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Photon�Photon Physics
A brief survey
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σ(γγ → γγ) ∼ α4s3

m8
�

from QED box graph.

Derive from Dimension-8 Euler-Heisenberg

Effective Lagrangian

LEH ∼
α2F4μν
m4
�

Remarkable Idea: Scatter Light on Light

Light-by-Light Scattering (sγγ � 4m2
� ):

Extremely small rate in 
optical regime Serbo et al.

Tested in g�2 of electron and muon Aldins, Dufner, Kinoshita, SJB
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Photon�Photon Scattering in QED

Resonant Light-by-Light Scattering
(sγγ = 4m2

� − 4mεn)

σ(γγ → [�+�−]n → γγ) ∼ Γ2n
(s−M2

n)
2+M2

nΓ
2
n

C = + states:
positronium [e+e−], true muonium [μ+μ−],
true tauonium [τ+τ−]

Threshold Domain Small relative velocity v

(sγγ � 4m2
� ): σ(γγ → �+�−) ∼ πα2v

m2
�

× [1 + πα
v ]

Sommerfeld-Schwinger domain – analytically
connected to Bohr spectrum

Subthreshold Light-by-Light Scattering
(sγγ � 4m2

� ):
σ(γγ → γγ) ∼ α4s3

m8
�

from QED box graph.

Bjorken



Stan Brodsky,  SLAC
Photon�Photon CollisionsPHOTON05

8�31�05 4

Single pair production (sγγ � 4m2
� ):

σ(γγ → �+�−) ∼ πα2

s log s
m2
�

spin-12 exchange

Double pair production (sγγ � 16m2
� ):

Photon�Photon Scattering in QED

γ
σ(γγ → �+�−�+�−) ∼ α4

m2
�

spin-1 exchange

First observed at Novosibirsk, Frascati
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Features of γγ Collisions

• Collisions of gauge fields

• Direct coupling to fundamental currents

•Window to full spectrum of C = + hadronic

states

• No restriction on JP

• Analog of meson-meson collisions
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Remarkable Features of Photon-Photon

Annihilation

•Measure in double-tagged electron-positron
collisions e+e− → e+e−X

• σ(γ∗γ∗ → X)(s, q21, q
2
2)

• Vary photon energy, virtuality, and polar-

ization: longitudinal, transverse, linear (con-

trolled by electron scattering plane)
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Two�Photon Collisions from Double 
Equivalent Photon Approximation

DGLAP kernel
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Photon�Photon Fusion: Remarkable laboratory for testing 
QCD

• C = + Resonances

• Heavy Quarkonium

• Photon�to�Meson Transition Form Factors

• Exclusive Two�Photon Reactions

• Timelike Compton Reactions

• Hard QCD Jets

• Photon Structure Function

• Nature of Pomeron and Odderon



Stan Brodsky,  SLAC
Photon�Photon CollisionsPHOTON05

8�31�05 9



Stan Brodsky,  SLAC
Photon�Photon CollisionsPHOTON05

8�31�05 10

 

Roglioni, Pennington
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g ,

Discovery of ηc(2
1S0) — The radial excitation of the singlet |cc̄ >g.s.

• The ηc(21S0) or η′c is known to be bound, somewhere below the triplet state

ψ(23S1) or ψ
′ which has a mass of 3686.11± 0.03 MeV.

• In 1982 the Crystal Ball reported observation of a weak, 91± 5 MeV transition in

the inclusive photon spectrum from the decay of ψ(2S), and claimed [2]

M(η′c) = 3594± 5 MeV.

• Several subsequent attempts, pp̄ (E760[3]/E835[4]), γγ fusion, (DELPHI[5],
L3[6]), inclusive photon (CLEO[7]), to find η′c were unsuccessful.

Prior to 2002 all editions of PDG dropped η′c from their meson summary.

• Most potential model calculations predicted M(η′c) = 3594− 3626 MeV.

So, where is η′c?

Northwestern University 6 K. K. Seth
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The Discovery of η′c(2
1S0)

The breakthrough came, of all the places, from the observation of η′c in B decays by Belle. It was

followed by its observation in γγ fusion at CLEO and BaBar.

(in MeV) M(η′c(2S)) Γ(η′c(2S)) events (reaction)

Belle(2002) [8] 3654± 10 < 55 39± 11 (B → K(KSKπ))

CLEO(2004) [9] 3642.9± 3.4 6.3± 14.1 61± 15 (γγ→KSKπ)

BaBar(2004) [10] 3630.8± 3.5 17.0± 8.7 112± 24 (γγ → KSKπ)

BaBar(2005) [11] 3645.0± 5.5 22± 14 121± 27 (e+e− → J/ψ(cc̄))

Belle(2005)∗ [12] 3636± 9 311± 42 (e+e− → J/ψ(cc̄))

*Both ηc and χc0 masses in this measurement were obtained ∼ 10 MeV lower than their known values. With apologies

I have therefore arbitrarily increased the η′c mass reported by Belle by 10 MeV in the above table.

• New measurements are being made, but M(η′c) is still not firmly anchored. The present weighted

average is M(η′c) = 3638.7± 2.0 MeV.

• This leads to the hyperfine splitting

ΔMhf(2S) = 3686.1− 3638.7 = 47.4± 2.0 MeV.

Recall that, ΔMhf(1S) = 3097− 2980 = 117± 1 MeV.

Explaining this large difference is a challenge for theorists.

• Width of η′c is essentially unmeasured so far.

• LOTS REMAINS TO BE DONE ABOUT η′

c(2
1S0).

Northwestern University 7 K. K. Seth
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The Discovery of η′c(2
1S0)

CLEO II+III: 27 fb−1 (γγ → KSKπ)
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BaBar: 86 fb−1 (γγ → KSKπ)
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The Three States of Belle, X, Y, Z, at ∼ 3940 MeV: Z(3931)

e+e− → e+e−(γγ), γγ → DD̄

M(Z)=3931± 4± 2 MeV, significance=5.5σ

Γ(Z)=20± 8± 3 MeV

Γγγ × B(→ DD̄) = 0.23± 0.06± 0.04 keV

M(MeV) Γ(MeV) Formed in Decays in not in suggests

X 3943± 6± 6 15± 10 e+e− → J/ψ(cc̄) D∗D DD, ωJ/ψ ?

Y 3943± 11± 13 87± 22 B → K(ωJ/ψ) ωJ/ψ D∗D(?) cc̄ hybrid?

Z 3931± 4± 2 20± 8± 3 γγ fusion DD χ′c2(2
3P2)

Z(3931) observed in two photon fusion

χ′2(2
3P2).Candidate for 

charmonium state
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Inclusive Charm Production
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γγ Processes

• Direct coupling of real photons to high pt
jets

σ(γγ → qq) ∼ πα2

p2T

Rγγ =
σ(γγ→qq)

σ(γγ→μ+μ−) = NC ×∑
q e
4
q



Stan Brodsky,  SLAC
Photon�Photon CollisionsPHOTON05

8�31�05 18

A.L. StoneInclusive Charm Production
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Open Bottom and Charm Production L3

TWO PHOTON PROCESSES AT VERY HIGH-ENERGIES.

By J.A.M. Vermaseren (NIKHEF, Amsterdam),. NIKHEF-H/82-15, Jul 

1982. 44pp. 

Published in Nucl.Phys.B229:347,1983

MEASUREMENT OF THE CROSS SECTION FOR OPEN-

BEAUTY PRODUCTION IN PHOTON-PHOTON COLLISIONS 

AT LEP.

By L3 Collaboration (P. Achard et al.). CERN-PH-EP-2005-007, Feb 

2005. 16pp. 

Published in Phys.Lett.B619:71-81,2005

e-Print Archive: hep-ex/0507041
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• Typical cross sections measureable in γγ, eγ, ee
collisions Ref: E. Boos, et al., hep/ph-1003090
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Two�Photon Collisions in the Standard Model

P.M. Zerwas and SJB
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in the Standard Model
Illustrations of  High�Energy Two�Photon Collisions
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Higgs Production at a Photon Collider



Stan Brodsky,  SLAC
Photon�Photon CollisionsPHOTON05

8�31�05 25

Number of Events per year for γγ → H for

various final states and QCD backgrounds Leff = 20nb−1

P.M. Zerwas and SJB

Higgs Production at a Photon Collider
√
see = 500 GeV

Backscattered laser bea
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Standard Model contributions to the reac-

tion

γγ → Z0Z0

including ghost c∗ and scalar w contributions

in the nonlinear background gauge.
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Early History of Photon�Photon 
Collisions

• Surprisingly large e+ e� hadronic cross sections observed at 
CEA by BOLD detector in 1969, increasing with cm energy.  

• Speculations by Richter on new hadronic physics of electron!

• Kinoshita and SJB at Cornell Faculty Club 1969

• Cross section for e+ e�        e+ e� X logarithmically increasing 
with electron�positron energy

• BOLD detector did not measure �nal state energy.

• Maybe Two�Photon Collisions
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At the time, there were already many what-proved-to-be wrong papers trying to interpret the electron–positron 
experiments, and the SLAC experiment leader, Burt Richter, was touring the country explaining that he had made the 
monumental discovery that the electron was actually a little hadron, i.e., a strongly interacting particle like the proton, only
much smaller in diameter. (This discovery, or at least the same experimental results, had been observed a few years earlier 
at the Cambridge Electron Accelerator, a joint Harvard–MIT venture. But no one believed it, and the machine was 
decommissioned.) 

H. David Politzer – Nobel Lecture

The Dilemma of Attribution

H. David Politzer held his  Nobel Lecture December 8, 2004, at Aula Magna, Stockholm  University.
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From the psi to charm: The 
experiments of 1975 and 1976

Burton Richter 

Stanford Linear Accelerator 
Center, Stanford University, 
Stanford, California 94305

Rev. Mod. Phys. 49, 251–266 (1977)

Charm Production not 
Photon�Photon 

Collisions!
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Independent Theoretical Physics Studies of 
Two�Photon Processes, especially Novosibirsk 

•APPLICABILITY OF THE WEIZSAECKER-WILLIAMS APPROXIMATION FOR TWO-PHOTON PARTICLE 

PRODUCTION. (In Russian)

By V.M. Budnev, I.F. Ginzburg, G.V. Meledin, V.G. Serbo. 1972. 

Published in Yad.Fiz.16:362-366,1972

•HADRON PRODUCTION BY HIGH ENERGY ELECTRON COLLIDING BEAMS.

By V.M. Budnev, I.F. Ginzburg (Sobolev IM, Novosibirsk),. 1972. 

Published in Phys.Lett.B37:320-325,1971

•INVESTIGATION OF HIGH-ENERGY GAMMA GAMMA SCATTERING WITH COLLIDING ELECTRON 

BEAMS. KINEMATICS AND ESTIMATES OF THE CROSS SECTIONS. (In Russian)

By V.M. Budnev, I.F. Ginsburg. 1971. 

Published in Yad.Fiz.13:353-362,1971

•V.E. Balakin, V.M. Budnev and I.F. Ginzburg JETP Letters (USSR) 11 (1970), p. 559. Abstract-INSPEC

V.M. Budnev and I.F. Ginzburg Yad. Fiz. 13 (1971), p. 353. Abstract-INSPEC

•PHOTON-PHOTON COLLISIONS, A NEW AREA OF EXPERIMENTAL INVESTIGATION IN

HIGH-ENERGY PHYSICS.

By N. Arteaga-Romerog , A. Jaccar ini , P. Kessler (College de Franceg ) , J . Par is i . 1971. 10pp.

Publ ished in Phys.Rev.D3:1569-1579,1971

•TWO PHOTON PROCESSES IN COLLIDING BEAM EXPERIMENTS.

By C.E. Carlson (Chicago U., EFI), Wu-Ki Tung (Chicago U., EFI & Chicago U.),. 1971. 11pp. 

Published in Phys.Rev.D4:2873-2884,1971, Erratum-ibid.D6:402,1972

THE TWO PHOTON PARTICLE PRODUCTION MECHANISM. PHYSICAL PROBLEMS. APPLICATIONS. EQUIVALENT PHOTON 

APPROXIMATION.

By V.M. Budnev, I.F. Ginzburg, G.V. Meledin, V.G. Serbo (Sobolev IM, Novosibirsk),. 1974. 101pp. 

Published in Phys.Rept.15:181-281,1974
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Early Two�Photon Papers

•PRODUCTION OF ELECTRONS AND POSITRONS BY A COLLISION OF TWO PARTICLES.

By L.D. Landau, E.M. Lifschitz. 1934. 

Published in Phys.Z.Sowjetunion 6:244,1934

•PROPOSAL FOR MEASURING THE PI0 LIFETIME BY PI- PRODUCTION IN ELECTRON ELECTRON OR ELECTRON - POSITRON 

COLLISIONS.

By F.E. Low (MIT, LNS),. Jun 1960. 

Published in Phys.Rev.120:582-583,1960

•TWO - PHOTON CROSS-SECTION FOR W - PAIR PRODUCTION BY COLLIDING BEAMS.

By Peter D. Pesic (SLAC),. SLAC-PUB-1188, Feb 1973. 21pp. 

Published in Phys.Rev.D8:945,1973

•A METHOD FOR MEASURING THE PHOTON - PHOTON TOTAL CROSS-SECTION.

By Leo Stodolsky (SLAC),. SLAC-PUB-0825, Oct 1970. 11pp. 

Published in Phys.Rev.Lett.26:404,1971

35
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Pomeron component

Reggeon component

Total Two�Photon Annihilation Cross Section
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• Remarkable test of BFKL hard pomeron

dynamics at s � −q21,−q22

• Collisions of QCD color dipoles of variable

transverse size

• Exclusive double-diffractive vector meson

production σ(γ∗γ∗ → V V )(s, q21, q
2
2, t1, t2)

• Singly diffractive vector meson production
σ(γ∗γ∗ → XV )(s, q21, q

2
2, t)
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BFKL 
intercept 
stabilized 
at NLO 
by BLM
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L3 data

*

BFKL Analysis: 
 Enberg, Wallon
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Photon�to�Meson Transition Form Factors

Simplest hadron form factor in QCD

Phys.Rev.D22:2157,1980

Phys.Rev.D24:1808,1981

G. P. Lepage, SJB

Measure in e−e+ → e−e+π0
single tagged virtual photon

Zerwas,Walsh
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Assumes

φπ(x,Q) = φasymptotic
π (x) =

√
3fπ x(1− x)

• PQCD prediction at NLO

Q2Fγ→π(Q
2) = 2fπ [1− 5

3π

αV (e
−3Q2)
π

]

Lepage, sjb 

Radyushkin, Braaten, 
Chase 

CLEO, Savinov et al.
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 PHOTON-MESON TRANSITION FORM-FACTORS OF LIGHT PSEUDOSCALAR MESONS.

Bo-Wen Xiao Bo-Qiang Ma

Phys.Rev.D71:014034,2005
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 PHOTON-MESON TRANSITION FORM-FACTORS OF LIGHT PSEUDOSCALAR MESONS.

Bo-Wen Xiao Bo-Qiang Ma

Phys.Rev.D71:014034,2005
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�A → JetJetA′

��
qq̄(x,�k⊥)

x

Di�ractive Dissociation of a 
Pion into Dijets

• E789 Fermilab Experiment 
Ashery et al

• 500 GeV pions collide on 
nuclei keeping it intact

• Measure momentum of two 
jets

• Study momentum distributions 
of pion LF wavefunction
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M � A, � � A2

�(x,k⊥) � x(1 − x)

AdS/CFT  
Holographic Model

54

Di�ractive Dissociation of 
Pion into Di�Jets

• Verify Color Transparency 

• Pion Interacts coherently on 
each nucleon of nucleus !

• Pion Distribution similar to 
Asymptotic Form

• Scaling in transverse momentum 
consistent with PQCD

Transverse Lattice  Lattice Gauge 
Theory Moments

SachrajdaDalley, Burkardtde Teramond, SJB

Consistent with:
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x

G. de Teramond & Sjb 

00.20.40.60.81

1

2
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0
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0.75

1

0

Figure 1: Ground state light-front wavefunction in impact space ψ(x, b) for a two-
parton state in a holographic QCD model for n = 2, � = 0, k = 1.

Holographic  
LFWF AdS/CFT

ζ = b
√
x(1− x)

z → ζ

ζ
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PQCD and Exclusive Processes

• Iterate kernel of LFWFs when at high virtuality; distribution
amplitude contains all physics below factorization scale

• Rigorous Factorization Formulae: Leading twist

• Underly Exclusive B�decay analyses

• Distribution amplitude: gauge invariant, OPE, evolution 
equations, conformal expansions

• BLM scale setting: sum nonconformal contributions in scale 
of running coupling

• Derive Dimensional Counting Rules/ Conformal Scaling

M =
∫ ∏

dxidyiφF (x, Q̃)×TH(xi, yi, Q̃)φI(yi,Q)

G.P. Lepage, sjb
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�

�

q

x, k�F		'  (Q
2)  =  �

   Form Factors  ����p���������' p'
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x3

��

�
�s

Q
f (xi, yi,)

2

4

+  ...

Scaling  Laws from PQCD or 
AdS/CFT

QCD  Factorization 
Lepage, Sjb

Efremov 
Radyushkin
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Proton timelike form factor. Kaon timelike form factor.

Q2|FK(13.48 GeV
2)| = 0.85± 0.05(stat)± 0.02(syst) GeV2

Q4|Gp
M(13.48 GeV

2)| = 2.54± 0.36(stat)± 0.16(syst) GeV4

The proton magnetic form factor result agrees with that measured in the reverse

reaction pp̄→ e+e− at Fermilab. The kaon form factor measurement is the first

ever direct measurement at |Q2| > 4 GeV2.

Northwestern University 16 K. K. Seth

New results from CLEO
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Two�Photon Exclusive Amplitudes

Lepage, SJB
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Fig. 5. Cross section for (a) γγ→π+π−, (b) γγ→K+K− in the c.m. angular region
|cos θ∗| < 0.6 together with a W−6 dependence line derived from the fit of s|RM |.
(c) shows the cross section ratio. The solid line is the result of the fit for the data
above 3 GeV. The errors indicated by short ticks are statistical only.

PQCD, AdS/CFT:
��(��→ �+�−,K+,K−)∼ 1/W 6

|cos(�CM)|< 0.6

Hard Exclusive Processes:
 Fixed angle
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Measurement of the γγ → π+π− and

γγ → K+K− processes
at energies of 2.4–4.1GeV

Belle Collaboration
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Fig. 4. Angular dependence of the cross section, σ−10 dσ/d|cos θ∗|, for
the π+π−(closed circles) and K+K−(open circles) processes. The curves are
1.227 × sin−4 θ∗. The errors are statistical only.

dσ

d|cos θ∗|(γγ →M+M−) ≈ 16πα
2

s

|FM(s)|2
sin4 θ∗

,PQCD:
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Two Regimes
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Critical Test of PQCD vs. “Handbag”

��(��→ �0�0)
��(��→ �+�−)

Handbag model (Diehl, Kroll et al ) neglects
e1× e2 cross terms

sjb, gpl

�� Equal charged and neutral rate
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Common Ingredients:  
Universal LFWFS, Distribution Amplitudes
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Meson Distribution Amplitudes and Exclusive B decays
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PROTON ANTI-PROTON PAIR PRODUCTION IN TWO PHOTON COLLISIONS AT LEP.

By L3 Collaboration (P. Achard et al.). CERN-EP-2003-014, Mar 2003. 17pp. 

Published in Phys.Lett.B571:11-20,2003

e-Print Archive: hep-ex/0306017

Normalization: Large uncertainties
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Normalization of Hard Exclusive
Amplitudes in PQCD

• Decay constant fN of nucleon unknown

• Running QCD coupling evalated at small scales 

• Non�Abelian ggg coupling at higher orders

dσ
dt (γγ → BB)
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The Photon Structure Function
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BKT: Assume Bjorken Scaling 
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Ed Witten:  Inhomogeneous Evolution Equation 
for the Photon Structure Function
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Measurement of the Photon Structure Function Fγ
2

with the L3 Detector at LEP

CERN-PH-EP/2005-004
February 15, 2005L3 Collaboration
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Figure 7: Evolution of the photon structure function F γ
2 /α as a function of Q2 for two x

intervals. The results of a fit to the data of the function a+ b(lnQ2/ GeV2) are shown together
with the predictions of the higher-order parton density functions GRV and CJK as well as the
leading-order predictions of GRV.
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Measurement of the Photon Structure Function Fγ
2

with the L3 Detector at LEP

CERN-PH-EP/2005-004
February 15, 2005L3 Collaboration
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Figure 6: The photon structure function F γ
2 /α as a function of x for the three Q2 intervals,

with statistical and systematic uncertainties. The former are indicated by the inner error bars.
The new data are presented together with the previous results at

√
s = 183 GeV [6]. The

predictions of the higher-order parton density functions GRV and CJK are shown as well as
the leading-order predictions of the GRV. The changes in slope of the CJK predictions are due
to the c-quark threshold. The QPM predictions for γγ → qq̄ are also shown.
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Study E�ects of Final�State Interactions in 
Deep Inelastic Scattering on a Photon Target

• Leading Twist Single�Spin Asymmetry:    
�Photonic Sivers E�ect�

• Bjorken�Scaling Di�ractive Contribution to the 
Photon Structure Function Hoyer, Marchal,Peigne, Sannino, sjb

Hwang, Sivers, sjb; Collins
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11-2001 
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�Sp ·�q×�pq

Replace by photon!
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�S ·�p jet ×�q

• Bjorken Scaling!

• Arises from Interference of Final State Coulomb Phase in S and P waves

• Orbital Angular Momentum in Photon!

• Relate to the quark contribution to the analog of the anomalous magnetic
moment

• Sum of Sivers Functions for all quarks and gluons vanishes. �Zero gravito�
anomalous magnetic moment   

Final State Interactions Produce 
T�Odd  �Sivers E�ect�

Photon polarization from polarized electron
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QCD Mechanism for Rapidity Gaps
Wilson Line: �(y)

Z y

0
dx eiA(x)·dx �(0)

Produces Di�ractive DIS at HERA
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Feynman Gauge Light�Cone Gauge

Result is Gauge Independent

Final State Interactions in QCD

Measure in γ∗γ → XV 0
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ZEUS
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DESY 05-011 hep-ex/0501060 January 2005 
Study of deep inelastic inclusive and diffractive scattering with the ZEUS forward plug calorimeter 

ZEUS Collaboration 

�tot � s�tot−1

�di f f � s2�di f f−2

No factorization of hard pomeron

S. J. Brodsky, P. Hoyer, N. Marchal, S. Peigne
and F. Sannino, Phys. Rev. D 65, 114025 (2002)
[arXiv:hep-ph/0104291].
S. J. Brodsky, R. Enberg, P. Hoyer and G. Ingel-
man, arXiv:hep-ph/0409119.
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QCD Mechanism for Rapidity Gaps

Wilson Line: �(y)
Z y

0
dx eiA(x)·dx �(0)

γ V

γ∗γ → XV 0

Di�ractive 
DIS on a 
Photon 
Target
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Schmidt, Rizzo, sjb

Location of Zero Measures W anomalous moment
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Photon�Photon Collisions

• Remarkably Sensitive Tests of QCD: Hard Pomeron, Odderon, Hard 
Exclusive Reactions, Distribution Amplitudes, Photon�to�Meson Transition 
Form Factors, Double Distribution Amplitudes, Timelike Compton, Hard 
QCD Jets, C=+ Resonances, Jets, Top Production, Quark charge�cube test, 
Photon Structure Function, Novel Final�State Interaction E�ects, Heavy 
Quarkonium

• Higgs and Electroweak Boson Production, W anomalous moment in photon�
electron collisions

• SUSY, beyond the Standard Model Photon Structure Function

• Peripheral Heavy Ion Collisions

• Essential part of ILC!


