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Relativistic heavy lon collision experiments (RHIC,
LHC, FAIR and NICA In the near future) open
a window to explore Initial stages of the universe.

A high temperature regime, huge magnetic fields,
together with density effects, affect in a dramatic
way the physics of strong interactions.

Several phase transitions occur: Deconfinement,
Chiral Restoration, transition to a Quarkyonic phase




QCD phase diagram

eB
s

rfect fluid Quarks and Gluons
Critical point?

..q.l

LR

+—— asionlun Ajeg

=%

Q

Q
I

—
a
=
|_
@
LS
s |
el
%]
 —
@
=
=
o

CER R

Muclei
e # F

-

Net baryondensity n/ ng

Compact Stars
ng=0.16 fm—=2




Today | want to mention a different scenario where
also huge electric fields appear: Asymmetric peripheral
relativistic heavy Ion collisions as, for example, Cu+Au,
Cu+PDb collisions.

Due to the imbalance in the number of charges in each
nuclei a strong electric field, - to B, appears
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Fig. 2. The time dependent components of the average electric
£, and magnetic B, held penerated in the center of Cu+Au
collision at b= 4.5fm and /sy = 9GeV.

Fig. 1. Electric field generated in the transverse plane of
Cu+Aun collisions at /syn = 9GeV, b = 4.5fm and ¢ =
2.5fm/e. The direction of the arrows indicates the field di-
rection projected onto the reaction plane and the length is
proportional to the electromagnetic strength shown in color.

Extracted from V. Toneev, O. Rogachevsky and V. Voronyuk: Eur. Phys. J. A.
(2016) 53: 264



In general, a -1 scattering amplitude has the form (greek indeces refer to

Isospin indeces)
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In this way we find the following Isospin dependent
amplitudes

3A(s,t,u) + A(t,s,u) + A(u,t, s),
A(t,s,u) — A(u,t. s).

A(t,s,u) + A(u, t, 8).

The elastic regime refers to the region F3Y R Y &

See J. Gasser and H. Leutwyler: Ann. Phys. 158, 142 (1984); J. Donoghue,
E. Golowich, and B. Holstein: The Dynamics of the Standard Model, Cambridge
1996




Scattering lengths were introduced as appropriate paramaters for
the description of nucleon-nucleon and pion nucleon scattering in
the good old times.

Consider a partial wave expansion, projectied into some isospin
channel |.

)
i (8,5, u) = 327 E (20 +1)Py(cosf) T;r (s)
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Coming close to the threshold




In fact, the previous expression can be expanded as

Where a| are the so called scattering lengths. The next
coefficients, b/ are the scattering slopes. It can be shown that

tan :"5{_‘_;

a . —:lirm
p—0 P

This definition can be extended to the other angular
momentum channels




tan o,

ay = lim =
p—U P

In general we have the following order

At very low energies, scattering is dominated by the s-channel
amplitude (isotropic scattering) and the total cross section is
given by o = 411 a,2. Notice that the Martin inequalities are

satisfied
A. Martin, Nuovo & I (‘r + 1)(! + *)

Cimento A47 (1967) @s2 < 421+ 3)(2! 4+ 5)
265




-1 scattering lengths were measured first by L. Rossellet
et al, PRD 15, 574 (1977) using pions coming from the decay

The interaction occurs between two real pions, the only
hadrons in the final state. The quantum states

of the di-pioninthedecayareL =0, I =0 and L =1, I = 1.
The invariant mass distribution of the di-pions has a maximum
relatively close to the -1 threshold.

Later: B. Adeva et al, Phys. Lett. B 704 (2011) 24 (Dirac experiment)

The DIRAC experiment at CERN has achieved a sizeable production of w 77— atoms and has significantly
improved the precision on its lifetime determination. From a sample of 21227 atomic pairs, a 4%

C . Fuud : +0.0080 L0 DT R q—
measurement of the S-wave m scattering length difference |ag —a»| = (0.2533 714 L ‘|5,r.5t}ﬂ-fw]

—0.00785tat —0.0073

has been attained, providing an important test of Chiral Perturbation Theory.



A pionium atom, with a radius of 378 fm, decays into a pair of neutron pions.

P, * _ a2 _ pgd A Vew 2 T2
pT = ML+ —M_, —(1/4)a"M__,

: “ 3k 2 Ry
Pl = 9 - pilap — a2 (1 +8)M_ - \

More recentely: X.-H Liu, F.-K. Guo and E. Epelbaum, Eur. Phys. J. C73,
2284, (2013) were able to extract the scattering lengths from heavy
qurakonium decays
Charge-exchange rescattering m7~ — 7" leads to a cusp effect in the 77" invariant
mass spectrum of processes with 7’7" in the final state which can be used to measure 7 S-wave
scattering lengths. Employing a non-relafivistic effective field theory. we discuss the possibility of

extracting the scattering lengths in heavy quarkonium m"' 7" transitions. The transition T (35) —
T(28)n"w” is studied in details. We discuss the precision that can be reached in such an exiraction
for a certain number of events.
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7Y via tree diagram and 77 rescattering diagrams.
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Figure 4: The cusp effect at the 777~ threshold in the reaction Y(3S) — Y(25)7"7" calculated

m the NREFT framework (solid line). The dashed lne shows the result without charge-exchange
rescattering.



Linear sigma model. Gell-Mann-Levy 1960
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The o field has been shifted

co is the term that breaks the
SU(2)xSU(2) symmetry explicitly




All masses are determined by v, the expectation value of
the o field
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Tree level diagrams for the
TT-T1 scattering lengths
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Experimental
results
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For small values of the electric field the propagator goes into

1

D _']1 ~ &
(P) pz + m>

(E)? ' I, 2pj
= L) N g e 1
45 (p* +m?)?  (p* +m?)*

We will use this propagator for the charged pions in our calculation




FIG. 2. (a)-(k) t channel diagrams.

FIG. 1. (a)-(j) s channel diagrams.

The relevant diagrams




3A(s,t,u) + 2A(L, 5, u),

T3, = 2A(1,s,u).
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In the previous expresion all I'; denote certain integrals you might find in the
original article

Behavior of the scattering lengths: we have used m, = 140 MeV, m, = 550 MeV
V =89 MeV, A

Electric Field Effects on m-rr Scattering Lengths
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It is interesting to see that this result is opposite respect

to the same calculation in the presence of a constant
magnetic field. Also, the effects of the electric field are much
bigger than the magnetic effects.

Temperature and electric field
effects go in opposite direction
respect to magnetic effects.
Thermo- magnetic effects on
Pi-pi scattering lengths were cal-
culated in

M. Loewe, E. Munoz, and

R. Zamora,

Phys. Rev. D 100 (2019) 116006

Using m,= 550 MeV and m_ = 140 MeV
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In general there is an agreement in the community that it
will be extremely difficult to disantangle magnetic from termal

effects.

Collisions between asymmetric nuclei, due to the important
role of the electric field, might be an interesting window for
exploring this kind of physics.




