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Middle-energy heavy-ion collisions /syy = 0(2 - 10 GeV) is interesting
not only to QCD but also to strong-field QED

1. Introduction to strong-field QED

2. Strong EM field in high-energy heavy-ion collisions

Strong but too short-lived = affects “non-perturbativeness” of strong-field processes

3. Strong EM field in middle-energy heavy-ion collisions

Estimation of EM field strength and spacetime volume with a hadron transport model (JAM)

= “strong” O(50 MeV) and large spacetime volume O((20 fm)4)

= a nice setup to study strong-field QED; non-negligible to hadronic/QCD processes as well
[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

4. Summary




1. Introduction to strong-field QED



Strong-field QED

Vacuum
(= No EM field)
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Strong-field QED

Vacuum Weak EM field Strong EM field
(= No EM field) (eF/m? < 1) (eF/m? = 1)

Almost the same

= Perturbative
= Understood
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ex) Electron anomalous magnetic moment a := gT

a(theor.) = 1159652182.03 ... X 10712 [aoyama, Kinoshita, Nio (2017)]
a(exp.) = 1159652180.73...x 10712



Strong-field QED

initial

Vacuum Weak EM field Strong EM field
(= No EM field) (eF/m”* < 1) (eF/m? z 1)
Almost the same Completely different
= Perturbative = Non-perturbative
= Understood = Not understood
g—2

ex) Electron anomalous magnetic moment a := ==

a(theor.) = 1159652182.03 ... X 10712 [aoyama, Kinoshita, Nio (2017)]
a(exp.) = 1159652180.73...x 10712



Examples of strong-field phenomena

v Novel QED processes (eF/m?2 = 1)

ex) Schwinger mechanism Photon splitting Vacuum birefringence

(= Polarization dep. of reflective index)

’\q  Vacuum
#
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Review: [Fedotov, llderton, Karbstein, King, Seipt, HT, Torgrimsson (2022)]

v Impacts on QCD/hadron physics (eF/Afcp = 1)

[HT (2015)]

Mass[GeV]
30p  — model

ex. 1) Hadron properties:

e.g., mass, charge dist., decay mode, ...

See also recent review [Iwasaki, Oka, Suzuki (2021)]

ex. 2) QCD phase diagram

T [MeV]

e.g., (inverse) magnetic catalysis, new phase, ... Dl etal (2022
98- NG 1y,  Deconfined phase
ex. 3) Others: Anomalous transport, 1 Confined phase Lo,
(for color EM field) Glasma, string breaking, ... R
Many reviews, e.g., [Kharzeey, Liao, Voloshin, Wang (2016)] [Hattori, Huang (2017)] ... ° 4 (\BZ’ cev? eBe(= 18 GeV?T)

Many theoretical predictions, but never observed in experiments




Need of EXTREMELY strong EM field

v Order of the magnitude:
QED: eE,eB > m2 = (0.511 MeV)? =~ 0(10%° W/cm?)

QCD: > Agep = (200 MeV)? = 0(103° W/cm?)
Our limit
at the present
LED Laser welding Cond.-mat Guiness record 599
(THz laser) ==

?
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HERCULES @ USA (2008)
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I ~107° W/cm? 10° W/cm? 10" W/cm? 10?2 W/cm? 102%° W/cm?
or eE ~1071eV/cm 10 eV/cm 10 eV/cm 1012 eV/cm 10'% eV/cm
~ (1073eV)? (107 tev)? (1eV)? (1 keV)? (106 eV)Z
—
Daily life Science

Impossible within the current tech. = New idea needed = HIC ?




2. Strong EM field in high-energy HIC



Strong EM field at high-energy heavy-ion collisions

[See also talk by Xu]

Animation stolen from Internet

v Strong magnetic field is created



Strong EM field at high-energy heavy-ion collisions

[See also talk by Xu]
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[Deng, Huang (2012)]
See also [Bzdak, Skokov (2012)] [Hattori, Huang (2016)]

v Strong magnetic field is created

Pro: Super strong eB » Ajcp

Cons: Extremely short-lived (t < 1 fm/c)

= Affects “non-perturbativeness” of strong-field physics



Shorter lifetime = more perturbative

" v Intuition: No time for multiple interactions




Shorter lifetime = more perturbative

" v Intuition: No time for multiple interactions

" v “Phase diagram” of strong-field physics

As example: Vacuum particle prod. by E field w/ finite lifetime

* Three dimensionful parameters in the system: eE,7,m

= Two dim.-less parameters determine the physics
m (Typical energy) _ ,
y=—= = Characterize the magnitude of work
eET (Work by field)
oE T (Work by field)

= Characterize the number of photons

1/t~ (Photon energy)

*y<1,v>»1 = Non-perturbativev.s.y > 1,v K 1 = perturbative

* High-energy HIC: eF ~ (1 GeV)?,7 ~ 0.1fm/c =y ~

field strength eF/m>

[HT, Fuijiii, Itakura (2014)]
[HT, Fujimori, Misumi, Nitta, Sakai (2021)]
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Shorter lifetime = more perturbative

" v Intuition: No time for multiple interactions

" v “Phase diagram” of strong-field physics L Fuli, foakura 2012
. _ o _ . [HT, Fujimori, Misumi, Nitta, Sakai (2021)]
As example: Vacuum particle prod. by E field w/ finite lifetime T—
R\ Non-pert.
* Three dimensionful parameters in the system: eE,7,m 10° %2 N\ High-energy HIC -
= Two dim.-less parameters determine the physics %1000: |
=
2 25
y = m (Typical energy) = Characterize the magnitude of work é 10k 3
eET (Work by field) g \
. ’ Pert.
(Work by field) . -
_ekT _ = Characterize the number of photons - (LO is enough) NON &
1/t (Photon energy) ‘ . . . N\
1075 0.001 0.100 10
*y<1,v>»1 = Non-perturbative v.s.y » 1,v K 1 = perturbative ffctime e
: 1073 (m=A
 High-energy HIC: eF ~ (1 GeV)?,7 ~ 0.1fm/c =y ~ ( aco) ,v~0.1

107° (m = me)

High-energy HIC is short-lived = not useful for strong-field phys. in non-pert. regime
(actually, only NLO such as Breit-Wheeler have been observed in exp., with no signals of higher-order effects)




3. Strong EM field in middle-energy HIC

[Nishimura (Osaka), Ohnishi (Kyoto), HT, to appear soon]



Strong EM field at middle-energy heavy-ion collisions

v Lower energy = Landau stopping picture

Numerical results with transport-model simulations
E =0O(10 MeV/nucleon)

E = 0O(10 GeV/nucleon)
0.2 [

[Nara (1999; proc)] ]
0.‘“5 .IOLL.JIS
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Time evolution of baryon density

and effective temperature in Au+Au

at 11.6AGeV/c from 0 fm/c to 20 fm/c
1.0 fm/c step, Au+Au at 25AGeV,

and Pb+Pb at 158AGeV, respectively.
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Figure 1. Snapshot of "7 Au+'""Au at E,,, = 10 MeV/nucleon b =6 fm.
The time indicated in each panel is not from the contact of two nuclei

but indicates only that of the simulation.

[Maruyama, Bonasera, Papa, Chiba (2002)]

= Dense matter is formed for a long time 0(10 — 1000 fm/c)




Strong EM field at middle-energy heavy-ion collisions

v Lower energy = Landau stopping picture

Numerical results with transport-model simulations
E =0O(10 MeV/nucleon)

E =0O(10 GeV/nucleon)

0.2 ; ————— AutAu t= 0fm/c| | t=2000 fm/c
| —e—— AGS 10 MeV/u b=6 fm
—a— JHF |
i &
> 0.1 7 ] '
g > s '
— e l
£=200 fm/c £=3000 fm/c ’
oof ¥ [Nz (%% o) :
0 5 10 15
Pe/Po ‘

Time evolution of baryon density
and effective temperature in Au+Au

at 11.6AGeV/c from 0 fm/c to 20 fm/c
1.0 fm/c step, Au+Au at 25AGeV,

and Pb+Pb at 158AGeV, respectively.

= Dense matter is formed for a long time 0(10 — 1000 fm/c)
= Charge density is also large (“High Z atom” s.t. Z = 1/a) = Strong Coulomb field

Figure 1. Snapshot of "7 Au+'""Au at E,,, = 10 MeV/nucleon b =6 fm.
The time indicated in each panel is not from the contact of two nuclei
but indicates only that of the simulation.

[Maruyama, Bonasera, Papa, Chiba (2002)]

 High energy = Magnetic vs Low/middle energy = Electric

« Rough order estimate: eE ~ i—f ~ A%QCD ~ (100 MeV)?
Yy <1

m 107t (m = Agcp)
Sy=-< WP~ 01, v=eEr? 210 = ; -
Y =25 S 10-* (m = m,) V=eLT" 2 Non.-pert both in QED & QCD {v > 1



Strong EM field at middle-energy heavy-ion collisions

v Lower energy = Landau stopping picture

Numerical results with transport-model simulations
E =0O(10 MeV/nucleon)

E =0O(10 GeV/nucleon)
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Time evolution of baryon density
and effective temperature in Au+Au Figure 1. Snapshot of "7 Au+'""Au at E,,, = 10 MeV/nucleon b =6 fm.
at 11.64GeV/c from 0 fm/c to 20 fm/c The time indicated in each panel is not from the contact of two nuclei
1.0 fm/c step, Au+Au at 25AGeV but indicates only that of the simulation.
[Maruyama, Bonasera, Papa, Chiba (2002)]

and Pb+Pb at 158AGeV, respectively.

= Dense matter is formed for a long time 0(10 — 1000 fm/c)
= Charge density is also large (“High Z atom” s.t. Z = 1/a) = Strong Coulomb field

 High energy = Magnetic vs Low/middle energy = Electric

« Rough order estimate: eE ~ i—f ~ A%QCD ~ (100 MeV)?
Yy <1

m 107t (m = Agcp)
Sy=-< WP~ 01, v=eEr? 210 = ; -
Y =25 S 10-* (m = m,) V=eLT" 2 Non.-pert both in QED & QCD {v > 1

.. Interesting to strong-field physics. May affect QCD/hadron processes as well !
= Let’s think about this possibility seriously




Estimation with a hadron trans. model: JAM (1/4)

[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

v Simulation with JAM (Jet AA Microscopic transport model)

) . ) o [Nara, Otsuka, Ohnishi, Nitta, Chiba (2000)]
- Atransport-model simulation of heavy-ion collisions

< superposition of two-body hadron scatterings + inelastic scattering processes
(e.g., string breaking with PYTHIA)

- Anyway, phase space distribution of charged particles can be calculated

 Phase space dist. = EM field From JAM

4

A”(;{;DF .'I!) 1 /*% d:imf *—ﬂi(iﬂ{] — |£E — EBFI., ﬂ:’)

Tam ), x — |

Detail 1: The following results are after N=100 event averaging: (A) = %Zﬁ_lAn

Detail 2: | don't use Lienard-Wiechert potential for a point-like particle
< LW pot. is inapplicable, since particles are produced / can decay during the evolution

Detail 3: | smeared the point-like dist. of each hadron in JAM with
(relativistic) Gaussian smearing with smearing width 1fm



Estimation with a hadron trans. model: JAM (2/4)

[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

y

- v Time evol. of charge density (central coll.) @ z=0 — Z

Ecm=2.0 GeV 3.0 GeV 4.0 GeV 6.3 GeV 7.7 GeV

jole o3 Jjolle fa? ioAe o3 Jolle fa® Jolle| tm®
at x = 0.00 fm, r=0.00 fm/c at x = 0.00 fm, 7= 0.00 fm/c at x = 0.00 fm, r=0.00 fm/c at x = 0.00 fm, 1=0.00 fm/e at x = 0.00 fm, 1= 0.00 fm/c
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Huge charge density with a long lifetime time due to the stopping

- O(10) times bigger than charge density of a single staticionp,...~p ... /2~0.08fm™3

saturation

- Lifetime ~ O(20 fm/c) density



Estimation with a hadron trans. model: JAM (3/4)

[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

- v Time evolution of EM field (central coll. b=0) @ z=0 — z N

« Lorentzinv. F := E2 — B? (F>0: Electric, F<0: Magnetic)

Ecv= 2.0 GeV 3.0 GeV 4.0 GeV 6.3 GeV 7.7 GeV

> LaR
[eEP - |eBf |eEF - |eBf* leEP - |eBP lEP - |eBf leEF - |eBP
. N N . N . at z=0.00 fm, r=0.00 fm/c
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Field strength can be strong as e?F ~ (eE)? = 0((50 MeV)*)

= * Very strong for QED (m, = 0.511 MeV)

* Weak for QCD (Agcp = 200 MeV), but should be non-negligible
(if deconfined, very strong for current quark mass)



Estimation with a hadron trans. model: JAM (4/4)

[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

- v SpaCEtime volume of EM field (central coll. b=0)

Before.collision

Volume for e?F = |eE|? — |eB|? > (30 MeV)*

il =Strength: so so
e Volume: so so

14000 |
12000 |
10000 | ] _Collision
o 8000 L | I y |- =Strength: strongest
= : I Volume: small
6000 + 1 S0 05 s o
4000 | \ ! .
: \ After collision
2000 1 | =Strength: weak
0 . . . . e Volume: large
0 10 20 30 40 50 . I
t fm/c T Tl "
.  Non-pert.
Strong E field with e?F ~ (eE)*~(30 MeV)?, o n-Iinear\ Middle-energy
lifetime r = 20 fm/c, volume V = (15 fm)3 L ]
© 1000+
E
= Non-pert for QED. Non-linear for QCD 5
= 10}
=
Pert.
°1r (LO is enough)

10°5 0.001 0.100

lifetime mt



4. Summary
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Summary

Middle-energy heavy-ion collisions \/syy = 0(1-10 GeV) is interesting
not only to QCD but also to strong-field QED

Estimation of EM field strength and spacetime volume with a hadron transport model (JAM)
= “strong” O(50 MeV) and large spacetime volume O((20 fm)*)
= a nice setup to study strong-field QED; non-negligible to hadronic/QCD processes as well

Realtime evolution of EM field

charge density = E field
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“Phase diagram” of
strong-field physics
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[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]






The current status of high-power laser

Laser intensity I (W/cm?)

The strongest laser started recently
Extreme Light Infrastructure (ELI) @ Europe

et Strong-field regime
0”’
Birth of laser .‘*
102 (Nobel prize in 1964) <
10”
]{]lis Current Guinness record (2008)
HERCULES @ USA
Invention of CPA technique
(Nobel prize in 2008)
10
10
] l ] ] | | >
| | |

1 I !
1960 1970 1980 1990 2000 2010 2020 2030

Weak !! Any nice idea? = Heavy-ion collisions!




Estimation with a hadron trans. model: JAM (5/5)

[Nishimura (Osaka), Ohnishi (Kyoto), HT, in progress]

- ¥ Non-central collision = B & E*B are produced

|eE - |eB? fm+ [eE* - |eB]? fm* |eEP - |eB fm™
- fm. = /e at z = 0.00 fm, 1= 0.00 fm/c at z=0.00 fm, 7= 0.00 fm/c
(?]n at z =0.00 fm, 7= 0.00 fm/c (50 MeV)4 5o . : : ‘ ‘ ‘ (50 MeV)“ 5 i i i i i o (50 MeV)4
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o~ —(50 MeV)* =(50 MeV) O (50 MeV)!
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x fm
>
€E B fm™ ¢E B fm™ e B fm™
at z = 0.00 fm, 1=0.00 fm/c at z=0.00 fm, r=0.00 fm/c at=0.00 fm, 1= 0.00 fm/c
m 150 : : : y y - g (50 MeV)* 15 @ : : : : : m (50 MeV)* |5 [ T T T T T @ (50 MeV)*
L
. 10 10 + 10
\5) 5 5+ 5
Il £ 4 E 4+ E 4
£ 0 1r1 (OMeV)* = 0 111 (0 Men)* = 0+ K (0 MeV)
S 5 Sb 5
N
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AS b g A5 ] 15 1
—(50 MeV)* —(50 MeV)* eI M (50 MeV)*
A5 410 5 0 5 10 15 45 <10 5 0 5 10 15 15 0 5 0 S 10 15
x fm x fm x fm

@ Ecm=7.7 GeV

* eE-eB = 0((50 MeV)* ) = Non-negligible for QCD (Enough strong for electron and current quarks)

 Perhaps, a nice place to study chiral-anomaly-related stuffs

- : : , , E-eB 2
ex) chirality production via the Schwinger mechanism N = VT ¢ 5 j exp [—nm—E]
T e
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