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Introduction

Early History of the Photon

m Photons are quanta of EM radiation and represent the particle nature of light.

m A. Einstein was awarded the Nobel Prize in Physics (1921)
“for his services to Theoretical Physics, and especially for his discovery of the
law of the photoelectric effect."

m This led us into the quantum world and the concept of Wave-Particle duality.
. 9

m. '-
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Classical Electrodynamics and Virtual Quanta

: Classical
| Electrodynamics

THIRD EOITION

John David Jackson

WILEY

m Following Fermi[24], Weizsdcker [34] and Williams [35] discovered that the EM fields of
a relativistically moving charged particle are almost transverse.

m This is equivalent to say that the charged particle carries a cloud of quasi-real photons,
which are ready to be radiated if perturbed.

m Weizsicker-Williams method of virtual quanta (Equivalent Photon Approximation).

%

m Application in QCD: WW gluon distribution. [McLerran, Venugopalan, 94; Kovchegov, ‘f,r;_‘o,'
96; Jalilian-Marian, Kovner, McLerran and Weigert, 97] s
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EPA and Weizsicker-Williams Photon Distribution

Boost the static potential to the infinite momentum frame (v — 00):
[Jackiw, Kabat and Ortiz, 92] and HW problem (P11.18) in [Jackson]

by Agov = _% ln(AbJ-)(S(t - Z)7
o 4 by,
/ E=orpm =9
> b x b
-‘_ivx iR B
B_27r I ot =),
Accelerati . -
ceeleration Alf _ _%[VL In(\b.)]0(t — 2).

lectrc)
ﬂ -0 B - El

Static electric fields = Electro-Magnetic Wave
= The EM pulses are equivalent to a lot of photons

m The gauge potentials A,, in Covariant gauge and LC gauge are related by a ﬁ’f
gauge transformation. A is an irrelevant parameter setting the scale. S

m Classical EM: transverse EM fields < QM: Co-moving Quasi-real photons.
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Transverse Momentum Dependent (TMD) Photon Distribution

The photon distribution (flux) for a point particle can be computed from A‘Lf
Z’a
2%

The photon distribution in the transverse momentum space

Zza 2 2.2 .
Xfy(x,b1) = —-x'mKi(xmb,) = with g = Ze.
™

m—0

pr ZT
Xy (kL) = /L(z:)fi e TET ik <A F (g) FHi (f%)‘A>
Za K
o~ L 2Fi(kz).

)

m F,(k*) is the charge form factor with &* = k3 + x*M*. F4 = 1 for point charggl @
m Wood-Saxon or Gaussian models for realistic nuclei. N
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Linearly Polarized Photon

E is linearly polarized along the
impact parameter b direction;

m Bl E;

m The LC gauge potential A | by;
m Polarization vector €, = b /b .
[

Similar case in momentum space.

m WW photon distribution is maximumly polarized, since xf, = xh.

" PA Al AL
V(b ) = ALbLA = | FHIFH|A, =),
Alsbs) = [ Gopeeri i - SHrr i S8
&4 U A
x’l(x by)= xf,y(x;bL)—i— ( 22 2>xh7(x by)= b2 £ xfy,
1 TE,
&k Iy : ré’
Lok, by kL 4
xhey (x,b1) = xfy (x, b)) = 4Z%a ekiby —ZFA(kZ) ﬁ‘.‘i“"&
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The Need of Photon Wigner Distribution from Experiments

STAR[1806.02295], ATLAS ([CONF-2019-051]) and CMS[PAS-HIN-19-014]
collaborations observe vy — [T/~ azimuthal angular correlations in AA collisions
with different impact parameter b | = by | — ba |

I}
i1 10
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m Need the incoming photon & distribution at fixed impact parameter b | .
)
m [Vidovic, et al, 93; Hencken, et al, 94; Zha, et al, 18; Li, Zhou, Zhou, 19; etc] g‘;{:ﬁ

m STAR: “This level of broadening is measurable and may indicate the possibl &.@:7' Lo
existence of high magnetic fields (trapped in a con- ducting QGP)". 7??
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The Need of Photon Wigner Distribution from Experiments

ATLAS ([CONF-2019-051; 2206.12594]) measures the acoplanarity
a=1-—|A¢|/7m (A¢p = ¢+ — ¢i_) and the total momentum imbalance k. of the
muon pair in PbPb collisions with different centralities (impact parameter b | )

T T
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m Need the incoming photon k| distribution at fixed impact parameter b | .
m Mysterious and interesting displaced peaks (dips) in central collisions.
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CMS Results

Ong, Ong,

. . . L
Onx, Tny, Tnx, Xnx,

16 x10“’! . Pbe‘ 5.02 T?V (1.5 |"|b")
s cms ] m CMS|[PAS-HIN-19-014] measures the
+ + number of neutrons in the very forward
~ o region in UPC.

B m Higher neutron multiplicity corresponds
2 - STARIght to smaller (b) on average, and vice versa.
e e e m This measurement demonstrates the

S transverse momentum imbalance and
+ y energy of photons (invariant mass of the

S 14 * g dilepton) emitted from relativistic ions

§ o have impact parameter dependence.

Ef Y 1<z ] m Great way to select events with (b). Even

- P> 3.5 GeV, Il <24 measure various asymmetries.
8<m,, <60 GeV
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Wigner distribution

Wigner distributions [Ji, 03; Belitsky, Ji, Yuan, 2004] ingeniously encode all
quantum information of how partons are distributed inside hadrons.

W(x,b, ,k,)
Wigner distributions
~ ¢

[db, [dk,
K 4
flxkr) Fxby)
transverse momentum impact parameter

distributions (TMDs) distributions Quasiprobability W(x,p)
semi-inclusive processes

f &’ky [, P() P(p)
%4 N
f(x) p

parton densities X
inclusive and semi-inclusive processes

m Quasi-probability distribution; Not positive definite.

m Need to smear over kr and b, — Husimi distribution. [Hagiwara, Hatta, 14]
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Photon Wigner Distribution and Generalized TMD

Def. of Wigner distribution:

[ de—d? d’A Cpte—
“‘?fv(x:kth):/Q/ L it e —iky £

(2m)3pt (2m)2
Ay i 3 i £ Ay
A +—=|Ft (b 2V FH (b, —2)|A, ——=
X < 7+ ) ( €L + 2) ( €L ) ’ D) )
Def. of GTMD

xfy (X, k1, A1) E/dsze_iA'blew(xfhEL)

m For a heavy nucleus with charge Ze, the GTMD reads

)?f'y(x» ki; Ai) = Xh’Y(xy ki; AL)

7AL/2 AL/Q
4720 q 1 -qll 2 ” @
= F, F ,
PISERER 4(g7)Fa(q"™)
B Al . Al
qL_kL—T7 and ‘M—ki"'T qL q\ {f
w [ &by xfy(x, ki, b1) = TMD; [ d*xfy(x,ki,by) = b, distribution. ‘;ﬁ;.
F & %t

m EPA — Generalized EPA. S
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The Oscillating Behavior of Wigner Distributions

Models of Wigner|[Lorcé, Pasquini, 11; Lorcé, Pasquini, Xiong, Yuan, 11]
[Hagiwara, Hatta, 14] [S. Klein, A. Mueller, BX, E. Yuan, 20]

xkrf(kr)(arb. unit)

Kr(1iRa)

/07520 25 3.0

= Due to the uncertainty principle, Wigner distributions often has the oscillating
behavior when one tries to measure b and k; simultaneously.

Will the negative region of the Wigner distribution cause a serious problem?

|
m Two observations: diffractive dijets in DIS and vy — ["/" in PbPb collisions.
m Opinion: No, it seems that the LO cross-sections are always positive-definite.

(It will be interesting if one can prove this conjecture.)
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The Factorization of Wigner distribution in the lepton pair production

The GEPA factorization at LO, and compute the hard factor H

o1 f (1, q10,610) do(AB[yy] — ptu™)
dy\dy>d?pird*pard®b |

_ /dzk]szkZT/ ((1;?; oAbl
xxf (kirs A ) xaofY (kors A L) Hyu
%8 (pr — kir — kar)

o / b1 1 dby1 6P (b — biy +byy)

Q21 QQL

N .
xxf (ks bu)xsz, (kars by 1 ) Hiju
2o fM (w2, 421, 51)
m Notations for the momenta: ¢, = kr — AT*, and ¢ =kr + AT*.

m Need the off-diagonal momenta A | to access impact parameter b | .

m Will negative region of Wigner Dist xff{ (kr; b1 ) ever be catastrophic?



Di-lepton

Results of GEPA

& F(k7) F(k3)
T"2T k% k%

eile‘bLk’i , and note k17 + kor = pr

; d*k
If we define G = / 7];

2w

do
11 22 11 22% 12 21 12 21%
e =00 [(G" = GP)(G1T — 6P + (G + GP)(G +GP)] > 0
dydy,d*pird*pord®b .
10 T T T T T T T - - - -
Central b, = 0 fm ———
sho|-- Peripheral b, =12 fm 1 800 — I,C f."tgdl,ﬁ’b Bi';'f ]
i L rescaled by 1/50; b, > 14.m e, Sttt
S 1 600 9
S nso ifo w0 gls B 4GeV < pir, par < 6GeV
g fta =T q =l= 400} Ra=Tn, 502 TeV
2r 1 200 ]
0 T SR St
0 20 40 60 80 100 120 140

0U 0.002  0.004 0.0[]6 0.008 0.01

pr (MeV) o

The cross section = 0 when b, = 0 and pr = 0 (G11 = Gy and G2 = —Gay)

Qualitatively explains recent ATLAS CONF-2019-51 data. Still a bit puzzling.
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Dilepton productions in AA collisions

[ATLAS, 1806.08708; 2019 Conf-51]; [Klein, Mueller, Xiao, Yuan, 18; 20]

3
b Pb SOt oam 305 G0s ToT 30555 ooA 005 0.06 0.00 001 0.02 0.03 0.04 0.05 0.06
=1-Iglin ~laglix N

T T
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= 60 [’ ,
}

20 - 40 %

ATLAS Preliminary
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f+ E

i
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a
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® Acoplanarity & = 1 — A¢/7 and asymmetry A = ||py | — |p ||/llp7 | + Ipr Il
m Initial photon k distribution plus photon radiation describes the background

2
m pr broadening goepL ~ (50MeV)? ~ O;fg‘ gaqcp but QED energy loss is weak.

m Independent final state medium broadening, since the typical distance betwe
I'" and I in QGP is much larger than the coherence length 1/Py.
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Search for collectivity in eTe™ collisions at LEP and in DIS at HERA

Two-Particle Correlations in e "¢~ with ALEPH data[Badea et al, 19]

ALEPH &'’ — hadrons, = 91GeV.

e hadrons, 1§ = 91 GeV/
s et

Thrust coordinates.

N, 230, cos(o_)] <084

P Ty
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Ao Ao

m No significant enhancement of long-range correlations is observed.
Search for collectivity at HERA [Chuan Sun For H1 Collaboration, IS2021]

H1 Preliminary
o lssoow, P o, WA Preliminary © Data
15N <20 P | o 5=31900v + DIANGOH
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s 0397 <30 Gov
om0 g
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“'
*re s
oos-
[y n
[ n w8 el b

+

o
N
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0<n<s

' e .
ool ey *
e Data * o+ o+
= RAPGAP
+ DJANGOH
3 7o

oozl

Standard method |

E g
obs
N

m No collectivity observed at HERA. Data agree with RAPGAP.
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Collectivity (correlation, flow) is everywhere!

In high multiplicity events, large azimuthal angle correlations are observed:
in — dN_ di
[ dprdgne (1 ¢z)%%
dN__dN
f d¢1d¢2 m M
— {ein(d)l*¢RP)}{eiﬂ(¢RP*¢z)} — vrzl{z}.

C{2} = {"n1—92) =

o 02
Pb+Pb p+Pb p+p 1.0 17
Vs = 5.02 TeV Vs = 5.02 TeV Vs = 13 TeV F 2 Tl onxn
0.15- o
N T e <60
) § Pnotonuclear 1+
R 3 cale
3o o8 “\\“‘\‘\‘\.. N o ceceak. +
= &R . =
g 10 o A
038

NS I
\ OOAN

Tomplate i
204]a)<50
{ oo,

m Collectivity is used to describe the particle correlation. It is observed in both large and

small systems and for light and heavy hadrons!

m New exciting results for UPC in PbPb collisions.
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Collectivity at EIC?

Two-particle correlations in photonuclear (Pb+Pb) UPC by ATLAS

Nugeus et 02y

Nudeus intact T ooy
e () S——— No neutrons POPb 104" 1706" 507y C5
A N fp-sTevon TS
4 [ x> 2 I 60
Z, Rapidly <Ny 560
7, 92p 4 Photonuclear & %
3 CGCcale. " | |
i ot * +
N mpoBefg
'Y aoP l ]
e No rapidty 00sf uif t B
_ Ed ¥
) N N
Nucleus breaks up 1 2 3 4
e p,GeV)

m New exciting results for UPC in PbPb collisions. (Mini-EIC)
m WW equivalent photon approximation: Small virtuality, like a plane wave.
m Photons with energy up to 80 GeV at the LHC + the high-energy nuclei.

m What about predictions for the collectivity at the EIC on the horizon?

18724


https://arxiv.org/pdf/2101.10771.pdf
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The Structure of Photons

Photons can have a very rich
QCD structure

) = )
+> Imqg+ng)
S

m Point like (high Q%)
m Partonic

m VMD [Sakurai, 60]
Strong similarity between A and pA collisions when ™ has a long lifetime.

1 q" my, 1
fiteime ~ — = 94— > 2R = —
lifetime = Q2 > P- xp K mpR

Opinion: collectivity in y*A collisions regardless the underlying interpretation.
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Collectivity in high multiplicity events in pA collisions

Qualitative understanding of high
multiplicity events and correlation.
m Many active partons
|P) = laqq) + lgaqng) + - --
m Fluctuation in parton density
Stronger Qs in nuclei.

m Correlated multiple scatterings
Non-trivial color correlation.

m Possible stronger parton shower.
Shower produce soft particles
due to hard collisions.

A CGC model for correlation based on the above three pillar in Red.

m Let us pick two initially uncorrelated collinear partons (say g + ¢) from proton, and
consider their interactions with the target nucleus.

m Correlation can be generated between them due to multiple interaction.

m Due to Unitarity, the un-observed partons do not affect the correlation of the system.
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Correlations in CGC

Correlations between uncorrelated incoming quarks (gluons) are generated due to
quadrupole as N, corrections. [Lappi, 15; Lappi, Schenke, Schlichting, Venugopalan,
16; Dusling, Mace, Venugopalan, 17; Davy, Marquet, Shi, Xiao, Zhang, 18]

5 N2 L<_) % g}@:)“%w

d*N
k1 dPkao )

_ / @2y, dPrgy e~ 1L g ikaL T
1 +
XT? (tr [V (@1)V (@2)T] tr [V (23)V (24)T])

where % (tr [V(zl)V(zg)q tr [V(xg)V(:rq)*]) # N% (tr [V(xﬂV(:rg)*]) (tr [V(x;;)V(u)q)

2 (o PR & g2
= ety |y BT / dg/ e 127
‘NC 0 Jo
® Atleading N,, 2 — = (& dN_) there are no correlations oz
ENe Py T \@aL ) \@hL ) : &S
5&1‘

m The correlations only come in as higher order N, corrections as shown abovegbi Ty
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Exploring the Collectivity at the EIC

v Predictions in yA collisions from CGC

[Shi, Wang, Wei, Xiao, Zheng, Phys. Rev. D 103, 054017 (2021)]

0.10

0.10 -

005 % % 1 0.05 F
¢ Q2 =5 GeV? A2 = 0.25 Gev?
B, =25 GeV EIC: €A, 18 GeV on 110 GeV

UPC -8

0.0 0.5 1.0 15 2.0 25 0.1 0.2 0.3 0.4 0.5

pr (GeV) Q/Qs

New results from UPC in PbPb collisions at LHC. (Mini-EIC)

Photons can have a rich QCD structure due to fluctuation.

Consider the photon-resolved (hadron like) processes in CGC. = similar v,

Selecting different O* and y bins = handles to change system size and energy.

m Comment on ep collisions at HERA: saturation effect may not be sufficient, and
the number of high multiplicity events is also a limiting factor. (~ 20 trks)

m [t will be interesting to compare the future EIC data with HERA data.
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Summary

Several curious and interesting aspects of the photon

/ \ Acceleration

B=0

m Wigner distribution = Interesting measurements and theoretical issue.
m Linear polarization = Non-trivial correlations in dilepton. (See Zhou’s talk)

m Rich partonic structure = Collectivity at the future EIC.
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Backup: PhD student recruitment
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