impact
parameter as obtained from Eq. (13). For reference we marked ¢ = 30%
and corresponding impact parameter.
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Rapidity distribution for UPC
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Figure: Differential cross section for coherent production of J /) meson in
UPC as a function of rapidity of the J /¢ meson compared with the ALICE
and CMS data points. We show results for both realistic and monopole

form factor, each of them used consistently in Eq. (11) and (3).
23/43



Impact parameter dependence
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Figure: Differential cross section for photoproduction of J /) meson as a
function of impact parameter for /Syy = 2.76 TeV. Different lines

correspond to different approximations: dotted - standard UPC approach
(Eq. (11)), dashed - first approximation/correction (Eq. (14)) (upper I|m|t)
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Integrated cross section

Centrality range [%)]
Flux 30-50 | 50-70 | 70-90
N@(w,b) | o/ [mb] 2.08 1.60 1.24
N@(w,b) | /& [mb] 1.29 1.21 1.11
do/dy [ub] 73 58 59
ALICE data | +4473% | £1678 | +111],
N®(w,b) | do"@ /dy [ub] 160 116 84
N®@)(w,b) | do"@ /dy [ub] 91 82 72

Table: Total cross section and the cross section in ALICE rapidity
acceptance, 2.5 <y < 4, for the production of J /4 in Pb + Pb collisions for
V/SnN = 2.76 TeV calculated with the help of the first N (w, b) (Eq. (14))
and second approximation of the photon flux N (w, b) (Eq. (15)) for the
realistic form factor. The g—; cross section is compared with the ALICE
experimental data.
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Comparison to the ALICE data
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Figure: do/dy cross sections for different centrality bins. Theoretical results
for different models of the photon flux are compared with the ALICE data.
The shaded area represents the experimental uncertainties. 2643



Photon-Photon Fusion Mechanism

With the nuclear charge form factor Fgy as an input the flux can be
calculated as:

2

Fenldf + 5
N (w, b) ‘“EM( / il f e[’ a9)

+ <
2

where J; is a Bessel function. We calculate the form factor from the
Fourier transform of the nuclear charge density, for which
parameterizations are available.

The differential cross section for dilepton (I71~) production via ~~

fusion at fixed impact parameter b of a nucleus nucleus collision can
then be written as

doy do(yy = 1717:8)
Geop = [ 87D1d%b250)(b — by~ baIN (. DN (2. b2) o

where the phase space elementis d§ = dy+dy_dp% | With 'y, p1 |
and m, the single-lepton rapidities, transverse momentum and mass,
respectively.
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Some details of the calculation

photon energies:

\/p12',l +mf

2

\/p%l +m?

(e +e¥ ), wp="————(e V" +eV), §=4duw,.

w1 = 2

As can be seen from Eq.(19), the transverse momenta, g, of the
photons have been integrated out, and dileptons are produced
back-to-back in the transverse plane, i.e. , the transverse momentum
P+ of the pair is neglected.

In UPCs the incoming nuclei do not touch, i.e. , no strong
interactions occur between them. In this case one usually imposes
the constraint b > 2R, when integrating over impact parameter
b=b|.
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Coherent production of I~ in b-space

e'e’, Uy

Figure: Picture in the plane x,y perpendicular to the collision axis (z).

Is eTe~ created before nuclear collision ?
Can plasma/spectators distort distributions of leptons ?
Here not big difference between UPC and non-UPC.
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Some details of the calculation

Here we lift this restriction allowing the nuclei to collide. Then the
dileptons will be produced on top of the hadronic nuclear event
characterized by an impact parameter b. Note that even for
overlapping nuclei, b < 2Rp, leptons are predominantly produced
outside the overlap region, for by , > Ra. This situation is very
different from the photoproduction heavy vector mesons which tend
to be produced inside of one of the nuclei.

The mass-differential dilepton yield from coherent photons in a
centrality class C corresponding to an impact parameter range of
[bmin, bmax] can be calculated as:

dN||[C] o 1 /bmax / doy
aM  fe- UK‘A db [ dEoM —2ytnwr) dédb leuts ’ (22)

bmin

where we have indicated kinematic cuts on single-lepton variables
as applied in experiment, and f¢ is the fraction of inelastic hadronic
events contained in the centrality class C.
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Some details of the calculation

1 bmac UK‘A
f(j — E;Eii; u/ﬁnﬂn (jk) (jk) . (:253)

We determine [bpin, bmax] and a}{‘A by using the optical Glauber
model as .
dojs
db
The nuclear thickness function, Taa(b), is obtained from the
convolution of nuclear density distributions for which we use
standard Woods-Saxon profiles, na(r),

= 27b(1 — e~oMnTaa(d)y | (24)

Taa(b) = /d3F1d3F2 53 (b —r1; —ro)na(r)na(r2). (25)
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Some details of the calculation

An exact calculation of the pair-Pt dependence is, in general, rather
involved especially for finite impact parameter(s), (see, e.g., Vidovic
et al.,Hencken et al.). Here we perform a simplified calculation using
b-integrated momentum dependent photon fluxes,

dN(w, q%) Z2%0em q% 2, 2 w?
- = + —). 26
dqu 7r2 [q-|2— + (_;;]2 em(qT ,}/2) ( )

The Pt distribution is then obtained as the convolution of two
transverse momentum dependent photon fluxes with the elementary
vy — ete~ cross section,

don _ /%M
d2Pr

2 2
o o d2gird%gr dNéL;glle) dNéL;i_l.’ZjZT)cS(Z)(C_]'lT +0or —P7)5(
(27)
The resulting shape of integrated cross section is then
re-normalized to the previously obtained cross section for a given
centrality class.
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Other sources of dileptons

» Thermal emission in QGP

qq — I71=, T =T(7)
» % — 171, modified in the medium
» so called coctail

» Dalitz decays
7% n,n —ete y, AT — pete~
>V — |-
» Drell-Yan NN colissions
» double (simultaneous) semi-leptonic decays of D and D mesons

(Data driven calculation (STAR))

» CoherentV — ||~
(not included here)
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Thermal Dileptons and modified p°, a sketch
Thermal dilepton radiation in URHICs is based on the idea that the
abundant production of hadrons, together with strong re-interactions,
leads to the formation of locally near-equilibrated medium whose
expansion can be described by relativistic viscous hydrodynamics.
This idea is by now well established, on the one hand by the success
of hydrodynamic modelling in reproducing the transverse-momentum
spectra of the produced hadrons and by the observation and
theoretical description of dilepton radiation that goes well beyond the
final-state decays of the produced hadrons (Rapp et al.).
To compute dilepton invariant-mass spectra an integration of the
thermal emission rate over the space-time evolution of the
expanding fireball is performed,

dN” /d4 Md P dN||
PO d4xd4P ’

(28)

where (Po,P) and M = \/P3 — P2 are the 4-vector (P = IP|) and

invariant mass of the lepton pair, respectively.
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Thermal Dileptons and modified p°, a sketch

The thermal emission rate,

d4xd4P 3|\/I2

fB(Po; T) ImMNgw(M, P; g, T) , (29)

is expressed in terms of the Bose distribution function, fB, and the
EM spectral function, Im gy, depending on the local temperature,
T, and baryon chemical potential, g, of the medium (the lepton
phase-space factor, L(M), approaches one for M >> m;). The fireball
medium generally evolves through both QGP and hadronic phases

. For
the respective spectral functions we employ in-medium
quark-antiquark annihilation constrained by lattice-QCD (Rapp et al.)
and in-medium vector spectral functions in the hadronic sector.
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Dileptons from fireball

» The vector meson resonances strongly broaden in the medium
and essentially melt at temperatures close to the pseudocritical
one, providing a nearly smooth transition to the QGP rates.

» Different centrality classes for different colliding systems are
characterized by the measured hadron multiplicities and
appropriate initial conditions for the fireball.

» For the purpose of computing EM radiation in URHICs, simple
fireball models have been employed (Rapp et al.) utilizing a
relativistic volume expansion with acceleration parameters
inferred from hydrodynamic models as well as dilepton Pt
spectra.

» Here we employ the model of van Hees et al.(2007). with an
updated equation of state (EoS) (Rapp et al.) consistent with
lattice-QCD results for the QGP, smoothly matched to a hadron
resonance gas (the dilepton mass spectra a rather insensitive to
the EoS update).

» This approach is consistent with available dilepton data from
SIS, SPS and RHIC energies o/ua



Au-Au Collisions at RHIC

10° STAR-200GeV Au: 60-80% 2 10? STAR-200GeV Au: 60-80%
. -609 * R
§ e m
- 0, -
le .Wae*t‘e' j sum of \}voqli'eqéz, in-medium x 10p,
;10 -------- in-medium  p + QGP S\10 QGP and cocktail
2102 == =" cocktail 21072k J
<102%F Q 03F 4
= S S e Y E
10 E ey ‘A0 " ¥ E
E E o[~ M K E > ]
S10°F j/ i S10°F s T E
S, 6F N S, of S F 3
0°E J =40°F Hg NUESN
Zi07E Zio7E 3 =
T, F S oF 3
107 107 E
10°F 10°F #

109 RN wof NS
T S P R LR AP P Y S P E R B B
107, 1 2 2 107 1 2 4

Mq.o (GeV) My (GeV)

Figure: Left: Dielectron invariant-mass spectra for pair-Pt <0.15GeV in

Au+Au(,/Snn=200 GeV) collisions for 3 centrality classes including
experimental acceptance cuts (pr ¢>0.2 GeV, |ne|<1 and |Ye+e-|<1) for vy
fusion (solid lines), thermal radiation (dotted lines) and the hadronic

cocktail (dashed lines); right panel: comparison of the total sum (solid
lines) to STAR data.
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Au-Au Collisions at RHIC
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In+In Collisions at the SPS
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Pb+Pb Collisions at the LHC
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Excitation Function
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Conclusions

» We have shown that photoproduction of J /¢) meson survives
also for peripheral and semicentral collisions and gives
contribution at small J /+ transverse momenta.

» We have shown how to change fluxes (in the impact parameter
space) to describe ALICE data for different ranges of centrality.

» We have shown that dielectron invariant mass distributions with
the restriction on low dielectron transverse momenta can be
described (with correct normalization) using the vy — e*e™
mechanism for broad range of centralities.

» We have described also the shape of transverse momentum
enhancement in pt sym for different centralities.

» We have compared energy dependence of the vy — ete™ and
thermal mechanisms as a function of collision energy and found
that RHIC energies are optimal for vy — eTe™.

» More precise analysis of the low-p; sum €nhancement could test
EM effects of spectators and participant zone so could provide
some information on space-time picture of the reaction.
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Outlook

» Calculate b-dependent and transverse momentum dependent
photon fluxes.

» Study also do/d¢,, (new ATLAS data)).
» Include simultaneously continuum and vector mesons.
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Thank You
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