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Equivalent photon approximation (EPA)

Over 100 years

1. 1924, Fermi; Z.Phys. 29 (1924) 315-327
“..consider that when a charged particle passes near a point, ... it is

equivalent to the electric field at the same point if it were struck
by light with an appropriate continuous distribution of frequencies.”
Nuovo Cim. 2 (1925) 143-158, arXiv:hep-th/0205086

“one of Fermis favorite ideas and that he often used it in later life.”

2. 1930’s, Weizdscker and Williams (individually),

developed to relativistic charged particles,

method of virtual quanta.
EM field almost transvers, quasi-real photon

2 2 2 2 7.2 12
photon flux: n(w) = 0 f d’ky 2 [F(h +w” /[y )}
o J e[ ® e+t




Linearly polarized photon

Low electron energy, Sommerfeld, 1931

ANNALEN DER PHYSIK

5 FOLGE, 193831, BAND 11, HEFT 3

Uber die Beugung und Bremsung der Elekironen
Von 4. Sommerfeld
(Mit 12 Figuren)

Ubersicht: Der I Teil bildet eine systematische Einleitung zu
der Behandlung des kontinuierlichen Rontgenspektrums im IL Teil. Der
1. Teil geht nur in der Methode, nicht in den Resultaten iiber die Arbeiten
von Gordon, Mott, Temple hinans. Der II. Teil setzt, im Gegensatz
zu Arbeiten von Oppenheimer und Sugiura den Endzustand des ge-
bremsten Elektrons als ebene, durch Beugung modifizierte Welle an.
Polarisation und Intensitit im kontinuierlichen Spektrum werden nach
der Methode der Matrixelemente berechnet. Um die azimutale Verteilung
der Intensitit, insbesondere die Voreilung des Maximums zu erhalten,
mub die Rechenmethode verfeinert werden durch Beriicksichtigung der
Retardierung. Die Resultate werden mit Messungen von Kulenkampff
verglichen,

relativistic energies, May, Wick, 1951

Detection of Gamma-Ray Polarization by
Pair Production*

G. C. Wick
Radsiation Laboratory, University of Celiforn
December 12, 1950

On the Production of Polarized High
Energy X-Rays

M. May anp G, C. Wick
Department of Physics, University of California, Berkeley, California
December 12, 1950

T has been pointed out by Yang,! th:
provide a method for detecting the p
the high energy range: w>>me? (m be
where the usual Compton recoil method b
idea is to utilize the azimuthal dependenc HE purpose of this note is to examine the possibility of experi-
cross section do, the azimuth ¢ being ments with polarized x-rays of high energy, the polarization
direction k of the incident quantum an being obtained by using only a portion of the x-ray beam emitted
taining k and the electric polarization ve (by a betatron, synchrotron, or linear-accelerator target) at an
angle @ to the direction of the electron beam. The optimum angle,

PHYSICAL REVIEW VOLUME 84, NUMBER 2 OCTOBER 15, 1951

On the Polarization of High Energy Bremsstrahlung and of High Energy Pairs

MicraEL M. May
Physics Department, University of California, Berkeley, California

(Received July 2, 1951)

The polarization of bremsstrahlung due to electrons with initial energies much larger than 1372t me?
is calculated under relativistic, small angles approximations. The cross section for photons polarized normally
to the plane containing the initial direction of the electron and the direction of the photon is found to be
larger than for photons polarized in that plane. A similar calculation shows that the plane containing one
of a pair produced by a polarized photon together with the direction of that photon tends to lie parallel
to the plane of polarization rather than normal to it, except for one special case. The effect of the deviation
due to multiple scattering of electrons in the target upon the angular dependence of the polarization is
considered. 4



Linearly polarized photon

e I[n EPA (Equivalent photon approximation), photons induced by relativistically

moving charged particles are linearly polarized due to their transverse momentum
In position space
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Lineayly polarized photon

e I[n EPA (Equivalent photon approximation), photons induced by relativistically

moving charged particles are linearly polarized due to their transverse momentum
In position space
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Lineayly polarized photon

e I[n EPA (Equivalent photon approximation), photons induced by relativistically

moving charged particles are linearly polarized due to their transverse momentum
In position space
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Lineayly polarized photon

e I[n EPA (Equivalent photon approximation), photons induced by relativistically

moving charged particles are linearly polarized due to their transverse momentum

" k
In position space In momentum space *
E
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Linearly polarized photon/gluon, formalism in the framework/
of TMD (transverse-momentum-dependent) factorization

EPA photons induced by relativistic charged particles are linearly polarized due to transverse momentum

o0

e gluon/photon TMD factorization:
hadron
2dy dQYL lk y v 2 2k’u kv 5
f P ¢ (P OF) =SR] + | — 5= — 8 @I,

P. Mulders, J. Rodrigues, PRD63(2001)

the numbers of gluons with opposite circular polarizations in a longitudinally (transversely) polarized nucleon. The off-
diagonal function H* also is a difference of densities, but in this case of linearly polarized gluons in an unpolarized hadron.
Using the circular polarizations, H+ flips the polarization.

e Small x (dipole) gluons/photons are highly linearly polarized A Metz, J. Zhou, PRD84(2011)
fC ) L@ k) C. Li, J. Zhou, YZ, PLB795(2019)



Linearly polarized photon/gluon, formalism in the framework/
of TMD (transverse-momentum-dependent) factorization

\§
(O
Q@

e gluon/photon TMD factorization:
hadron
2dy~d%y, 4 , ) k'K,
f X;(2N§§ eV (P|F,(0)F’.(y)|P) . O f1(x, kT) + (f - & ) btz ko),

P. Mulders, J. Rodrigues, PRD63(2001)

ly (transversely) polarized nucleon. The off-
mearly polarized gluons in an unpolarized hadron.

the numbers of gluons with opposite circular pglarizations in a longitudi
diagonal function H* also is a difference of dendities, but in this case o

e Small x (dipole) gluons/p ghly linearly polarized A. Metz, J. Zhou, PRD84(2011)
o) C. Li, J. Zhou, YZ, PLB795(2019)

Collinear factorization: o ~ s(x) @ hard part
TMD factorization: o ~ TMDs(x,kt) @ hard part
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Dilepton production in Ultraperipheral collision (UPC)

YEIP + ki) +y(0P + ko) = () + T (pa) 1 L . e
9 T (212)~1 T (o)~
do 207 . .
= Bcos 20+ Ccos 10D MO ! AT -1
d’p11 d?ps) C@W I : )
Ly 2 ly 2 ! e +1 e
14 2 1y 2 : |
f1 (Xl ’ li_)hl (Xz, k2J_) hl (X] i kl—L)hl (Xz’ kz-L) | 4 (2]0)~cos(2¢) 1 4 (+2]|-2)~cos(4¢)
1N|\|\,\N\ d 1 +1N|\|\,\N\ g -1
“I'STAR
. 045 < M < 0.6 GeaV, P < 0] Gl
Measured QED calculation T R |
. om Fit: Gl 1 +l’l.,___:|.'-sE'.!.¢+ﬁ.“nxi-.!-:-i- 1
Tagged UPC 16.8%*+2.5% 16.5% % STAR collaboration,
60%-80%  27%+6% 34.5% P PRL127, 052302
E (2021)
2
C. Li, J. Zhou and YZ, PLB795, 576(2019) +_-'|:-E|:-' : Er.-[rﬂurmf;.rmn: :
C. Li, J. Zhou and YZ, PRD101, 034015(2020) : - - SuparChic : B
----------------------------- 3_ . Me=g -0 T

| We predicted the aZ|muthaI asymmetries in !
 dilepton@UPC, later verified by STAR ! 1



Why azimuthal physics is “new” in e*e™ two-photon

A % A A A % ‘ similar to yy — [*1”, we can
g i%z_ R S also study yy - MM process,

] either in UPCs or

S & S T ate*e™ colliders, more
A A A A — — complicated.

e Standard two-photon analyses: EPA + QED collinear factorization for yy - MM

e Classic observables: invariant mass / rapidity distributions of the meson pair

® Realistic e*e™ kinematics: mesons are nearly but not exactly back-to-back in the

transverse plane - photon k; should not be neglected in the correlation limit

(i < py), TMD factorization

® Then linear polarization of the photon becomes a first-class effect - azimuthal

modulations in the lab.

Y. Jia, J. Zhou and YZ,
PRL.134(2025)141901
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measurements

v(k1) + (k) = 7 (p1) + 7 (p2)

Correlation limit:  |q, | < |P ]|,

p _ b —P2r L
1 = 9 — P11 = —P21 k1

qr = ki1 + ko =p11 + Doy

[ do cos ng

p=PLNq (cos(nd)) ==

13



pion pair production, ete™ collider vs. UPC

. . . . . + J— .
UPC : only low invariant mass is possible e"e” collider, not effected by p resonance
L 25 UL UL T T 1 1 T T 1 T T T T T T T T 1 T UL T L L
C\lo [ I I I I I I I | 350
o C _
> [ Ful fi
% 20— p Breit-Wigner + CELLO
c I pinterference m +  Mark Il
— - . ) + Belle
> 15— o Breit-Wigner — (MM, 1 subtraction
_O,:, I S A | o interference p - ChPT, 1 subtraction
EK — N t —— GMM, 2 subtractions
T 10 - T on-resonant . ChPT, 2 subtractions
%‘ L —— = Remnant background
5 [apnar
oF = .
— _I 11 1 I 11 1 | I 11 1 | I\I\I‘TT-I—I’I—I-‘I.I—I«.I 1| I 11 1 | I 11 1 I_
8.5 08 0.9 1 1.1 1.2 1.3 0 ! L L | !
. , ‘ o pion pair invariant mass [GeV/c?] 0.4 0.6 0.8 1 1.2 1.4
STAR, Phys.Rev.C96(2017)5,054904 VE [ GeV

Conclusion: to study the polarization effect of poin pair production from yy fusion,

e*e” collider is better |

14



15



o0

M(yy = 7h17) = 2ie? [Ce(k‘l)- e(k2)

4Q2 7 T 1 3 2 2 2 2 1 2 2 2
72 (Lo + Lio) — W 5@ + m;, In® g-(Q°) + 5’”’51{ In® gr (Q7)

L -ﬁu] ,

T

_Pi—l—m

C=1+

J.BIUNENS and F. CORNET, NPB296(1988)557-568
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Yy — T[OT[O

in XPT at one loop

Y Y ¥
7.‘.O 7.‘.0 7.‘.O
7'(‘0 7.‘.0 7.[_0

M(yy —= 7°7°) = iD4e’e(kr)- e(ka),

Q? : . 1 m3
P Tonip2 Kl ] %> (H@m 9@ )) 1 (H Q_§IHQQK(Q2)>]

J.BIUNENS and F. CORNET, NPB296(1988)557-568
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Two-loop result for yy » w¥m™ in xPT

400 T T T T l T T T T I T T T T l T T T T I T T T T : : M : ‘ :j: ‘
i (1) (2) (3) (4)
ol RS (6 @0 ¢
=
| N}
.5 I (5) (6) (1) ®
O
w2
% [ (10) (11) (12)
=
i | cos(8)] < 0.6 | (13) 14 (15) (16)
0 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1
250 300 350 400 450 500
1/2 [MCV] (17) (18) (19)
One-loop is good enough for our calculation J. Gasser, M.A. Ilvanov, M.E. Sainio, Nucl. Phys. B745 (2006)
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Yy - m m"at ete” collider,1-loop, XPT

e@ cross section with linearly polarized photon:

dO‘e+ e~ —yy—nta

dag 2 2 2
d2p1¢d2p2ldy1d}f2 ) Q4 fd ki1:d“ko,0%(qr — k11 — ko )x1x9

P2
X{

2

CEIL'EQJ__ hf(Xlak%J_)hi_(X27kg_L)

°0P2 . . ..
W(ku' P,)(kas - P1)

(05 PRy PP <c+c:*>P2 A > e 120
1o 2Pk PL)? (C+C*)P2 g ) ) s )
50+ =z~ e e P hl(m,kgg (fG1, X3 ) = b (xa, K7 )
P 1 .o (C+CHPY 2 i 2 2 i 2
+[ T e AT (fxa, k3 )) — hy(xa, k7)) (f(xa, k3 ) — hi(x2,k3)))

Y. Jia, J. Zhou and YZ,
PRL.134(2025)141901
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XPT limitation: only valid at low-energy

To investigate a broader energy range, we use a

data-driven approach

20



Dipoin production at e*e™ collider, data-driven method

Ling-Yun Dai and M.R. Pennington, “Comprehensive Amplitude Analysis of yy — ntn~, 77" and
KK below 1.5 GeV”, PRD90, 036004 (2014)

e A
dQ 1282255 1T i M, (5.0.9) = e>V161 Y Fo(s)Y (6. ).

J=>0

(5,0, ) = ¢ V167TZF12 5)Y2(0, ).

isospin decomposition of the amplitudes: J>2

partial wave expansions of the amplitudes:

500 T

r .
Belle

[ ]
I— O e 2 1| e Markll+CB88
f f 400 Sol.I
) \[ vzl \[ 7 2%
(q\ 4
o -
N
j:] 0 j:] 1 A 1
100 4 i
FR(s) = %f”’ \[}"‘
0.4 0.6 0.8 1.0 1.2 1.4

m(nr) GeV




Dipoin production at e*e™ collider, data-driven method

® cross section in helicity amplitude form with linearly polarized photon:

do 1
= d%k;, d%k
d?p1.d2pg.dyrdy;  1672Q4 f e
2
X 51(ql — k11 — ko )x1%0 Reduce to collinear factorization after
. . 1
X { (ML + ML ) £y, K EGr, K3 ) > |integrating over ky 51, > S(IMy4 | + |M,_|)ff
—  cos(2¢1)Re[M, M} _]f(x2, k3 )hi(x1,k7)) Contribute to cos(2¢) azim. Assym.,
— cos(2¢2)Re[M, , M*_] f(xl,k%l)hi-(XQ,kgl) induced by linearly polarized photon,
T - - Involve the relative phase between
+ 5[ cos2g1 — g2)Mesl’ + cos 291 + g2)IM.—F| M,, and M, _
X hi(xy, k7, )hi(xa, k2 l)} — Qontribute to cos(4¢) azim. Assym.,
induced by linearly polarized photon

Y. Jia, J. Zhou and YZ,
PRL.134(2025)141901
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Numerical setup

® Center-of-mass energy: Vs = 10.58 GeV (Belle 2) and 3.77 GeV (BESIII)

e Rapidity / polar-angle coverage: |y1],|y2]| < 0.38 (consistent with |cos B <
0.6).

e Correlation cuts: |P;| > 100 MeV; integrate [g,| from O to 50 MeV.

23



Numerical results, yy » mtm™

2<C0S2¢>
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(d) (e)
Great amount of data at Belle and BESIII.

Belle and Belle 2, 1500 fb™', 4.5*10” n*n~ events

()
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e Directly extract the relative phase between M, and M, _

e Azimuthal asymmetries magnify signals, so we can

1. investigate the scope of xPT

2. study resonance structures

25



Phenomenology impact

e Directly extract the relative phase between M, and M, _

e Azimuthal asymmetries magnify signals, so we can

2. study resonance structures
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Phenomenology impact

e Directly extract the relative phase between M, and M, _

e Azimuthal asymmetries magnify signals, so we can

2. study resonance structures
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Phenomenology impact

e Directly extract the relative phase between M, and M, _

e Azimuthal asymmetries magnify signals, so we can

2. study resonance structures
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Phenomenology impact

e Directly extract the relative phase between M, and M, _

e Azimuthal asymmetries magnify signals, so we can

2. study resonance structures

||||||||||||||||||||||||

% YT
0.5¢ b [ smem - xPT one loop
1[}.5369"#’@ Belle2 04 : I—— yPT tree
0.5 Dispersion

0.3}
----- = xPT one loop

0.1 b

doldQ [nb/GeV]

0,

U.1E ' ‘

ook . . e ]
0.4 0.6 0.8 1.0 1.2 1.4

Q [GeV]



Ssummary

® Linearly polarized quasi-real photons at e*e™ colliders open a new window

on azimuthal modulations in exclusive meson pair production.

e We predicts pronounced (cos 2¢) (up to ¥40%) and (cos 40) (V6%)
asymmetries at Belle 2 and BESIII kinematics, complementary to traditional

collinear two-photon analyses.

e Experimental analyses are already underway at Belle |I; we eagerly
anticipate confrontation with data and continued collaboration to explore

these novel observables.
Thank you for your attention!
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Numerical results, yy » m¥m™
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LY
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Numerical results,
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