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QED vacuum structure - Seeing is believing

O According to QFT, the vacuum contains short-lived pairs — vacuum bubbles.

O The Schwinger Mechanism

Virtual pair “lifetime” At = h/2mc?.
Virtual pair “size” Al = 2a/mec.

eE Al = 2mc?
E,=1.3 x 10% V/cm

H.B.G. Casimir Indag.Math. 10 (1948) 261-263

O Vacuum pair production

The vacuum is actually pretty “crowded”.
The hadronic structure of a photon?

But how to see the structure?
— Extremely strong EM field !
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O Scattering off a nucleus
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EM field and photoproduction

O Colliding laser beams in laboratory
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O Extremely strong electromagnetic field in relativistic heavy ion collisions Four momentum vector of photon:
qﬂ = ((1), qr, w/v)
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At RHIC b=15 fm: Quasi-real: 75 + q7 ~ 0
Eyax = 5.3 X 10V /cm
Lyjax = 9 X 102°W /cm? Photon-photon fusion Photon-gluon fusion

At LHC b=15 fm:
Epax = 1.4 % 1018V /cm
Injax = 2.4 X 1031 W /cm?
Physics Today 70(10) (2017) 40 5




Vacuum is polarized!

O highly magnetised vacuum — a prism for the propagation of light

credit: ESO/L. Calgada.
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C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
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“Invisible” higher order effect

Initial production: Final state:
Multi-photon Multi-pairs Photon radiation
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G. Baur, Phys. Rev. A42, 5736 (1990)

At RHIC and LHC Za ~ 0.6 —— nonperturbative

Multi-photons contribute to “pull” one virtual pair onto the mass shell



“Invisible” higher order effect

O At RHIC and LHC Za ~ 0.6 —— nonperturbative

a q In April 1990 a workshop took place in Brookhaven with the title 'Can RHIC

P, P be used to test i ED? [08]. We think that after about 17 years the answer to
NN % JV\/\/V\< . % this question 1However, many theorists were motivated to deal with this

G. Baur, K. Hencken and D. Trautmann Phys. Rep. 453, 1 (2007)

2 3

P2 %) P2 P2 . .. . .
: g to this question is ‘no’”’ [26]. The present results indicate

that the answer may turn out to be “yes.”
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f(Zo) =75 + Re W(1 +iZo) = (ZafJ2 Z n(n? + {Z?)z)

n=lI

Life time of virtual pair > 10°> x duration time of strong field

H. A. Bethe, W. Heitler, Proc. Roy. Soc. Lond. A 146 (1934) 83 ) )
H.A. Bethe, L.C. Maximon, Phys. Rev. 93 (1954) 768 Still perturbative...

Sommerfeld-Manue type solution
Same results with the standard Feynman diagram approach.

Sizable negative correction!



“Invisible” higher order effect

Still well described by the lowest order calculation? Multi-pair production?

A.J. Baltz, et al., Phys. Rep. 458 (2008) 1 lowest order perturbation theory may violate unitarity
S.R. Klein, Phys. Rev. C 97 (5) (2018) 054903
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Theoretical setup for pair production

Straight line approximation

A (q) = =2 Zepf P 5(qu'™ ))fgi :

M exp(+iqb/2)

The matrix element
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Another type of higher order: soft photon radiation

(]2I'J_ - : .
—e'"t 9L e=5(Qrs) dq\e'™ "—(1(7 (q), ...
ORNOE ", ] (2n)? .
! 1 LlnBQ—ﬁ. fy > my,
2r  p?
‘\‘\‘\‘\‘\ ‘\‘\‘\‘\‘\ :r% S((). /’—) — . (2 2.- ,”
—ln—z In— + lu— , fr < MY,
2 my i 2

Bowen Xiao et al., Phys. Rev. Lett. 122 (2019) 132301

optical Glauber model: no hadronic interaction, neutron Skin

my(b) = /dQHTA(H — b){1 — exp[—onnTa(r1)]}

ox(r) = Zppr) + gpalr)  Prr(b) = exp[~mm(b)]

Mutual Coulomb Dissociation

Higher order introduced

F(k) = /dQTlexp(—ikrl){exp[—ix(rl)] -1} x(ry) :/
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A meaningful step on a long journey

5.2 ¢ deviation from the lowest QED Point-like approximation More experimental precise measurements
Photon flux in STARIlight More theoretical investigation
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In search of sensitive observables

Differential cross-section:

E | —Lo  Au+Au200 GeV € Au+Au 200 GeV . . .

5 LETho e S 0o oo ] O Evaluate the higher order (HO) effects differentially.

s | |5 |

5 I O Qualify the sensitivity by calculating the ratio of
higher order results to lowest order results.

2 2 I . ..

5 5 O Prediction for e, u, T pairs production in RHIC and
LHC energies.
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In search of sensitive observables

P broademng (sprgad in transverse momentgm space.)

Au+Au 200 GeV
vy —e'e
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O Evaluate the higher order (HO) effects differentially.

O Qualify the sensitivity by calculating the ratio of
higher order results to lowest order results.
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O Prediction for e, u, T pairs production in RHIC and
LHC energies.
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A prominent peak structure near 15 fm.
Around 2 times radius of nuclei.
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In search of sensitive observables

Amplitude of cos2¢ and cos4¢ modulation:
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A prominent peak structure near 15 fm.
Around 2 times radius of nuclei for Ay .
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Summary

1 Evaluate the sensitivity of the differential cross section and two luminosity
independent observables to the higher order QED effects.

On a long journey to reach a definitive conclusion...
Make it clear where we are...

Try to tell where we would go...






Fiducial cuts implemented in the calculation.

Process and beam energy pr, (GeV/c) P, (GeV/c) Y, M, (GeV)
yy = ete (utu) AutAu /s,y =200 GeV (0.2, 400) (—1.0,1.0) (0,0.3) (—1.0,1.0) (0.4.2.6)
yy = ete” Pb+Pb \/sny =5.02TeV (0.5, +c0) (-1.0,1.0)  (0,0.3) (=1.0,1.0)  (1.0.2.8)
yy = urp~(t*t7)  Pb+Pb /syny =502TeV  (4.0,4c0) (=2.4,24)  (0,0.3) (=2.4,2.4)  (8.0,100.0)
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