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m Energy loss of high energy particles traversing QCD medium
is an excellent probe of QGP properties.

m High energy particles:
» Are produced only during the initial stage of QCD matter

» Significantly interact with the QCD medium

» Perturbative calculations are possible

m Theoretical predictions can be:
» compared with a wide range of experimental data

» used together with low-p, theory and experiments to study
the properties of created QCD medium

m Today - an example of how high-p, theory and data can be
used to infer a geometric property of bulk QCD medium.




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach

m A versatile and fully optimized procedure, capable of
generating high p, predictions.




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach

m A versatile and fully optimized procedure, capable of
generating high p, predictions.

m Includes:
» Parton production




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach

m A versatile and fully optimized procedure, capable of
generating high p, predictions.

m Includes:
» Parton production

» Multi-gluon fluctuations




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach
m A versatile and fully optimized procedure, capable of
generating high p, predictions.

m Includes:
» Parton production
» Multi-gluon fluctuations
» Path-length fluctuations




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach

m A versatile and fully optimized procedure, capable of
generating high p, predictions.

m Includes:
» Parton production
» Multi-gluon fluctuations
» Path-length fluctuations
» Fragmentation functions




DREENA FRAMEWORK

m Our state-of-the-art dynamical energy loss formalism is
embedded in DREENA framework.

m Dynamic Radiative and Elastic ENergy loss Approach

m A versatile and fully optimized procedure, capable of
generating high p, predictions.

m Includes:
» Parton production
» Multi-gluon fluctuations
» Path-length fluctuations
» Fragmentation functions
m Goal: include complex medium temperature evolution, while

keeping all the elements of the state-of-the-art dynamical
energy loss formalism!
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m DREENA-B: 1+1D Bjorken evolution

m Medium evolution is implemented through an analytical
expression - temperature is only a function of time.

D. Zigic, I. Salom, ). Auvinen, M. Djordjevic and M. Djordjevic, Phys. Lett. B791, 236 (2019).
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m DREENA-B results: charged hadrons, Pb + Pb, \/syy = 5.02TeV

D. Zigic, I. Salom, J. Auvinen, M. Djordjevic and M. Djordjevic, Phys. Lett. B 791, 236 (2019).

Very good joint agreement with both Ry, and v, data.




DREENA FRAMEWORK

m DREENA-A: Adaptive




DREENA FRAMEWORK

m DREENA-A: Adaptive

m Main goal of our research.




DREENA FRAMEWORK

m DREENA-A: Adaptive
m Main goal of our research.

m Tool for exploiting high-p, data for QGP tomography by
using an advanced medium model.




DREENA FRAMEWORK

m DREENA-A: Adaptive
m Main goal of our research.

m Tool for exploiting high-p, data for QGP tomography by
using an advanced medium model.

m DREENA-A introduces full medium evolution - but not at the
expense of simplified energy loss.




DREENA FRAMEWORK

m DREENA-A: Adaptive
m Main goal of our research.

m Tool for exploiting high-p | data for QGP tomography by
using an advanced medium model.

m DREENA-A introduces full medium evolution - but not at the
expense of simplified energy loss.

m In this talk: preliminary DREENA-A results for 3+1D hydro
temperature profile
E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, Phys. Rev. C 90, no. 4, 044904 (2014).
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m DREENA-A results: charged hadrons, Pb + Pb, \/syy = 5.02TeV

Very good joint agreement with Ry, and v, data!
(No fitting parameters.)

For high-p, data, proper description of parton-medium
interactions is more important than medium evolution!
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QGP TOMOGRAPHY

m Next goal: use high-p | data to infer bulk properties of QGP.

m High energy particles lose energy when
they traverse QGP.

m This energy loss is sensitive to QGP
properties.

m We can realistically predict this energy
loss.

m High-p, probes are excellent tomoraphy
tools.
m We can use them to infer some of the

bulk QGP properties.




HOW TO INFER THE SHAPE OF THE QGP
DROPLET FROM THE DATA?
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SHAPE OF THE QGP DROPLET

m Initial spatial anisotropy is one of the main properties of
QGP.

m A major limiting factor for QGP tomography.

m Still not possible to directly infer the initial anisotropy from
experimental data.

m Several theoretical studies (MC-Glauber, EKRT, IP-Glasma,
MC-KLN) infer the initial anisotropy; lead to notably different
predictions.

m Alternative approaches for inferring anisotropy are
necessary!

m Optimally, these should be complementary to existing
predictions.

m Based on a method that is fundamentally different than
models of early stages of QCD matter.
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m Inference from already available high-p, Ryx and v,
measurements (to be measured with higher precision in the
future).

m Use experimental data (rather than calculations which rely
on early stages of QCD matter).

m Exploit information from interactions of rare high-p;
partons with QCD medium.

m Advances the applicability of high-p | data.

m Up to now, this data was mainly used to study the
jet-medium interacions, rather than inferring bulk QGP
parameters, such as spatial anisotropy.




A NOVEL APPROACH TO EXTRACT THE INITIAL STATE ANISOTROPY

What is an appropriate observable?

The initial state anisotropy is quantified in terms of eccentricity
parameter e,:
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where p(x,y) is the initial density distribution of the QGP droplet.
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What is an appropriate observable?

The initial state anisotropy is quantified in terms of eccentricity
parameter e,:

Ly =x)  [dxdy(y? —x°)p(x.y)
02+ [dxdy(y2+22) p(x.y)’

where p(x,y) is the initial density distribution of the QGP droplet.

M. Djordjevic, S. Stojku, M. Djordjevic and P. Huovinen, Phys.Rev. C Rapid Commun. 100, 031901 (2019).

m High-p, v, is sensitive to both the anisotropy and the size of
the system.
B Ry, is sensitive only to the size of the system.

’Can we extract eccentricity from high-p, Ras and vz?‘
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AE/E =~ (T)(L)P, where within our model a ~ 1.2, b ~ 1.4

D. Zigic et al., JPG 46, 085101 (2019); M. Djordjevic and M. Djordjevic, PRC 92, 024918 (2015)

aRD R
Raa ~1— £(M)L)° 7 2Rin 4 Rout

1-Raa = E(T)%(L)°

V> (bAL aAT
1—Ran  \2(L) 2(T)

This ratio carries information on the asymmetry of the system,
but through both spatial and temperature variables.

M. Djordjevic, S. Stojku, M. Djordjevic and P. Huovinen, Phys.Rev. C Rapid Commun. 100, 031901 (2019).
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ANISOTROPY PARAMETER ¢
bAL a AT)
- _—

Temperature vs. spatial asymmetry: Vs
1—Raa  \2(L) 2(T)
e T ( B 9) (Lout) — (Lin) ~ 0.57¢
1—Rpa 2 ¢/ (Lout) + (Lin)

m At high p |, v, over 1 — Rax ratio is dictated solely by the
geometry of the initial fireball!
m Anisotropy parameter ¢ follows directly from high p |

experimental data!

M. Djordjevic, S. Stojku, M. Djordjevic and P. Huovinen, Phys.Rev. C Rapid Commun. 100, 031901 (2019).
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COMPARISON WITH EXPERIMENTAL DATA

m Solid red line: analytically derived asymptote.

m For each centrality and from p, ~ 20GeV, v,/(1 — Rya) does
not depend on p |, but is determined by the geometry of the
system.

m The experimental data from ALICE, CMS and ATLAS show the
same tendency, though the error bars are still large.

m In the LHC Run 3 the error bars should be significantly
reduced.



COMPARISON WITH EXPERIMENTAL DATA

B V,/(1— Raa) indeed carries the information about the
system’s anisotropy.

m It can be simply (from the straight line high-p | limit) and
robustly (in the same way for each centrality) inferred from
experimental data.
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Anisotropy parameter s is not the commonly
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ECCENTRICITY

Anisotropy parameter ¢ is not the commonly
used anisotropy parameter e,. To facilitate
comparison with ¢, values in the literature, we
define:

(Lou? = (L _ 25 _
<Lout>2 4 <Lin>2 1462

€l =

M. Djordjevic, S. Stojku, M. Djordjevic and P. Huovinen, Phys.Rev. C
Rapid Commun. 100, 031901 (2019).

The width of our ¢,; band is smaller
than the difference in ¢, values

i 2 S 2ge e, S el Ui obtained by using different models.

e Which we started from.

: . Resolving power to distinguish
V2/(1 — Raa) provides a reliable and - o
robust procedure to recover initial ze;l’i":éna‘:t'ggrer;]t iltan:;‘l -;t:ttie
state anisotropy. ' ug y

possible to separate the finer details
of more sophisticated models.
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SUMMARY

m High-p, theory and data - traditionally used to explore high-p |
parton interactions with QGP, while QGP properties are explored
through low-p, data and corresponding models.

m With a proper description of high-p, medium interactions,
high-p, probes can become powerful tomography tools, as they
are sensitive to global QGP properties. We showed that here in the
case of spatial anisotropy of QCD matter.

m By using our dynamical energy loss formalism, we showed that a
(modified) ratio of Ras and v, presents a reliable and robust
observable for straightforward extraction of initial state
anisotropy.

m It will be possible to infer anisotropy directly from LHC Run 3 data:
an important constraint to models describing the early stages of
QGP formation. This demonstates the synergy of more common
approaches for inferring QGP properties with high-p, theory and
data.
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BACKUP

v2/(1 — Raa) with full 3+1D hydro DREENA

Flatness still observed. Further research is ongoing.
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@ Relativistic Magneto-hydrodynamics in heavy ion collisions(RMHD)
© Accelerating Longitudinal fluid

© Results and discussion
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RRMHD

RMHD equations
The coupled RMHD equations are

d, T =0, T =Tho + Ty
st = =47 (@t =) S = gt 4o ey
dF™ =0, et = F'¥u,, b* = F*"y,

Where p(Here is zero) is electric charge density. Note that d,, is covariant
derivative .

In the case of finite and homogeneous electrical conductivity o/ = 767,
For the Resistive RMHD we can re-write the energy and Euler equations as
follow:

De + (e + P)@ = e*Jy, (D = utd,,© = d,u"),
(€ + P)Du® + VP = F Jy — u®e  Jy.

. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 3/22



RMHD

Ideal RMHD in magnetized Bjorken model

In co-moving frame : u* = (1,0,0,0) (1)

And one assume magnetic field is located in the transverse direction
b = (0, b*, b”,0) (2)

According to Bjorken flow (v, = %) D = 0;, © = % Finally energy
density and magpnetic field are given by

€c

(1) = 5 b(r) = bo(7) 3)

V. Roy et al, Phys. Lett. B, Vol. 750, (2015)
Gabriele Inghirami et al, Eur. Phys. J. C (2016) 76:659.
M. Haddadi Moghaddam et al, Eur. Phys. J. C (2018) 78:255.

. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 4/22



(14+1)D Longitudinal expansion with acceleration

We can parameterize the fluid four-velocity in (1+1)D as follows
u* =~(1,0,0,v,) = (cosh Y,0,0,sinh Y), (4)

where Y is the fluid rapidity and v, = tanh Y. Besides, in Milne
coordinates (7, x, y,n), one can write

1 1
u* = |cosh(Y —1),0,0, - sinh(Y —n)| =#[1,0,0, ;\7], (5)

where
7 = cosh(Y —n), v =tanh(Y —n). (6)
By using this parameterization one obtains
D =58, + %\78,,) (7)
©=7(vo,Y + %anY) (8)

M. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 5/22



(14+1)D Longitudinal expansion with acceleration

Non central collisions can
create an out-of-plane
magnetic field and
in-plane electric field.
The magnetic field in non
central collisions is
dominated by the y
component which induces
a Faraday current in xz
plane. We consider the
following setup:

1
U'LL = ’7[1707 07 7‘7]7
T

e” = [0’ eX’07 0]’
b = 1[0,0,b”,0].

Figure: X is acceleration parameter.

Feb 24 - March 06
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(1+1D) Longitudinal expansion with acceleration

We summarize the RRMHD align in (1+1D):

(7 + 0y)e + (e + P) (170, Y + 9,Y) =7 V1o €2,
(€ + P)(r0r + V0y)Y + (170 + 0y)P =3 V715 &P,

1 1 1 1
T m T J—
Or(u™b” + —ecuy) + Oy (u"b” — =ecur) + (=)(u" b + —ecuy) =0,

T X 1 X 1 1 T X 1
Or(u"e* + (;)byun) + Op(ue” — ;byuT) + (;)(u e+ (;)byun) = —0ex.

. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 7/22



We suppose that all quantities are constant in the transverse plane. Hence
in order to solve the last two equations, we can write the following Ansatz:

ex(7,m) = —h(r,n)sinh(Y —n) (9)
by(r,n) = h(1,n) cosh(Y —n) (10)
then we have:

0.h(r.m) + "1 g, (1)
Oph(7,m) + (o7)h(7,m)sinh(n — Y) =0 (12)

and the solutions of the above Equations can be written as:
h(7_777) = C(Tn)a (13)

. _ 1 9ye(n)
sinh(Y —n) = or ) (14)
N 1 0yc(n) )

cosh(Y —n) = \/1 + 027_2( ) ) (15)

M. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 8/22



Analytical Solutions

We summarize the solutions for fluid rapidity, four velocity profile and EM
fields as follows:

V= sinh (29 (16)
Ut = \/1 + 02172 (8’;?57)7))2, (17)
S o e 19)
e = 1,000 -
by (7,7) = C(T'”) x \/ 1+ 02172(87;;%’))2. (20)

The energy and momentum conservation equations are solved numerically.

M. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 9/22



Definition of function ¢(n)?

converting of the EM fields from Milne to Cartesian coordinates in the lab
frame:

E, = (sinh(n)CT"),o,O), (21)
B, = (0, cosh(n)C(Tn), 0) (22)

Observation: .
Where c(n) = co(1+ 4n? + ...) is considered. If we choose a constant
value for ¢(7) =const, then the flow has no acceleration A = 1,

(Y =n— v =0), the electric field in co-moving frame e, vanishes and
4
we have: b, o % ex 7 3 if 552 = %

M. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 10/22



Initial Condition for Magnetic field

In order to fix the constant, ¢p, the initial condition for magnetic field at

mid rapidity in the lab frame is considered
eB} (1o = 0.5,0) = 0.0018GeV/?, and coefficient « is selected in order to

parameterize the acceleration A.

0.0015
ll? _ Present work
< 0.0010
[0 eBy(7,n=0): Init.Con
e
s 0.0005
0.0000k AR TN
0 1 2 3 4 5

Figure: Magnetic field B, at mid-rapidity in the lab frame.

U. Giirsoy, et al. Phys. Rev. C 98, 055201 (2018).
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Longitudinal acceleration A

ARY
N T 1=0
NN . -1
“u\‘\(\ n
NN e n=2
RN
..... s
*n-,.,,“'.
" .,
S rr—

e L —
05 10 15 20 25 30

T[fm/c]

Nt

~..

.~ -
~.

n

Figure: Acceleration parameter A(7,n) in term of proper time 7 (Left) and
rapidity 7 (Right). The coefficients are chosen for = 0.1, o = 0.023 fm~1!.

At the late time of the expansion A — 1 and in the both forward and
backward rapidity, by increasing the rapidity, the acceleration parameter
decreases.
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Dynamical evolution of electric field e,
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Figure: Electric field e.(7,7) in term of proper time 7 (Left) and rapidity n
(Right). The coefficients are chosen for « = 0.1, o = 0.023 fm™!
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Dynamical evolution of magnetic field b,
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Figure: Magnetic field e,(7,7n) in term of proper time 7 (Left) and rapidity n
(Right). The coefficients are chosen for o = 0.1, o = 0.023 fm~1.
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energy density € of the magnetized matter
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Figure: The ratio of energy density €(7,n)/€o in term of proper time 7 (Left) and
rapidity 7 (Right). The coefficients are chosen for a = 0.1, o = 0.023 fm™1!.
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K.J. Eskola and et al, Eur. Phys. J. C 1, 627-632 (1998).
P. Bozek, Phys. Rev. C 77, 034911 (2008).

Figure: (Left): The initial energy condition for €(7o,n) for v/s = 5500 GeV. The
dashed curve is Gaussian fit €(9,1) = € exp(—%), with w = 3.8. (Right):
Initial energy density distribution for the ideal fluid hydrodynamic evolution with a
realistic EOS (dashed line), for viscous hydrodynamic evolutions (solid lines), and
for a relativistic gas EOS (dashed-dotted line).
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Connection between energy density and electrical

conductivity
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Figure: The ratio of energy density €(7,n)/€o in term of proper time 7 (Left) and
rapidity i (Right). The coefficients are chosen for o = 0.1.

It seems that there is a critical upper bound for the electrical conductivity

of the matter:
o < 0.053 fm™ 1
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Connection between energy density and parameter «
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Figure: The ratio of energy density €(7,7)/€o in term of proper time 7 (Left) and
rapidity n (Right). The coefficients are chosen for o = 0.1.

It seems that there is a critical lower bound for a:

a > 0.06
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Thank You
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Relativistic MHD

Energy-momentum tensor and four vector fields

T;L,V = (e + P)u*u” + Pgt”

1
W pEmE v~ pnp nz
Thy = F¥IEY — ~FFy.g
FH = yte — y’ et + e py .,

FoB = ylp” — uV b — z—:’“’)"“‘e,\uﬁ

Levi - Civita : e"* = 1/1/— det g[urx], (27)
Electric four vector : e* = y[v - E, (E + v x B)]", (Cartesian) ~ (28)
Magnetic four vector : b = ~[v - B, (B — v x E)]”, (Cartesian)  (29)

Where Vv, é, E are measured in lab frame and v is Lorentz factor.

M. Haddadi Moghaddam In Collaboration wi arXiv:2002.09752 Feb 24 - March 06 21/22



Why to study magnetic field in HIC?

Strong magnetic field may produce many effects:
© The Chiral Magnetic Effect (CME)
@ The Chiral Magnetic Wave (CMW)
@ The Chiral separation Hall effect (CSHE)
Q Influence on the elliptic flow (v2)
@ Influence on the directed flow (v1)

[ T
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m initial stage:
High energy
nuclear

Glasma model
collisions m QGP stage:
transport
theory
m Hadron stage:

transport
theory

Classical Yang-Mills field + Transport theory
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Initial condition

J.H.Liu
m Glasma can be treated as
classical fields due to the
large occupation number

m Initial glasma fields can be
computed with the random
static sources due to Lorentz

Andreas Ipp, David Miiller Physics . . .
time dilatation

Letters B 771 (2017) 74-79

(PP(x7)p*(y7)) = (8%1)?6°°6) (x7 — y7)
L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233 (1994)



7,n coordinates

T = t2 _ Z2
Classical
Yang-Mills . .
fields In this case, CYM will be
E =
£ =
OE =
0,E" —

TBTAi)
1
~0.A,

1
;DﬂFﬁi + TDJ'FJ',',

1
ZD:F. .
L it
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Classical

Yang-Mills
fields

Evolving fields up to 0.4 fm:

J. H. Liu, S. Plumari, S. K. Das, V. Greco, and M. Ruggieri 1911.02480
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Diffusion of

heavy quark in
glasma

High energy nuclear collisions

Classical Yang-Mills fields

Diffusion of heavy quark in glasma
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m Carry negligible color current

m Self-interactions occur rarely
m Probe the very early
Diffusion of

heavy quark in

evolution of the Glasma fields
glasma

Xm _Pi
dat  E (5)
dp;
_ Fa v
P q, ©)
Ean

dr Qc5CbaAbp,pM (7)
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Diffusion of

heavy quark in

glasma

g% =3.4GeV

quarks.

Diffusion results in a shift of traverse momentum of heavy

«O>» «Fr « =

Er» «E>»

M. Ruggieri and S. K. Das, Phys. Rev. D 98, no. 9, 094024 (2018)
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Diffusion of

heavy quark in

glasma

R (dN/d?P1)final
PPE ™ (dN/d2P1) pqcp

J. H. Liu, S. Plumari, S. K. Das, V. Greco, and M. Ruggieri 1911.02480
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High energy nuclear collisions

Classical Yang-Mills fields

Diffusion of heavy quark in glasma
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Summary and future plan

J.H.Liu

m Borrowing the Glasma picture, the evolution of the system
after the collision can be probed by heavy quarks
observables

m The measured RpA can be understood as the diffusion of
heavy quarks in the evolving Glasma

m DD correlation

m v1,v2,v3 of heavy quarks in the early stage



Summary and future plan

J.H.Liu

m Borrowing the Glasma picture, the evolution of the system
after the collision can be probed by heavy quarks
observables

m The measured RpA can be understood as the diffusion of
heavy quarks in the evolving Glasma

m DD correlation

m v1,v2,v3 of heavy quarks in the early stage
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Spin Hydrodynamics for the description of polarization
of Lambda hyperons
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Motivation:

o Non-central relativistic heavy ion collisions creates global rotation of
matter. This may induce spin polarization reminding us of Einstein
and De-Haas effect and Barnett effect.

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 5 /39



Figure: Einstein-De Haas Effect
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Figure: Barnett Effect
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Motivation:

o Non-central relativistic heavy ion collisions creates global rotation of
matter. This may induce spin polarization reminding us of Barnett
effect and Einstein and de-Haas effect.

o Emerging particles are expected to be globally polarized with their
spins on average pointing along the systems angular momentum.

Figure: Schematic view of non-central heavy-ion collisions.
Source: CERN Courier

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 8 /39



Other works:

o Other theoretical models used for the heavy-ions data interpretation dealt
mainly with the spin polarization of particles at freeze-out, where the basic
hydrodynamic quantity giving rise to spin polarization is the ‘thermal
vorticity' expressed as w,,,, = fé(a/,ﬂ,, — 0uBu).

F. Becattini et.al.(Annals Phys. 338 (2013)), F. Becattini, L. Csernai, D. J. Wang (PRC 88, 034905), F. Becattini
et.al.(PRC 95, 054902), lu. Karpenko, F. Becattini (EPJC (2017) 77: 213), F. Becattini, lu. Karpenko(PRL 120,

012302 (2018))
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o Solving the standard perfect-fluid hydrodynamic equations without
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Our hydrodynamic framework:
o Solving the standard perfect-fluid hydrodynamic equations without
spin

o Determination of the spin evolution in the hydrodynamic background
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Our hydrodynamic framework:

o Solving the standard perfect-fluid hydrodynamic equations without
spin

o Determination of the spin evolution in the hydrodynamic background

o Determination of the Pauli-Lubanski (PL) vector on the freeze-out
hypersurface
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Our hydrodynamic framework:

©

Solving the standard perfect-fluid hydrodynamic equations without
spin.

o Determination of the spin evolution in the hydrodynamic background.

o Determination of the Pauli-Lubaniski (PL) vector on the freeze-out
hypersurface.

o Calculation of the spin polarization of particles in their rest frame.
The spin polarization obtained is a function of the three-momenta of
particles and can be directly compared with the experiment.

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 14 / 39



Our hydrodynamic framework:

o In this work, we use relativistic hydrodynamic equations for polarized spin
1/2 particles to determine the space-time evolution of the spin polarization
in the system using forms of the energy-momentum and spin tensors
proposed by de Groot, van Leeuwen, and van Weert (GLW).

S. R. De Groot,Relativistic Kinetic Theory. Principles and Applications (1980).

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 15 / 39
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Our hydrodynamic framework:

o In this work, we use relativistic hydrodynamic equations for polarized spin
1/2 particles to determine the space-time evolution of the spin polarization
in the system using forms of the energy-momentum and spin tensors
proposed by de Groot, van Leeuwen, and van Weert (GLW).

S. R. De Groot,Relativistic Kinetic Theory. Principles and Applications (1980).

o The calculations are done in a boost-invariant and transversely homogeneous
setup. We show how the formalism of hydrodynamics with spin can be used
to determine physical observables related to the spin polarization required
for the modelling of the experimental data.

Wojciech Florkowski et.al.(Phys. Rev. C 99, 044910), Wojciech Florkowski et.al.(Phys. Rev. C 97, 041901), Wojciech

Florkowski et.al.(Phys. Rev. D 97, 116017).
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Our hydrodynamic framework:

o In this work, we use relativistic hydrodynamic equations for polarized spin
1/2 particles to determine the space-time evolution of the spin polarization
in the system using forms of the energy-momentum and spin tensors
proposed by de Groot, van Leeuwen, and van Weert (GLW).

S. R. De Groot,Relativistic Kinetic Theory. Principles and Applications (1980).

@ The calculations are done in a boost-invariant and transversely homogeneous
setup. We show how the formalism of hydrodynamics with spin can be used
to determine physical observables related to the spin polarization required
for the modelling of the experimental data.

Wojciech Florkowski et.al.(Phys. Rev. C 99, 044910), Wojciech Florkowski et.al.(Phys. Rev. C 97, 041901), Wojciech

Florkowski et.al.(Phys. Rev. D 97, 116017).

@ Our hydrodynamic formulation does not allow for arbitrary large values of
the spin polarization tensor, hence we have restricted ourselves to the
leading order terms in the w,, .
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Spin polarization tensor:

The spin polarization tensor w,,, is anti-symmetric and can be defined by
the four-vectors k* and w*,

. . .G
Wpy = Ky U, — Ky U;t + €pvap Uowh )

Note that, any part of the 4-vectors x, and w, which is parallel to U,
does not contribute, therefore x, and w, satisfy the following
orthogonality conditions:

k-U=0, w-U=0
We can express x,, and w,, in terms of w,,,,, namely

. o _ 1 aBy
Ry = Wya ue, Wy = 56/1,0/3'}/‘”@ U7

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 19 / 39



Conservation of charge:

JaN*(x) =0,
where, N = nU®, n = 4sinh(&) ”(0)(T)-

The quantity n(o)(T) defines the number density of spinless and neutral
massive Boltzmann particles,

no)(T) = (p- U)o = 555 T3 i?Ka ()

where, (---)o = [dP(---) e #P denotes the thermal average,
m = m/T denotes the ratio of the particle mass (m) and the temperature
(T), and K> (1) denotes the modified Bessel function.

The factor, 4 sinh(¢) = 2 (e* — e~¢) accounts for spin degeneracy and
presence of both particles and antiparticles in the system and the variable
¢ denotes the ratio of the baryon chemical potential 1 and the
temperature T, & =/ T.

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 20 / 39



Conservation of energy and linear momentum:

3
Do Tepy(x) =0
where the energy-momentum tensor Tgfw has the perfect-fluid form:

Tgﬁw(x) =(e+ P)U” UP — pgoB

with energy density £ = 4 cosh(§)e()(T) and pressure

P = 4cosh(§)P(0)(T)

The auxiliary quantities are:

e)(T) = ((p- U)*)o and Py (T) = —(1/3)(p-p— (P~ U)*)o

are the energy density and pressure of the spin-less ideal gas respectively.
In case of ideal relativistic gas of classical massive particles,

e)(T) = g2 TH 1 [3K2('ﬁ) + MKy ('ﬁ)]r Py(T) = Tno)(T)

Above conservation laws provide closed system of five equations for five

unknown functions: &, T, and three independent components of _.U*.
Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 21 /39



Conservation of total angular momentum:
I B(x) =0, JHB(x) = —JHPY(x)
Total angular momentum consists of orbital and spin parts:
JaB(x) = LB (x) + SHB(x),
LB (x) = x* THB(x) — xB THe(x)

Since the energy-momentum tensor is symmetric, the conservation of the
angular momentum implies the conservation of its spin part.

RIM(x) =0, 9, TH(x) =0 = HhSMW(x) = T"(x) — TH(x)

Hence, the spin tensor S*“%(x) is separately conserved in GLW
formulation.

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 22 /39



Conservation of spin angular momentum:

B SET(x) =0
GLW spin tensor in the leading order of w,,, is:
Seiw = cosh(©) (mo) ()™ + S3Eiy )
Here, w7 is known as spin polarization tensor, whereas the auxiliary
tensor SZ’(/;ZW is:
Saetw = AU U U
+B(o) (WA 4 U AT 4 pincBu),

with,
Blo) = —#50)(T)
Aoy = —3B(0) +2n(0y(T)
— T —

23 / 39



Basis for boost invariant and transversely homogeneous
systems:

For our calculations, it is useful to introduce a local basis consisting of
following 4-vectors,

1
Ue = ;(Lo?o,z):(cosh(n),O,O,Si”h(n))7
X* = (0,1,0,0),
Y* = (0,0,1,0),
1
Z% = =(2,0,0,t) = (sinh(n),0,0, cosh(n)) .
T

where, 7 = v/t2 — 72 is the longitudinal proper time and
n=In((t+ z)/(t — z))/2 is the space-time rapidity.
The basis vectors satisfy the following normalization and orthogonal conditions:

Uu-u=1
XX = Y.¥Y=2Z2=-1,
XU = Y-U=2ZU=0,
XY = Y- Z=2ZX=

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 24 / 39



Boost-invariant form for the spin polarization tensor:

We use the following decomposition of the vectors x* and w',

kY = CnUUa"_ CHXXQ"_ CnYYa"_ anzaa

w = CouU*+ CxX*+ CoyY*+ CzZ°.

Here the scalar coefficients are functions of the proper time (7) only due to boost
invariance. Since k- U =0, w- U =0, therefore

o4

K = CKXXQ+CKYYO(+CKZZO‘7
w = CuxX“+ CoyY¥+ CuzZ°.
W = KUy — kU + €uuapU%w? can be written as,
W = GCz(ZuU, — Z,U,) + Cex (X Uy — X Uy) + Gy (YU, — Y, Uy)
+ €uapU(CozZP + CoxXP + Cuy YP)

In the plane z = 0 we find:

0 CK,X C.‘-{ Y CK,Z

W | T LrX 0 —Lwz CwY
ne —LRY CwZ 0 — LwX
—tkz —Lwy CwX 0

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 25/ 39



Boost-Invariant form of fluid dynamics with spin:

o Conservation law of charge can be written as:
U*0yn+ no,U% =0
Therefore, for Bjorken type of flow we can write,
n+2=0

o Conservation law of energy-momentum can be written as:
U%0pe + (e + P)O, U =0
Hence for the Bjorken flow,

e+ &P —9

p —=

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 26 / 39



Boost-Invariant form of fluid dynamics with spin:
Using the equations, o o o U Ul )
AGLW = Y(0) ws
+Bgo) (U AW, 1 U a4 pracu)),
and
it = cosn(©) (o) (MU w™ + S5y )
n
OaSgiw (x) = 0

Contracting the final equation with UgX.,,, Us Y5, UgZ,, YsZ,, X3Z, and XgY,.

L(t) O 0 0 0 0 Crox Q1(7) 0 0 0 0 0 Crox
0 L(r) © 0 0 0 Cry 0 Q1(7) 0 0 0 0 C.y
0 0 L(r) © 0 0 Cuz 0 0 Qs(7) 0 0 0 Cuz
0 0 0 P(r) 0 0 Cux 0 0 0 Ri(7) 0 0 Cox |’
0 0 0 0o P(r) 0 oy 0 0 0 0 Ri(7) 0 Coy
0 0 0 0 o P e, 0 0 0 0 0 Rao(m)] Lz
where
L(T)= A1 — 3A2 — A3
7;(7') = Ay, fal(caia Aj = cosh(&) (”(0) — B(O)),
1(7) = - ( +1(c+1a)] A = cosh(€) (A — 3B(0)).
(7)) = —

Az = cosh(€) Byg)
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Background evolution:

Initial baryon chemical potential 1o = 800 MeV
Initial temperature To = 155 MeV
Particle (Lambda hyperon) mass m = 1116 MeV

Initial and final proper time is 70 = 1 fm and 7 = 10 fm, respectively.

5
a8 T
S
E sy T HTo/To
s TITo
EY
1 "-\
0
2 4 6 8 10

T [fm]

Figure: Proper-time dependence of T divided by its initial value Tq (solid line)

and the ratio of baryon chemical potential x and temperature T re-scaled by the

initial ratio o/ To (dotted line) for a boost-invariant one-dimensional expansion.
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Spin polarization evolution:

Crx e
04f ====- = Ckz ‘_'_¢"‘
N Lot
L’s -------- wa -;-""’
% 03] ===== Cuz e
3 -
(&) e
N g
(.;‘ 0.2 //,
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Figure: Proper-time dependence of the coefficients C.,x, Ccz, Cox and C,z. The
coefficients C,y and C,y satisfy the same differential equations as the
coefficients C.x and C,x.
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Spin polarization of particles at the freeze-out:

Average spin polarization per particle (7, (p)) is given as:
dn,,
- B
Tw) = "~ dN(p)
£, 2e)

where, the total value of the Pauli-Lubanski vector for particles with momentum
p is:
dn,(p) cosh(¢ 5.
iy = 27r3m/A2p e” ”w,ﬁp

momentum density of all particles is given by:
dN(p) _ 4cosh(¢) A -8
E, = AY PP
PThp T (on) / e
and freeze-out hypersurface is defined as:
AY \ = Uydxdy Tdn

Assuming that freeze-out takes place at a constant value of 7 and parameterizing
the particle four-momentum p” in terms of the transverse mass mt and rapidity
Yp, we get:

AY \p* = my cosh (¥p — n) dxdy-Tdn

Rajeev Singh (IFJ PAN) Hydrodynamics with Spin 30/ 39



Boost to the local rest frame (LRF) of the particle:

Polarization vector (7%

N) in the local rest frame of the particle can be obtained by

using the canonical boost. Using the parametrizations E, = mt cosh(y,) and
p, = mtsinh(y,) and applying the appropriate Lorentz transformation we get,

0

sinh(y, ), X p. cosh(y, ) (Cwxp.+Cwyr,)
(m, cosh(y,)+m [x (Crxpy, — Crype) +2Cwzmr] + e cosh( ) i +2CkzPy — X Cwoxmr
===
® sinh(y,)p, X p, cosh(y, ) (Cwxp.tCwve,)
8m ( cosh () mm ) [X (Crxpy = Croypo) + 2Cuzmr] + XASSRU o E0ntil —2Crzp, — X Carymy
cosh(y,)+ X m sinh CwxptCwyp,
~ (RE05E) e Conny = Covo) + 2uzmr] — X2 g )

where,

x (mr) = (Ko (h7) + Kz (1)) /Ky (),
fﬁT = mT/T
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Momentum dependence of polarization:

U2 )

-0.03

-0.04 5
E -0.05 3
e -0.06 =
< -007 &

-0.08
-0.09

Px [GeV]

Figure: Components of the PRF mean polarization three-vector of A's. The
results obtained with the initial conditions g = 800 MeV, Ty = 155 MeV,
C.0=1(0,0,0), and C, 0 = (0,0.1,0) for y, = 0.
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Summary:

o We have discussed relativistic hydrodynamics with spin based on the GLW
formulation of energy-momentum and spin tensors.

o For boost invariant and transversely homogeneous set-up we show how our
hydrodynamic framework with spin can be used to determine the spin
polarization observables measured in heavy ion collisions.

o Since we worked with 0+1 dimensional expansion, our results cannot be
compared with the experimental data.

o Our future work is to extend our hydrodynamic approach for 143
dimensions and interpret the experimental data correctly.
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Grazie per |'attenzione!

Thank you for your attention!
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Figure: Einstein-De Haas Effect
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Figure: Barnett Effect
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Figure: Schematic view of STAR Detector
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Outline

©® Wounded constituent models

@ Wounded constituent emission function

© Predictions for dN.,/dn compared with PHENIX and PHOBOS data
Q@ Summary
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Particle production in relativistic heavy-ion collisions

http://cerncourier.com/cws/article/cern /53089

B. Back et al. [PHOBOS], Phys. Rev. Lett. 91, 052303 (2003)
B. Back et al. [PHOBOS], Phys. Rev. C 72, 031901 (2005)
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Try to describe by wounded nucleon model

@ Wounded nucleon model
A. Bialas, M. Bleszynski and W. Czyz, Nucl. Phys. B 111, 461 (1976).
@ Simple assumptions:
e Nuclei collision - as a superposition of multiple nucleon-nucleon
interactions.
o For each nucleon from one nucleus check whether it interacts with each
nucleon from another nucleus.
e Each nucleon which interacts with at least one other - wounded.
e Each wounded nucleon produces particles independently of how many
times it was “wounded”.
o Nep ~ Npart
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Wounded quark model

@ A. Bialas, W. Czyz and W. Furmanski, Acta Phys. Polon. B 8,
585 (1977).

@ analogous

@ valence quarks (nucleon consists of 3)
e multiple quark-quark interactions

e N, ~ #wounded quarks
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Wounded quark-diquark model

@ A. Bialas and A. Bzdak, Phys. Lett. B 649, 263 (2007)
@ analogous

@ nucleon consists of a quark and a diquark
°

multiple quark-quark, quark-diquark,
diquark-diquark interactions

o N, ~ #wounded quarks and diquarks

o WQDM not only works for particle production but also successfully

describes the differential elastic pp cross-section %

A. Bialas and A. Bzdak, Acta Phys. Polon. B 38, 159 (2007)

and extended model, e.g.
F. Nemes, T. Csorg6 and M. Csanad, Int. J. Mod. Phys. A 30, no. 14, 1550076 (2015)
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Common idea for WNM, WQM and WQDM models

e Each wounded constituent emits the number of particles according to
the same probability distribution independently of number of collisions

M) = 5200) = weF (o) + wF (1)

A. Bialas and W. Czyz, Acta Phys. Polon. B 36, 905 (2005)

F(n) - wounded constituent emission function
wg - mean number of wounded constituents in left-going nucleus

wrg - same for right-going one

@ Then (if wy # wg):

1 [N(n) + N(—n)  N(n)— N(-n)
F(?]) - 5 wp + Wg + wy — WR

@ Input: known dN,/dn distribution.

@ Numbers of wounded constituents computed in MC simulation.
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First step
o F(n) =1 [N(T/)Jr/\/(—'r/) 1 N(U)—N(—'l)]

wL+Wwgr wL—WR
e Take distribution N(1n) = dNg,/dn from d+Au @200 GeV @BNL
RHIC by PHOBOS.

Simulation algorithm: MC Glauber based.
@ For each nucleus-nucleus collision:
e Draw nucleons positions from density distibutions.
o [In WQM and WQDM: draw also quarks (and diquarks) positions
around the center of nucleon.]
o Draw impact parameter b.
e For each pair check whether the collision happened.
e For each wounded constituent draw the number of emitted particles
according to NBD.
@ Divide all events into centrality classes based on the number of

produced particles.

o Calculate mean numbers of wounded constituents w;, wg in
centralities.
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Emission functions - wounded quarks

in various centrality classes

2.0

0.0

T
min-bias
0-20
20-40
40-60

60-80

0.5

-4

MB, A. Bzdak, P. Gutowski, Phys. Rev. C 97, no. 3, 034901 (2018)
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Min-bias wounded constituent emission functions

@ Within uncertainties, the emission functions are same in all centralities.

@ = Pick min-bias emission functions F(7).

min-bias WNM W\
0.25F - - - min-bias WQDM N\
— — min-bias WQM N\
| | |
0.00——5 5 .
n

MB, A. Bzdak, P. Gutowski, Phys. Rev. C 100, no. 6, 064902 (2019)
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Next step

o Take extracted min-bias emission functions F(n).

@ Compute mean numbers of wounded constituents in MC simulation for
various systems.

e Predict dN.,/dn distributions (assume F(n) universal among
systems).
dN
N(n) i= =5 () = we F(0) + weF (=)

@ Compare with experimental data.
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PHENIX measurements on asymmetric collisions

@ We were asked by the PHENIX collaboration to make predictions on
dN¢p/dn for asymmetric collisions.

@ PHENIX have done dedicated experiments and successfully verified
WQM.

e A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 121, no. 22,
222301 (2018)
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Asymmetric collisions

M. Barej (AGH) u 27.02.2020 13 / 24



p+Au (small + big)

200 GeV
p+Au

0-5% 5-10% 10-20%

0 I I I

*  exp. data

MB, A. Bzdak, P. Gutowski, Phys. Rev. C 100, no. 6, 064902 (2019)
Data points: A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 121, no. 22, 222301 (2018)
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d+Au (small + big)

0-5%

200 GeV
d+Au

10-20%

*  exp. data
— WNM
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SHe+Au (small + big)

200 GeV

401 He+Au
30
=
= 20
10,
10-20%
*  exp. data
— WNM
""" WQDM
....... WQM
*
60-68%
0 2
Y
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p+Al (small + middle)

o L 200 GeV

o L L * exp. data
— WNM
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Cu+Au (big + bigger)

200 GeV
Cu+Au

0-5% 5-10% 15-20%
e exp. data
— WNM

o 2530% . 35-40% . 45:50%
L) 0 =2 0 2 =2 0 2
n n n

Data points: A. Adare et al. [PHENIX Collaboration], Phys. Rev. C 93, no. 2, 024901 (2016)
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Symmetric collisions
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Cu+Cu (big + big)

200 s 200 GeV
Cu+Cu
150
= :
=100 Ry,
M
50 r
0 0-6% 6-15% 15-25%
’
*  exp. data
— WNM
— k.;;’;',‘l}:'_-;-_{T_._-;_AI{-_‘:-‘ :
5503 g8
25r =
o 2535% . 3545% | 4555%
=2 0 -2 0 2 -2 0 2
n n n

Data points: B. Alver et al. [PHOBOS Collaboration], Phys. Rev. Lett. 102, 142301 (2009)
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Au+Au (big + big)

200 GeV
Au+Au
600
=
Z 400 \r_}i\’jr’}.zg:ﬁ-‘“f—.}“."i v,
200t 1 /‘i\}_’—k—\!\

0-6% . 615% . 15:25%

*  exp. data

— WNM
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------- WaM
.
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== D 290 9 B 9

n n n
Data points: B. B. Back et al., Phys. Rev. Lett. 91, 052303 (2003)
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U+U (big + big)

soo],x:/ e

193/200 GeV

15-20%

,.’}/ % \\
gj@(}M -
= 400F

200}
0-5%
0 il
400
§300
= 200)

100

e exp. data
—— WNM

Data points: A. Adare et al. [PHENIX Collaboration], Phys. Rev. C 93, no. 2, 024901 (2016)
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p+p (small + small)

200 GeV
p+p

1 —— WAM
————— WQDM
0-100% wam
0 ) 0 2
1

Data points: B. Alver et al. [PHOBOS Collaboration], Phys. Rev. C 83, 024913 (2011)
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Summary

e Using dN,,/dn data from d+Au @200 GeV by PHOBOS and our MC
Glauber simulation, the universal F(7) wounded-constituent emission
functions were extracted in 3 models.

e WQM and WQDM with F(n) work well for all systems predicting
dN¢p/dn consistent with data.

@ A minimalistic and almost parameter-free model describes all collisions.

@ Possible extensions:

o Different energies
o Wider 7 range (by taking unwounded quarks into account)
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First step
o F(n) =1 [N(T/)Jr/\/(—'r/) 1 N(U)—N(—'l)]

wL+Wwgr wL—WR
e Take distribution N(1n) = dNg,/dn from d+Au @200 GeV @BNL
RHIC by PHOBOS.

Simulation algorithm: MC Glauber based.
@ For each nucleus-nucleus collision:
e Draw nucleons positions from density distibutions.
o [In WQM and WQDM: draw also quarks (and diquarks) positions
around the center of nucleon.]
o Draw impact parameter b.
e For each pair check whether the collision happened.
e For each wounded constituent draw the number of emitted particles
according to NBD.
@ Divide all events into centrality classes based on the number of

produced particles.

o Calculate mean numbers of wounded constituents w;, wg in
centralities.
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Simulation details

@ Nucleons positions

o Au, Cu: Woods-Saxon

e d: Hulthen

o Deformed nuclei Al, U: generalized W-Sax (no spherical symmetry)
@ Quarks positions: o(F) = gg exp (—g)

S. S. Adler et al. [PHENIX Collaboration], Phys. Rev. C 89, no. 4, 044905 (2014)
o Impact parameter: b? from uniform on [0, b2 ,,]
. .. i 2 2

@ Check whether it was a collision: v < exp (—25?> v =o0o/(2n)

o - cross section:
@ Opy = 41 mb in WNM
e 0gq = 6.65 mb in WQM
® 0gqq =5.75 mb in WQDM with 0qq : 0qd 1 0ga =1:2: 4
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Simulation details

@ Charged particle production
o Each wounded nucleon populates number of particles according to
NBD with (n) =5 oraz k =1
o In case of WQM and WQDM divide (n) and k by 1.27 and 1.14,
respectively (mean number of wounded constituents per a wounded
nucleon).
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Emission functions - wounded nucleons

in various centrality classes

2.0 x

min-bias
0-20
20-40

MB, A. Bzdak, P. Gutowski, Phys. Rev. C 97, no. 3, 034901 (2018)
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WNM is invalid

B. Alver et al. [PHOBOS Collaboration], Phys.
Rev. C 83, 024913 (2011)

o WNM:

N, ch
Npart

= const

part

o Data: % ~ <1+CN1/3>

@ Try to introduce:

N
_ch. = const
Npart

by N, dependence.

e WQ(D)M and WNM + N
both have the same goal but
different physics under it.

e Models differ at large Noy
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Explain N;ﬁ dependence qualitatively

o Var~ NpaVy ~ R®
o R~ N2
° Ncoll ~ WNpart * Nil;a{r?;: = N;;{?r
@ Nep ~ Neoyy
s ~ Nl
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v» vs normalized multiplicity

@ Used control sample of
Au+Au collisions (v» should
be const at given centrality).

@ Normalized multiplicity
(different size of Au and U).

@ 0-1% centrality: still
dependence on centrality
(see Au)

@ 0-0.125% centrality:
dependence mostly on
geometry.

Here multiplicity varies due
L. Adamczyk et al. [STAR Collaboration], Phys. to tip-tip or body-body etc.
Rev. Lett. 115, no. 22, 222301 (2015)
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v» vs normalized multiplicity

o WNM + N

Npart
Nep ~ (1 - Xhard) p;r + Xhard Neoll

D. Kharzeev and M. Nardi, Phys. Lett. B

507, 121 (2001)
overpredicts the slope
assuming big contribution of
NcoII

o WQM gives good results!
(CGC IP-Glasma does too)

@ indirect N, dependence,
smaller contribution.

L. Adamczyk et al. [STAR Collaboration], Phys.
Rev. Lett. 115, no. 22, 222301 (2015)

M. Barej (AGH) Wounded quarks 27.02.2020 9/0



Unwounded quarks in wounded nucleons

@ Nucleon is wounded if at least one of its quarks is wounded

e If e.g. 1 quark is wounded, there are 2 more unwounded quarks
remaining!

@ A. Biatas, A. Bzdak, Phys. Lett. B 649, 263 (2007)
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Unwounded quarks in wounded nucleons

@ Add terms in multiplicity equation:

N(n) = wiF(n) + wrF(—n) +wrU(n) + wpU(—n)

WL, Wr - mean numbers of unwounded quarks from wounded nucleons in left- and
right-going nucleus, respectively

U(n) - emission function of an unwounded quark from wounded nucleon
e WQM: wy +wg = 3w,
e U(n) not significant as long as |n| < 3.
@ U(n) can be extracted:

U(n) = WL/V(77)—WR’V(—W)—(V(VLWWLi—WV";F;(WWRL)f%ZSF(WRWL—WLWR)F(—U)
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Unwounded quarks in wounded nucleons

N(n) = w F(n) + wrF(—n) +wrU(n) + wrU(—n)

U(n) = WL’V(W)—WRN(—n)—(V(VLWWLSF—WV'S(WWRL)L:%%F(WRWL—WLWR)F(—W)

@ In order to extract U(n) you need:
e W # Wg - asymmetric collision
o dNc,/dn in wide 7 range
e to postulate F(n) for |n| > 3, e.g.:
0, n<—n—An
F(n) = an+b, —mo—An<n<-—mo

F(m), Inl<mo
0, n > no

o Compare with data and look for good F(n) for |n| > 3 postulate.
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Unwounded quarks in wounded nucleons - only trial

N(n) = w F(n) + weF(—n) + wrU(n) + wrU(—n)

1.5
— F 0, n < -—no— An

. F(m),  Inl<mno
E 0, n > N0
S
205
L8 @ 1o =33

An=20.4
0.0
e U(n) should be 0 for n > 0
S e S e R | R R S B R uncertainties + postulated F(n)

e Good starting point for
further research.
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WQDM for the elastic pp %

Original model introduced for 23-62 GeV energies

A. Bialas and A. Bzdak, Acta Phys. Polon. B 38, 159 (2007) [hep-ph/0612038]
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WQDM for the elastic pp %
Extended model for TeV energies

F. Nemes, T. Csoérgé and M. Csanad, Int. J. Mod. Phys. A 30, no. 14, 1550076 (2015)
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