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https://indico.ihep.ac.cn/event/10906/

What is the vacuum --- Exactly nothing?

W AT ) ]

O Occupies all space. 1
E,=hw|n+= = .ffi
O Has no charge. (n+3) o=k

2

; ) \ [, = Lo
O Has no angular momentum (isotropic). \\ /;..-,_gt;},m
_ :‘.;—%hm
O Has no preferred origin (homogeneous). \; jf A
O Non-dispersive (c(A)=constant). e Nt "'_“:, Quaptum
0 ZeroPomt 8

O Energy density = ?Zero??

Harmonic Oscillator

Zero point energy RN o

v The random quantum O
fluctuations of virtual

pairs. O

H.B.G. Casimir
Indag.Math. 10 (1948) 261-263
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Sparking the vacuum --- The Schwinger Mechanism

Dirac's View of Vacuum An insulator with a negative

E energy "sea" filled with electrons.
mc?2
E=0 Quantum fluctuations:
mc? Creation and annihilation virtual

electron-"hole" pairs.
Virtual pair “lifetime” At~ h/2mc?.
Virtual pair “size” Al= 27 /mec.

With an electric external field  The Schwinger Mechanism

E J.S. Schwinger
Phys. Rev. 82 (1951) 664

eE.Al = 2mc?

__ m?¢3

E,=——=13X 10V /cm

The Schwinger Critical Field
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Why should we care?

The production rate of Schwinger Mechanism at a given constant
electric field E: C. Itzykson, J.B. Zuber

Quantum Electrodynamics of Strong Fields
d4ne+e— C c
Bxdt ~ amand SPCTE)
The non-perturbative nature of the production mechanism.
-Related to the “Za > 1” problem.

Motivated analysis in many parts of quantum field theory:
-Models of string breaking in QCD.
-Insights into Hawking radiation near black holes.

> | BLACK HOLE

Virtual photon pairs pop % ... butif one photon passes
out of nowhere and then f over the event horizon it gets
annihilate each other... ® o [ ] rapped, and its partner is
0 0 9 AR -
Y °

HAWKING RADIATION
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How to achieve in laboratory

Colliding laser beams above
the Schwinger threshold

7 4 \C,(Uo\
(o))
o

Zeh
I, =25 =22x102°W/cm?
47T

<=

3, B \G\@% o electrons
il +

o positrons
. photons

=1.3x10%V/cm

Focused Intensity (W/cm?)

10%° | y=1 (Schwinger intensity)

7
10% 7
. €EU
> ¢ < T

Michi exas

chigan . \.Q Rutherford
10%° Up = m,c? LLNL
(Relativistic intensity)

<SLACE144 lab frame

Up = 1 atomic unit (Rochester T3)

< Mode-locking
< Q-switching

1010

1960 1970 1980 1990 2000 2010 2020 2030

Still orders of magnitude
lower than the Schwinger
threshold!
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More powerful “laser” facility --- Heavy lon Collider

At RHIC b =15 fm:

E
e g— Invay = 9 X 102° W /cm?
~~ANS>
N At LHC b =15 fm:
Iijax = 2.4 X 1031 W /cm?
Colliding Clouds of Quasi-real photons > .= 2.2 X 10%° W /cm?
Dlelectron pair productlon from STAR Dimuon pair production from STAR
% 1- (a) ; l’:‘ DatalA”““lA”IUPé E B l Au+Au200—GeV@STAR T evaa ]
g i %‘x Theory for yy—e'e™: | STAR e e s nam ]
E oy Y == gfzqffrl;t"c _ Rev. Lett. 127 (2021) & 1w} 018<p<00Geve <08 o= me oo
5 v.‘l‘?" SE ig E \r% i+ i. STAR Preliminary zc:u:u _;
fg { $;3.>7< E 052302 = - S :
S o2l i . z ?
} - ’ Jian Zhou, - §
K Background: S~ Next talk wr
i VAN Il e W, W
0.5 1 1.5 2 2,5 03 035 04 045 05 055 0.6 ( é?V/cz)

M, (GeV)
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Still Perturbative, but?

The duration time of the strong field in heavy-ion collisions:

Ry
Aty c~—

0.06 fm/c at RHIC 0.0025fm/c at LHC

The pulse duration of PW laser system: A¢,,..~ fs ~ 108 fm/c
Virtual pair “lifetime” At~ h/2mc?~ 5 X 103fm/c

“MWWWWW-

At; ... >> At>> Aty 20=06

0 U )

Non-perturbative Perturbative

At RHIC and LHC Za ~ 0.6

Still Perturbative, but with
sizable higher-order effect!

e(w)

Link the crossover from perturbative to non-perturbative region!
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Higher-order correction to Bethe-Helitler process

q;

pluvwv\C )
5}
y

The lowest order results:

28 03 Z2 2w 109
= — O —
OBH =5 2 % T

H. A. Bethe, W. Heitler
Proc. Roy. Soc. Lond. A 146 (1934) 83

H.A. Bethe, L.C. Maximon
Phys. Rev. 93 (1954) 768

Sizable negative correction!

q;

PM

%)

With higher-order correction:

28a322( 20 10
o —

= — lo —
0 m? gm

9
ol f(Zoo)

1

f(Za) =75+ Re V(1 +iZu) = (Za)* Y

n=1

Sommerfeld-Maue type approach
-Equivalent to the standard Feynman

n(n? + (Za)?)

Should hold in heavy-ion collisions. diagram approach.
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The measurements of vacuum pair production in HIC

STAR, Phys. Rev. C70 (2004) 031902(R)

> 0.03;- —— EPA Calculation
= o :
S 0.0250 QED Calculation
EF 1
20028 | |
° LIN—
[ T I
) 0.01.,:
0.01— L
0.005F
00_'14 0.16 0.18 0.2 0.22 0.24

6
Pair Invariant Mass M, (?.?-eV)

STAR, Phys Rev. Lett. 127 (2021) 052302

% 1= ¥ (a) ::r Data: Au+Au UPC
3! fx.
(\-g ; ‘ "y Theory for yy— e*e:
£ o'l ’.‘,gst — — QED for UPC
= ‘{ My STARLight
E ;I .,.,.{,.'\.lg\
10_2 E' R i'. 3
] .
;] A Background: . L
1034 —— Photonuclear p° & (1>~
L /\1 1 PR I T NN TR NN T R ]

| T L

o
(3}
-

15 2 25
M,. (GeV)

0.9) (ub/ GeV/c?

do/dm,, [ub/GeV]

ALICE, Eur. Phys. J. C (2013) 73:2617

700 Pb+Pb — Pb+Pb + vy |5y, =2.76 TeV
eoof— —4-vy > e'e
E ‘ — STARLIGHT
500
400; !
300[—
2oof—
100{—
0:.\.\.\.\I..\\I..\.\...\\...\I..\.\\...
2.2 2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6
M,., (GeVic?)

10° -

ATLAS Pbe(yy) TS (Pb( "pp"y

502TeV0.48nb" p_ >4 GeV. |n | <2.4

P, <208V % ;m| <08

10 @ Data (bkgr sub.)
[JsTARIiight ATLAS
o arXiv (2020)
[2011.12211]

107
10°°

Consistent with the lowest-order QED results!
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Higher-order Correction?

No room for Higher-order effect!

In April 1990 a workshop took place in Brookhaven with the title 'Can RHIC
be used to test QED?’ [98]. We think that after about 17 years the answer to
this question iHowever, many theorists were motivated to deal with this

G. Baur, K. Hencken and D. Trautmann M. Fatyga, M. Rhoades-Brown, and M. Tannenbaum, Can RHIC be used to
test QED: Workshop summary, Workshop “Can RHIC be used to test QED?”,
Phys. Rep' 453,1 (2007) Upton, N.Y., Apr 20-21, 1990, BNL 52247 Formal Report.

Bethe and Maximon were wrong?

How could we expect the non-perturbative production from
Schwinger mechanism?
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Theoretical setup: EPA method

A+ A— A+ A+17) = / duy duyn(wr ) (ws ) (77 — 117
Semiclassical part

/(Cﬁ . f((f)eiql-ﬂ

27_‘_)2 q1 q2

2 F. Krauss et al

Prog.Part. Nucl. Phys. 39 (1997) 503

472
w

n(w,r) =

Quantum part

Amo? 8m?  16m* W 4+ VW?2 — 4m?2

+71—) —
4m?2 4m? G. Breit and J.A. Wheeler
V1= 570+ 5l Phys. Rev. 46 (1934) 1087
The transverse momentum of vacuum AN _ 2Z°aF*(ki + k*/y*)ki
pair is the vector sum of the two photon. dk, mlk] +k2/y?)?

Generalized equivalent photon approximation (gEPA). ...
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Theoretical setup: QED approach

Straight line approximation

1)

AL (q) = —2m Zepf ) 5(qut™?) =5 exp(+iqb/2)

The matrix element of lepton pair production from Feynman diagrams:
M = —ie / Tan A (Q1) P drm A(2)(P+ +p- —q1)

(2m)* (p— — @1)* —m?

_iGZ/ﬁA@)@M-FP——Ql) hop, T A(l)( 1)

(2m)* (1 —p+)? —
Ze? o1 [ o 1 1
:_(277)25 dQ1J_2(p++p—_QI
O (p_ — ¢, +mp® N (g, —p, +m)yt"

[(p— — q1)* — m?] [(q1 — ps+)? —m?]

2 exp(iqi 1 b)

{

?

K. Hencken, D. Trautmann and G. Baur
Phys. Rev. A51 (1995) 1874
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Theoretical setup: Sommerfeld-Maue type approach

The 6-function potential from colliding nuclei:
V(p,z,t) =z — )1 —ar) A" (p)
+8(z + )1+ o)AT(p)
The exact semiclassical amplitude for lepton pair production:

d’k ,
M(p.q) = f )2 P [ik - b]JM(K) Fp (k)

R. Lee, A. Milstein and V. Strakhovenko
X Falqr+pL — k), Phys. Rev. A 69 (2004) 022708,

- (kK—pL)+yom
—p+q- — (K —pL)* —m* + i€

—a - (k—q1)+ yom
—p-qr —(K—qu)* —m* +ie

F(k) = [dzp exp[—ik - pl{exp[—iZa In p] — 1}

F(k) has to be
regularized!

M(K) = i(p) y-u(—q)

+u(p) yiu(—q)

4niZABa
k2 + a)2/y2

Perturbative limit: Fy z(k) =
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Theoretical setup: different approaches

All approaches give 1dentical results on cross section estimation.

O No impact parameter

[ [

Au + Au 200 GeV

- Q
dependence in standard  Fwpy Contralty: 60 - 80% -
EPA. = [N = data ]
o . ‘.“ :
O Recovered in gEPA. g [ .= EPA |
: Z AN - gEPA

O Failed to reproduced the Srote oo @S QED approach
transverse momenta of p. >0.2GeVic . [ ]
pairs C oy <1l <1 ‘ i

. - 0.4 <M, <0.76 (GeV/c’
O QED approach describe | oever

the data very well! e om oo Ipi o
W. Zha etal.

Phys. Lett. B800 (2020) 135089

Employ the QED approach.

FTENEFLSHRDELI LR TZREAETHEFALSN - 1K 14



Theoretical setup: QED shower

Internal photon radiation

L

2.,
/ d r)lgﬁnl.ﬂe_s(r:g.u)
(27

2
e 2 Q
—In"—, Ly > M
2 p?’ Hr a
Q) = a, . Q2 )? m?
'—t]n—z 111—2 — 1_'[1—5i : Py < Ty
2r mg 1y T3

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

T

A

S

o
/dgqlelu Iido (4, ...

Produce a tail at large transverse

momentum.

g

cvents / bin width

-Affect the acceptance for experimental

measurements.

ATLAS, arXiv (2020) [2011.12211]

105 E LI T T ' T T T [ 1T 11 | T L | ?
E ATLA OnOn 3
5.02 TeV, 0.48 nb™' 10<my, <20GeV ]
10° PbPb(yy) — W (PbPb) b, l<08 -
f,. =0.001+0.003 ¢ Data E
3 —— STARIight+Pythiag |
10 =
100 E
10g E
1

E L1 I | | I 1 I |a

0 0.02 0.04 0.06 0.08 0.1

o (= 1-]A¢l/m)

QED + Pythia8.3 with
QED shower
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The UPC trigger probability

The UPC trigger: no hadronic interactions b > R, + Rp
In p + p collisions: Py = |1 —exp(—b?/(2B))|* no inelastic
In heavy-ion collisions: optical Glauber model
o (b) = / d2r Ta(ry — b){1 — exp[—onnTa(r )]}

ox(r) = S py(r) + goulr)  Pr(b) = exp[—mp (b)

—_ —~ 12
= . 2 -
n =930 o i Au+Au2 Vv
Neutron Skin =" s i Auz00Ge
02 i
effects! |
0.1 i
J. Jastrze etal. i oo — w.0. neutron skin
Inter. Jour. of Mod. o b ] 04f- — w. neutron skin
Phys. E 13 (2004) 343 [o i
0.1 ¢ ssNiI i } ] 02|
I el PS209 (antiprotons) | B
02 s o 05 02 02 T 1A | R R
&=(N-Z)/A b (fm)




The lowest-order baseline

The perturbative limit: Z =1 p + p collisions

ATLAS y+ v — p*+ i o GmeaS'IG(LQ%D CDF collaboration
p+p (s=13Tev ~*7 T]theo. syst. Phys. Rev. Lett. 102 (2009) 242001.
ATLAS v+ v —e*+¢e | CDF collaboration
pHp Jlg =Y7 TeV : Phys. Rev. Lett. 98 (2007) 112001.
i ATLAS collaboration
ATLAS v+ vy - i+ Phys. Lett. B 749 (2015) 242
p+p Vs =7 TeV : ATLAS collaboration
.o : Phys. Lett. B 777 (2018) 303
CDE 1 +_7 —e e —e CMS collaboration
p+p Vs = 1.96 TeV ; JHEP 11 (2012) 080
CDF y+vy - pu +pu !
p+p Vs =1.96 TeV o ) )
s : v" The electric proton size
Yty ->pr+u -
prp s=7TeV & v The UPC trigger
-+ Combined result probabi | |ty
IlllIlllllIlllllIlIilIIIIIIIIIllIlIllII

0 02 04 06 0.8 1 1.2 1.4 1.6 1.8 QED2
meas.
e )

Consistent with the lowest order QED calculations!
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Mutual Coulomb Dissociation

4 > ZI an(b) — /dkn(b, E)O',YA_,,A*(E)
POn(b) — e_an(b)

Pxpnxn(b) = (1.0 — e7mxn(®))2
Pgnxn(b) = 2(1.0 — e_an(b))e—mxn(b)’

> >
Z A
2 Z CMS[PAS-HIN-19-014]
1 gx107 PbPb 5.02 TeV (1.5 nb™)
1 - CMS :
k Pb + Pb 181 sTARIight } ]
10 2 —0n [ e b-dep. Y pT proveb e .
Vvsnn =5.02 TeV 141 e e -
10_2_'.,‘_:‘ ’. 5 g_f\' S PR PR PP - """:'"'T.'_."_'v'.l'_._. ;
g ) 8. 13 . $-F .
TR >2n S} R (RO _
10° E "'-._':-'5.':_': ....... 12 i PR | E
- -----.::::::1:111:::::::::::;:2:'. .......... E ¢ Iywl <24
10 LI | ST 5 pt>3.5GeV,In"l<24 -
E .............................................. 1 8 < m,, < 60 GeV
10 G506~ 500 400 500600 700800600 1000 T

0 IO | | | 1
b (i) non, 91, Onx,  Tny, T,  Xny,
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Incoherent photon emission

Exmted and dissoclated by photon emission:

MCD (XnXn) + Coherent photon-photon
Interaction.

MCD (Xn*n) + Semi-coherent photon-
photon Interaction (one incoherent photon).
Incohrent photon-photon interaction (two

Incoherent photons).
incoh (i, b) = /dzrlTZ(er)npmtO”(w, b+r,)—n(w,bd)/Z

S,

v+vy —>e"+e XnXn

AT A0 O et Sizable

et | contribution
from incoherent

Contribution!

do/dM__ [mb/(GeV/c?)]

1y,.I<1 In,I<1 p__>0.2 GeV/c

10
1
1071
(']
()
102
10
10

| R | R R I TR S| L
0.5 1 1.5 2 2.5
M, GeV/c?
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The lowest order results for HIC

i ALICE y+ v —>e*+¢’
. E—

: Pb+Pb |s,, =2.76 TeV

ATLAS v+ v > pr+ W

:Pb+Pb \'Syy = 5-02 TeV

t CMS y+y »e'+e
:Pb+Pb |s, = 5.02 TeV
PHENIX y+y >e*+e
:Au+Au \s =200 GeV
:STAR v+ y — e* + e [28]
:Au+Au \s,, =200 GeV
iSTAR v+ 7 — e* + e [33]
—_—l—
'Au+Au |s,,, = 200 GeV

° cSmeas. / GEJIE)D

theo. syst. -

<+ § Combined result
L1l | L1l | L1l | L1 | | L1 | ! L1l | L1 | | L1 | | L1l | L1
0O 02 04 06 038 1 1.2 14 16 1BQH?
meas.
6"*/0 g,

STAR, Phys. Rev. C 70 (2004) 031902.
STAR, STAR, Phys. Rev. Lett. 127 (2021)
052302

PHENIX, Phys. Lett. B 679 (2009) 321.
ALICE, Eur. Phys. J. C 73 (2013) 2617.
CMS, Phys. Lett. B 797 (2019) 134826.
ATLAS , arXiv (2020) [2011.12211]

Theoretical uncertainties:
v Nuclear density
distribution.
v UPC trigger probability.
v' MCD probability.
v Incoherent contribution.

5.2 o deviation from Lowest order calculations!
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Higher order effect

Conveniently considered in Sommerfeld-Maue type approach.
-Presented by the regularization to the photon propagator.

F(k) = ]dz'rLeXp(—ier){exp[—ix(rj_)] — 1} x(ry) = / dzV(ry,z)

—00

F(k) = /dzrlexp(—ikrl)[exp(—2iza1nr¢) —1] V(ry,z) = —Za/\/r3 + 22

AT/

Regularize at large distance v, :  F(k) = a7

irer Higher order
A low k cutoff at w/y: F(k) = e wjﬁyz)l Q5\2)/' effects!

A.J. Baltz and L.D. McLerran, Phys. Rev. C 58 (1998) 1679

Absent of higher order correction for total cross section!
Revealed in the differential cross section versus impact parameter!

Contradict with the Bethe-Maximon correction!
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Higher order effect

IF (k)/F (K]l

Introduce the screening of the Coulomb potential:
R. Lee, A. Milstein and V. Strakhovenko, Phys. Rev. A 69 (2004) 022708

—Zaexp(—4/1? + z%w
Vo) = et PCVEE) () = —2ZaK(r w/7)

\/Ti—I—ZZ

1 .
F(k) = 5 /dTJ_'I‘J_Jg(kTL){eXp[QIZaKU(er/fy)] —1}
In the perturbative limit Zo. —» 0 FO(k) = — 742
k2 + w? /2
o Pb i o

02—
09— 3

0.88[—

E o i L L L L EERTIT R R TTTT
10° 10 10° 102 107! 1 10 107 - ETRTTTT R nmn{a T B SR T B R TTT] B SRR B SRR T
kyl® 10 10 10 102 107 1 10 10°
ky/®
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The higher order results for HIC

° Gmeas./GEIcE)I?) |
___ __QED;QED
Orr /070,

|_Jtheo. syst. I'

4

e

|
F

i ALICE y+ vy —e'+¢e

'STAR 7+ 7 — e* + e [33]

: Pb+Pb |5y, = 2.76 TeV

ATLAS y+y — ur+ W
{Pb+Pb Sy = 5.02 TeV

t CMS y+y —»e'+e

:Pb+Pb s, = 5.02 TeV
'PHENIX y+y > e*+e
iAu+Au |s, =200 GeV

§STAR v+ 7 —> e +e [28]
;Au+Au \/SNN = 200 GeV

i Au+Au s = 200 GeV

i Combined resulit
IIIIlIIIlIIIlIIIlIII

0

02 04 06 038

1 1.2 1.4 1.6 1.8 QED2
meas.
el )

STAR, Phys. Rev. C 70 (2004) 031902.
STAR, STAR, Phys. Rev. Lett. 127 (2021)
052302

PHENIX, Phys. Lett. B 679 (2009) 321.
ALICE, Eur. Phys. J. C 73 (2013) 2617.
CMS, Phys. Lett. B 797 (2019) 134826.
ATLAS , arXiv (2020) [2011.12211]

Theoretical uncertainties:
v Nuclear density
distribution.
v UPC trigger probability.
v' MCD probability.
v Incoherent contribution.

Consistent with the higher order results !
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The missing part in STARLIght model

S.R. Klein et al., Comput. Phys. Commun. 212 (2017) 258

STARLIght model: Standard equivalent photon approximation method.

2
The photon flux: n(w,r,) = wafQ v’ Ki(x),z =wri/y Point-like
1

Exclude the production within the transverse geometry radius of nuclei.

Au+Au 200 GeV . Pb+Pb 5.02 TeV
y=0 M, = 0.6 GeVic® | UPC ATLAS acceptance

Production within nuclei: 28%
Higher order correction: 20%

These two effects compensate
with each other!

20 30 0

x (fm)
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Higher order effect?

QED type Wilson line
1

Uqep (T ) = exp [z’ZeZG(atl)} G(xy) =—Ko(Ax,)

27
QED Multiple scattering contribution

1 1
Point-like Uqep (b + §M)%ED(5¢ —57)
assumption b 4+ Ly
= exp ZiZozln‘ = % | :
br — 57|

The higher-order effect should be small!

S.R. Kleinetal., Phys. Rev. D 102 (2020) 094013

Z. Sun et al., Phys. Lett. B 808 (2020) 135679
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Vary the coupling constant

L.O.

QED/.<QED
Cey /O

1.2

1.1

0.9

0.8

0.7

0.6

0.5

§ vy+vy —>e"+e b=20fm

- Au + Au 200 GeV

P ]
. Ru

- Zr

- Au

— ly, <1 In|<1 P >0.2 GeVic U

- i BT BN A A S R BN A B S R R

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Zo

Vary the coupling
constant by colliding
different species.

The dependence of
negative correction on
colliding species Is
significant!

Leading order o< Z*
Higher order ! o< Z*
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Summary

Olin p+p collisions (Zow — 0), the lepton pair production is
consistent with the lowest order QED calculation.

OIn heavy-ion collisions (Za ~ 0.6), the lepton pair production is
about 20% higher than the lowest order result, and consistent with
the higher order QED calculation.

OThe discovery of higher order QED effect for vacuum pair
production?
v More precise experimental measurements
v More theoretical investigations
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