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Scattering of light-by-light: Scattering of light-by-light:       →→      
■  Elastic two-photon collision = fundamental quantum-mechanical 
    process which remains experimentally unobserved so far.

(Only similar Delbrück scattering,

γ deflection in nucleus Coulomb field,

observed so far in the lab):~ O(α4)
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Scattering of light-by-light: Scattering of light-by-light:       →→      
■  Elastic two-photon collision = fundamental quantum-mechanical 
    process which remains experimentally unobserved so far.

~ O(α4)

Loop contains virtual charged

particles (q,ℓ,W) from the SM.

+ New ch. particles (sparticles, 

monopoles, unparticles,...)?

+ Low-scale gravity effects?

+ non-conmutative interactions ?
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Scattering of light-by-light: Scattering of light-by-light:       →→      
■  Elastic two-photon collision = fundamental quantum-mechanical 
    process which remains experimentally unobserved so far.

~ O(α4)

■  Experimental approaches proposed:

   - Compton-backscattered photons against laser photons.
   - Collisions of photons from microwave waveguides, cavities, 
      high-power lasers.
   - Collisions at photon colliders (via Compton-backscattering 
     laser-light off e beams).

■  How about using UPC collisions from p,Pb beams at the LHC?

Loop contains virtual charged

particles (q,ℓ,W) from the SM.

+ New ch. particles (sparticles, 

monopoles, unparticles,...)?

+ Low-scale gravity effects?

+ non-conmutative interactions ?
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Photon-induced collisions at the LHCPhoton-induced collisions at the LHC

 ■  Quasi-real photons (coherence):

 ■  Maximum  energies (LHC): 

■  HE ions generate strong EM fields from coherent emission of Z=82 p's:

Q ~ 1/R
 
~ 0.06 GeV (Pb), 0.28 GeV (p)

==

■ Electromagnetic ultra-peripheral collisions (UPC): b
min

>R
A
+R

B

Photon luminosities 
increase as ∝log3(√s)

 ■  Beam-energy dependence:

 ■  Huge photon fluxes: 
     ( -) ~ Z4 (~5·107 for PbPb) 
                   larger than p,e±

~ 80 GeV (Pb), ~ 2.5 TeV (p)
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Theoretical setupTheoretical setup
■  MadGraph v5.0 MC event generator.

■  Equivalent photon approximation:

■  Photon fluxes:  

A:

p:  Budnev et al. elastic FF [Phys. Rep. 15 (1975)181]

■  Elementary NLO (  → ) from 
    Bern et al. [JHEP 11 (2001) 031]

We use:

 ➜ Simpler LO expression: since
   NLO/LO<1.1 & gap survival factor
   S2~0.9–1.0.

 ➜ Just q,lepton loops (W only relevant 
    for very-high  masses)

 ➜ m>5 GeV (above hadronic loops)
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          x-sections in p-p, p-Pb, Pb-Pbx-sections in p-p, p-Pb, Pb-Pb

■  LbyL continuum computed for m>5 GeV: 

    - Above 0,, ... 
c
(3.5-3.9 GeV) di- decays.

    - Experimental trigger E>2.5 GeV 

■  LbyL x-sections:

Z4 factor enhances significantly

the cross-section for Pb-Pb

compared to p-Pb and p-p !
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Expected Expected            signal yieldssignal yields

 ■  Experimental setup (Atlas,CMS):
     - EMCal ||<2.5 for photons (with tracking, to remove  →e+e-)
     - rapgap)~10 for exclusivity requirement

     - ZDCs: to veto neutral fragments from diffractive/CEP/|P processes
 ■  Acceptance & efficiency losses:
     - Acc~0.5 (p-p,p-Pb), 0.85 (Pb-Pb, softer EPA: more central )

     - Eff~0.8 (standard  reco & id)

 ■  Luminosities:
     - Full p-Pb, Pb-Pb lumis (with negligible pileup)
     - 1 fb-1 for p-p (1% of L

int
, at possibly low pileup)

 ■  Total number of  pairs/year:
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CEP background to CEP background to           
 ■ Experimental signal signature: 
    2 isolated photons (E>2.5 GeV) & ~5 rap-gaps

 ■ Backgrounds: Central-Exclusive (|P|P, |P di- final-states have lower 
vis

)

 ■ SuperCHIC (KMR): 
CEP gg-~ 10–20 pb (x3,x1/3 uncertainties: PDF, S2)

    Reducible by factor of x1/35 by imposing p
Tmin

 & acoplanarity cuts: 

    d/dt~e-bt, b() << b(|P|P):

 ■ Signal/Background:  (LbyL)/(CEP) ~ 1/50 (p-p), 1 (p-Pb), 4 (Pb-Pb)

(2) 

     (Note: no GDR excitation in EM p-nucleus interactions)

(3) Coherence: d/dt~e-bt, b() << b(|P|P): p
T
()<0.1 GeV/c

Pb,p Pb,p

Pb,pPb,p

~ xG4

   [Other CEP  final-states: 00,~1–100 pb, but negligible after BR &  accept.]

+ZDC cuts possible for any diffractive remainders in PbPb (Pb fragile:8 MeV/nucleon)

pp, 7 TeV

pp, 1.96 TeV
_
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QED background to QED background to           

 ■ Experimental signal signature: 
    2 isolated photons (E>2.5 GeV) & ~5 rap-gaps

 ■ Backgrounds: QED e+e- (misidentified by 's)

 ■ Reduction factor = 2.5e+6:

■ Signal/Background:     (LbyL)/(QED) ~ 3 (Pb-Pb)

Pb,p Pb,p

Pb,pPb,p

e+

e-

()

()


QED PbPb-ee
 (m> 5GeV)~ 5 mb

Additional cuts (e.g. acollinearity) possible for extra bckgds, e.g. gg-> 

(Starlight)

    Acceptance( central)=10% 

    f(e- misid')2 ~ (0.5%)2 
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Final result: diphoton mass distributionFinal result: diphoton mass distribution

■  Combination of LbyL signal + CEP & QED backgrounds after cuts
    Pb-Pb at 5.5 TeV (1 nb-1):

■  LbyL signal clearly observable over backgrounds (esp. high m)

N ~ 18

N
CEP ~ 9

N
QED-ee

 ~ 8
(yields stacked)

Significance:

S/√B~4.4
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ConclusionConclusion
■ Elastic light-by-light scattering observable in UPC at the LHC

■ Cross sections (EPA, MadGraph, Bern et al.): 
   ( →) ~ 12 fb, 26 pb, 35 nb. Rates: 3, 2, 18 pairs/year
   Pb-Pb preferred: Maximum rates, minimum backgds (also no pileup)

■ LbyL signal clearly observable (S/√B~4.4) over CEP/QED backgds.

 ➜ First observation of such a fundamental QM process in the lab ?

    pp,pPb,PbPb →  → p(Pb)   p(Pb) at √s = 5.5 – 14 TeV
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Back-up slidesBack-up slides
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