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Two-photon QED in Particle Data Book

51.7 Two-photon processes
In the Weizsacker-Williams picture, a high-energy electron beam is accompanied by a spectrum of

virtual photons of energies w and invariant-mass squared ¢ = —Q?, for which the photon number

density is

dn — gl_g_l_wz m? w? | dw dQ?
s

55 OF | o O (51.43)

where E is the energy of the electron beam. The cross section for ete™ — ete~ X is then [9]

(D ) dae+e——>e+e—X(S) = dnldn2d077_>X(W2)’ (5144)

(a) g 2) (b)



Natural extension to Heavy lons
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arXiv:1005.3531, unpublished
S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268



Lowest-order QED calculation
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(b)
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- Nox = —(q1 — p4)* +m?,
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Initial Transverse Momentum Broadening
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Is photon pt really driven by uncertainty principle k2 11 kg1 0(wy,ws)
and independent of position-momentum correlation? S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268
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Higher-order/virtuality cancels to 1/y>~=10-
NLO QED coupling constant a=1/137 :



Initial Transverse Momentum Broadening

4t dwy dw d2k kg d? 0
0—16'Z /d2/ 1 “ o pa(r) = p
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L Lo o i > 2 .
x [(Fap - B )(Ry s - By )oe(wr, we) T () ™
+ (ko X koy (K, X Kb )ops(ws, ws)] arXiv:1005.3531, unpublished
Zha, et al., arXiv: 1812.02820 d*Ny,(k1,ky)
M. Vidovic, et al., Phys.Rev. C47 (1993) 2308 dikndk,
ffdzbldzb%PNOHAqu_’l — by|)N(k1, 51)N(kp, b)
Is photon pt really driven by uncertainty principle 4)
and independent of position-momentum correlation? S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268
we can afford many mistakes in the search.
The main thing is to make them as fast as o/ySkt<<o
possible. Higher-order/virtuality cancels to 1/y>~=10-
~John Archibald Wheeler NLO QED coupling constant a=1/137 .

doi:10.1063/1.3120895
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Ultra-Peripheral Collisions

b—é ’
Au”

— Y T C —

Two gold (Au) ions (red) move in opposite direction at 99.995% of the speed of light (v, for velocity, =
approximately c, the speed of light). As the ions pass one another without colliding, two photons (y) from

the electromagnetic cloud surrounding the ions can interact with each other to create a matter-antimatter

pair: an electron (e’) and positron (e*). 7



Well understood kinematics
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photon p;is simply due to finite electric field
projection in the longitudinal direction,

It is classic EM field and not due to uncertainty
principle of pt~=1/R

E field has a z-component
B field is in x-y plane
->

ExB has pr component
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Criteria of a Breit-Wheeler process

2310

be interpreted as a transition current,

T (k1kg; Pa) = Ty, (k1ks; ) (2m)46% (k1 +k2—P)

(7)
so that the S-matrix element (4) may be written as
d*k; d*ks Y
S(Pa,b) - (271')4 (27!')4 Al (klvb) A2(k2,0)

XJM,,(k1k2;PCM) . (8)
The transition current is conserved, i.e.,
k{Jw =kyJuw =0 (9)

which follows quite generally from the gauge invariance
of the S-matrix element.

For our following considerations the explicit expression
for the transition current is irrelevant; it is only impor-
tant that it acts like a conserved current (9) and contains
a 6 function (7) for the four-momentum conservation.

Performing the integrals over the § functions, Eq. (8)
becomes, with 2y = Zy = Z and F; = F, = F,,

d’ky, F(—k?) F(—k2)
(2m)?2  —k¥  —k2

Xug,ug I (ki1ko; o) e

2
w726
S(Pa;b) = Z 7 /

—ib'k
I

(10)

M. VIDOVIC, MARTIN GR|

Vidovic et al., PRC 1993

The nuclei move on straight trajectories and thus
k,/k® = £1/v, confer Eq. (11). We obtain

kii koj ., 1 (kz' N TR
2____J_J1,_7 + = __JJ3J _ _—,]"3)
k1o k20 v \ k2o k1o

(25)

v
Ui U JH = 5

1 J33

Precisely at this point we introduce the decisive approxi-
mations, which will lead to the equivalent photon result.
The term w/7, which corresponds to ko/v or k3/v, is
of the same order of magnitude as the term |k |, which
corresponds to k;:

w
v

This can be verified by considering those values of |k |,
which contribute most in the integrand of the equivalent
photon distribution (2). The same relation also holds, if
one compares the transverse component of the Poynting
vector to its longitudinal one.

For the scalar boson the dominant contribution in Eq.
(25) originates from the first term; the second and third
terms are suppressed by a factor of 1/? with respect
to the first one. The situation for the pseudoscalar bo-
son (6), the charged boson pair, and the fermion pair is
exactly the same.

1
k|~ ;Ikul N (26)

ER, C. BEST, AND G. SOFF 47 I

2&&@11‘@'(

v . ~
'U,]_MUQVF'“ (klkz,a) ~ Y o
1 W2

wiwz; ). (28)
On the right-hand side now appears the vertex function
for real photons as in (19). This identification is the heart

of the equivalent photon approach.

To qualify as a Breit-Wheeler process
from Coulomb field:

<

Y

w/v < ki <1/R < w

X.F. Wang et al., PRC 2023

10
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sensitive to the details of the nuclear charge distribution
X.W, J.D. Brandenburg, L. Ruan, F. Shao, Z. Xy, C.Yang, and W. Zha. Phys. Rev. C 107, 044906 (2023)
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Application: Mapping the Magnetic Field

R. D. Woods and D. S. Saxon, Phys. Rev. g5, 577-578 (1954)

p?

1+ exp[(r — R)/d]

Woods-Saxon:

pa(r) =

R: charge radius, d: skin depth

Nuclear charge distribution

Biot-Savart Law

con Magnetic field

The kinematics of Breit-
Wheeler process

Xiaofeng Wang@Scharff-Goldhaber Prize Ceremony
08/15/23
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Constraint on charge distribution with precision

1. 4'_(3) yy— e'e [ (b) C (c) [ 200 GeV Au+Au UPC at STAR
C 99.7% Confidence C C [ 200 GeV Au+Au MB at STAR
1.9k ’_ " [ 200 GeV Au+Au (UPC+MB) at STAR
,é\ " r i o low-E e-scattering
Using LO QED to calculate Breit-Wheeler < T o o
process to match data with least-chi2 § 0.8F - -
S o06fF - -
. . . & f : + :
UPC consistent with nominal nuclear geometry o4 :- -
0_2:— EPA: XnXn :— EPA: 1nin :— parameterized
NN FEERE TR FRE TS FTEE R AT TN AR FE NS AN RNl EEEE N T FETNE STETE PR PN TR
Perlpheral CO“'S'OnS Systematlca”y |arger 4 45 5 55 .6 6.5 7 4 45 5 55 6 65 7 4 45 5 55 .6 6.5 7
Charge Radius (fm) Charge Radius (fm) Charge Radius (fm)
FIG. 5. (color online) The constraints on gold nuclear charge distribution obtained by the comparison

+ —_ . . .
TABLE L. RMS of radius (1/{r2)) at minimum x2 (x2;,) and uncertainties within x2,, + 1 with different ent of vy — eTe” and the lowest order QED calculation for different neutron

oyy and with different neutron selection conditions in ZDC and parameterized probability. A default )C and parameterized probability, (a), (b), and (c) are for XnXn, Inln, and
0xn = 41.6 mb has been used in all other calculations. These are to be compared to the default value of | respectively.
nuclear charge radius RMS of 1/(r?) =5.33 fm at R = 6.38 fm and d = 0.535 fm.

condition oyn (mb)

UupPC

MB

UPC+MB

35.0
40.0
41.6
45.0

Inln

5.55 4+ 0.03 - 0.30
5.32 4 0.26 - 0.21
5.39 + 0.14 - 0.21
5.47 4 0.02 - 0.21

5.66 + 0.09 - 0.12
5.67 4+ 0.08 - 0.10
5.67 + 0.08 - 0.12
5.66 + 0.09 - 0.11

5.55 4+ 0.03 - 0.03
5.58 4 0.01 - 0.04
5.53 4+ 0.10 - 0.02
5.54 4 0.08 - 0.03

35.0
40.0
41.6
45.0

XnXn

5.70 + 0.01 - 0.29
5.70 4+ 0.01 - 0.30
5.67 4 0.03 - 0.17
5.54 + 0.17 - 0.16

5.66 + 0.09 - 0.12
5.67 + 0.08 - 0.10
5.67 4+ 0.08 - 0.12
5.66 4+ 0.09 - 0.11

5.64 + 0.07 - 0.07
5.70 4+ 0.01 - 0.12
5.67 4 0.03 - 0.09
5.64 + 0.06 - 0.11

35.0
40.0
41.6
45.0

Parameterized

5.51 4+ 0.15- 0.18
5.43 4 0.22 - 0.08
5.41 4+ 0.25 - 0.09
5.40 4+ 0.23 - 0.17

5.66 + 0.09 - 0.12
5.67 4+ 0.08 - 0.10
5.67 + 0.08 - 0.12
5.66 + 0.09 - 0.11

5.61 4+ 0.13-0.11
5.67 4 0.04 - 0.16
5.62 4+ 0.12 - 0.11
5.62 4+ 0.09 - 0.11

X.F. Wang, arXiv:2207.05595
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Spin Interference Enabled Nuclear Tomography AR arxiva0n O1Eas

* Teaser:
Polarized photon-gluon fusion reveals
guantum wave interference of non-identical
particles and shape of high-energy nuclei

’ N
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Quantum interference enabled
nuclear tomography

K‘BIOMEDICINEANDL ICES \ 4 JAN 2023 e’
Modulating aging and fat
Improving tissue repair accumulation with oleic acid
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Three Ingredients

A A+A Collision B p+A Collision
Ay > E——— L
* Linearly Polarized photoproduction of B} BE 2
vector meson S s A =
* At a distance with two wavefunctions e
(180° rotation symmetry) e BE TS 5 ) S E
* Entanglement between n* from p decay E
and interference between identical pion " &z
wavefunction N AT ) .
@ [l 7‘42
(r+=n7)/2 = .
IF | have said that this is what reality is without A B --74—1'—"""'— IE,-,o
—7 7 ¥

any experimental evidence, most people would
have thought that | am crazy.

“Truth is Stranger than Fiction,

but it is because Fiction is obligated 2 ELR > JE 2 JE A M B R e A A
to stick to possibilities; Truth isn’t.” =

— Mark Twain 15

Agl(xt +77), (n* —77))



A¢ In Au+Au and U+U Collisions
B STAR Signal - pairs
-k ~ Au+Au Y5,,=200 GeV
Y “ p+Au |syy =200 GeV
Tx B UHU (s =193 GeV

A STAR: n'n Pairs, P_<200 MeV

—~0.09¢
c - x Au+Au \s =200 GeV
= 0.08
o) - x U+U \s =193 GeV
<o0.071-
P Signal Region:
5006—065<M <0.90 GeV
0 0.05( %
c - ;*
> 0.04 ¥ ¥
O -
o - g X
0.03- g ¥
- g %
0.01-
¥ | \
0 0.6 0.8 1

Quantify the difference in strength for Au+Au vs.
U+U via a fit:
f(Ap) =1+ a cos2A¢

Au+Au: a = 0.292 + 0.004 (stat) +0.004 (syst.)
U+U: a = 0.237 4+ 0.006 (stat) +£0.004 (syst.)
Difference of 4. 30 (stat. & syst.):

arXiv:2204.01625

Interference effect is sensitive to the nuclear geometry
(gluon distribution) — difference between Au and U

16



Different radius from different angle?

Now instead of p, and p,, lets look at |t| with a 2D approach

§1o1:— ¥ Datai|¢| < /24
& [ e Model 11, $=0
S x
s %~~~ Woods-Saxon,
12310—2:; A% R=7.90 fm, a=0.54 fm
© s N
T > s |
3 RGP ArE
| l I | TT TI l
0 0.005 0.01 0.015 0.02
P2 (~ Itl) GeV?

STAR: Aut+Au |sy,=200 GeV

dN/dltl (arb. norm.)

—
<Q

—
<
N

1073

0

STAR: Aut+Au |sy,=200 GeV

_ x Dataj|¢ — n/2| < n/24

------- Model Il ¢=n/2

:&%—— Woods-Saxon,
¢ %% R=7.09 fm, a=0.54 fm

* Drastically different radius depending on ¢, still way too big

* Notice how much better the Woods-Saxon dip is resolved for ¢ = /2 -> experimentally

able to remove photon momentum, which blurs diffraction pattern

arXiv:2204.01625

Can we extract the ‘true’ nuclear radius from |t| vs. ¢ inforn

17



Precision radius measurement with interference

Azimuthal variation due to:

* Photon linear polarization,

e Spin transfer to VM

* Photon finite k;

* VM spin 1 decay to spin O pions
* Interference along impact parameter

Radius (fm)

These image blurring effects can be
improved with the angular dependence

8.0

7.0

6.5

6.0!

7.5/

STAR, arXiv:2204.01625

STAR: Photonuclear p? — mttn-

L '_. BV "J‘;-' - W w . - f-
"*'I ""')" ) “‘,.»‘_"i- _¥_‘*_ #'Q"_ *_ ) o e
i WY L R Ty
-¥%- . ¥ ) -~ ! _.?y__
-
i - -
- X -
8 4,[* =
| R(9) =[RS+ 202 (1 + (1/2)cos(29))] "
- R(9) = [Fp + 20 ¢
- [50 Au+AU :R(=6.62:0.03, 0,=2.390.04 (fm)
| ¥ U+U: :R=7.37x0.07, 0,=1.92+0.12 (fm)
| | |
—JT _g O g (I) JU
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Extracted neutron skins and comparison to world data

Au+Au (fm) U+U (fm)

Charge Radius 6.38 (long: 6.58, short: 6.05) 6.81 (long: 8.01, short: 6.23)
Inclusive |t| slope (STAR 2017) [1] 7.95 4 0.03 = M. Centelles, X. Roca-Maza, X. Vifhas, and M. Warda
Inclusive |t| slope (WSFF fit)* 7.47 +0.03 7.98 +0.03 Phys ReV. Lett 102, (2009) 122502
Tomographic technique* 6.53 + 0.03 (stat.) £0.05 (syst.) 7.29 £ 0.06 (stat.) + 0.05 (syst.)
DESY [2] 6.45 + 0.27 6.90 + 0.14
Cornell [3] 6.74 £+ 0.06 l T T T T l T T T T l 5 T
e S ™ ]
Neutron Skin 0.17 + 0.03(stat.) +0.08(syst.) 0.44 + 0.05 (stat.) +0.08 (syst.) B = eXle‘lnlul[ 124 13 .90
(Tomographic Technique)* ~ 20 ~4.70 (Note: for Pb = 0.3 ) lj_near average
- of experiment
. A prediction Eq. (2) 116
GIULIANO GIACALONE, July 22, 2022 L @ FSUGold A
- (o] SLy4 T ~ — = |
—_ ~— 57 ! ) ot
Arp= 0283 £ 0.071 fm  preyoemmen = 01k ) . .
PRL 126 (2021) 17, 172502] b = gFe ~
L = (106 & 37) MeV i 2 j
N -
H [Reed et al., PRL 126 (2021) 17, 172503] L o sl
Stiffer EoS than expeCtEd' [Fattoyev et al., PRL 120 (2018) 17, 172702] 0 L7 —< - ..-g""
’ —
ot A\, < 580 [44], we eagerly await the next generation of Py o = oo QSN e Ca
& . . . : = 64 20 -
terrestrial experiments and astronomical observations to Ni 120
From verify whether the tension remains. If so, the softening of = 28 Sn -
GW170817 the EOS at intermediate densities, together with the 0 l o 40 C .58 6 59 50 =
subsequent stiffening at high densities required to support “\ a N a ¢ CO
20 1
massive neutron stars, may be indicative of a phase ol 28 e .27 -
transition in the stellar core [42]. 1 1 1 1 l 1 L 1 1 l 1

Can we get an independent estimate at RHIC? [=(N-Z)/A



Extracted neutron skins and comparison to world data

Au+Au (fm) U+U (fm)

Charge Radius 6.38 (long: 6.58, short: 6.05) 6.81 (long: 8.01, short: 6.23) A
Inclusive |t| slope (STAR 2017) [1] 7.95 +0.03 - M. Centelles, X. Roca-Maza, X. Vifhas, and M. Warda {i’
Inclusive |t| slope (WSFF fit)* 7.47 +0.03 7.98 +0.03 Phys ReV. Lett 102, (2009) 122502 v
Tomographic technique* 6.53 + 0.03 (stat.) £0.05 (syst.) 7.29 £ 0.06 (stat.) + 0.05 (syst.)
DESY [2] 6.45 + 0.27 6.90 + 0.14
Cornell [3] 6.74 £+ 0.06 l T T T T l T T T T
— ~ - . =
Neutron Skin 0.17 + 0.03(stat.) +0.08(syst.) 0.44 + 0.05 (stat.) +0.08 (syst.) B u expt'rlnn'nt
(Tomographic Technique)* ~ 20 ~4.70 (Note: for Pb = 0.3 ) lj_near average
- of experiment
. A prediction Eq. (2) 116
GIULIANO GIACALONE, July 22, 2022 L @ FSUGold
- (o] SLy4 T ~ — = |
— ~— 57 - " S
Arp= 0283 £ 0.071 fm  preyoemmen = 01k ) . .
PRL 126 (2021) 17, 172502] b = gFe ~
L = (106 & 37) MeV i 2 j
N -
H [Reed et al., PRL 126 (2021) 17, 172503] L o sl
Stiffer EoS than expeCtEd' [Fattoyev et al., PRL 120 (2018) 17, 172702] O L7 —< - ..-g"'
’ —
ot A\, < 580 [44], we eagerly await the next generation of Py o = oo 2:N e Ca
& . : . : = 64 20 -
terrestrial experiments and astronomical observations to Ni 120
From verify whether the tension remains. If so, the softening of = 28 Sn -
GW170817 the EOS at intermediate densities, together with the 0 l o 40 C .58 6 59 50 =
subsequent stiffening at high densities required to support “\ 20 a Nl 26 ¢ Co
massive neutron stars, may be indicative of a phase ol 28 e ,,27 -
transition in the stellar core [42]. 1 1 1 1 l 1 L 1 1 l 1

Can we get an independent estimate at RHIC? [=(N-Z)/A



Entangled particles that never met

Two pairs of entangled particles are emitted from different sources. One particle

from each pair is brought together in a special way that entangles them. The two . N B .

other particles (1 and 4 in the diagram) are then also entangled. In this way, two Since n*and n~are partlde and

particles that have never been in contact can become entangled. antipa rticle of each other their
4

Nobel Prize in Physics 2022 wavefunctions could “annihilate”?

1 L 1 A
T CPT Reverter T
ENTANGLER ENTANGLER
Tt 2 3 7T
2 3
p’ p’
ENTANGLED ENTANGLED
PAIR 1 PAIR 2

ENTANGLED ENTANGLED
PAIR 1 PAIR 2
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Entangled particles that never met
- afpmmdanalecd oo tolosone s ot taaiint el c 5. One particle

s them. The two
In this way, two

3demy of Sciences

Since wtand tare particle and

antiparticle of each other, their

wavefunctions could “annihilate”?
4

+
CPT Reverter n

ENTANGLER

pO pO

ENTANGLED ENTANGLED
PAIR 1 PAIR 2
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Entangled particles that never met

fTrVanF (n ] () ) =

other | far P (T 1) | fac | (g |m3) +

partic |far 2 (7Y Fi fo (my |y ) €5 e¥e 4
Fi For (mImit) e Va e | fu_ |2 (my |m7 ) +
£ for (mF|mdY e Ve 5y (mo|my ) e Ve e
N

] far PATEITE) Fi_ fam (my |m ) €0 ¥ 4

Fii for (TEImly €TV €W fifu (my |mg) e e 4
fiy Fos (T |mf) e a €W | o2 (my |my)
N
Fiy fas (mf |mE) €0 € | fo |2 (m |5 ) +
Fos Far (mf|mE) e € o fy (mo|my ) e e eV 4
o 12 (i | ) [ |? 7y 17 )+
| fos [P (m ) fa_ fou (my |my ) e Pa e
+
Fofar ()Y e eV i fo (my |y ) e e e¥e 4
Fiy far (mf 1nk) €0 €3 | o |? (my |y ) +
| for P A |T) o fam (my |72 ) €0 €¥a +

| fos |* (i |mif ) | o | (my |y

2s. One particle

; them. The two . . B .
n this way, two Since ttand m~ are particle and

antiparticle of each other, their
wavefunctions could “annihilate”?

1 4

- +
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Tt 2 3

0 0

P P

ENTANGLED ENTANGLED
PAIR 1 PAIR 2
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FIG. 3. (Color online) Comparison of the ratios of the mea-
sured cross sections from world-wide experiments [26{30] and
the predicted higher order QED results to the lowest order
QED calculations for lepton pair production in A + A colli-
sions. The error bar represents the total uncertainty for each
measurement, which includes the statistical and systematic
errors. The yellow bands denote the uncertainties for QED
calculations. 24



Summary and Perspectives

* Precise QED calculations and
matching experimental data with
high statistics from initial photon
collisions

e Vector Meson Production with
Quantum Entanglement provides
very precise mass radius
measurement

* Both measurements provide a
good constraint on quark and
gluon distributions at high energy

e Possible systematical deviation in
peripheral at RHIC and central
collisions at LHC due to final-state
B-field effect

e Model: QED+final-state B-field to
match data

 RHIC data with more central
collisions and high statistics (2023-
2025)

* Derive Pb charge radius from LHC
data



Event-by- event Fluctuations + Interactions

0.2

| By =60AGeV * Significantly stronger field possible at small
et radial distances (based on current data)

* Fluctuating nucleon positions effect field
inside nucleus

* OR Long-lived magnetic field
— Lorentz-force bending of pairs

* High precision data from STAR 2023-25

* What to look for:

* Field at small distance— large P, and «
* Look for modification of do/d P, shape

UPC: do/dP | (mb/GeV)

Hint of modification in 60 — 80% central collisions:
Additional 14 + 4 (stat.)+4 (syst.) MeV/c broadening

26



Most Precision test in Central Pb+Pb at LHC

* Under what condition do these photons interact as real photons?

* Photon Wigner Function (PWF)

formalism & LO-QED formalism agree very well
e How to understand the minor differences between them?

e Possible difference between data
and QED due to final-state B-
field?
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Are there final-state QED effects?

Precision data with
QED theory comparisons:

Both on-going at LHC and RHIC

How about azimuthal anisotropy

relative to reaction plane?

-
o

AusAu @ |5, =200 GeV
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Figure 57: (Color online) Projections for measurements of the vy — e*e™ process in peripheral

and ultra-peripheral collisions. Left: The ,/ (p%) of di-electron pairs within the fiducial acceptance

as a function of pair mass, M., for 60 —80% central and ultra-peripheral Au+Au collisions at /SNN
= 200 GeV. Right: The projection of the cos 4A¢ measurement for both peripheral (60 —80%) and
ultra-peripheral collisions.

pr broadening and azimuthal correlations of e*e" pairs sensitive to electro-magnetic (EM)

STAR Beam Use Request (2023-2025): field;

https://drupal.star.bnl.gov/STAR/syste

m/files/BUR2020 final.pdf

Impact parameter dependence of transverse momentum distribution of EM production is the
key component to describe data.

Is there a sensitivity to final magnetic field in QGP?

Precise measurement of pr broadening and angular correlation will tell at >3¢ for each 30

observable.



