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Abstract 
 
The dynamics of quasi-particles in non-equilibrium states of matter reveal the underlying 
microscopic coupling between electronic, spin and vibrational degrees of freedom. We aim 
for a quantum-state-resolved picture of coupling on the level of quasi-particle self-energies, 
which goes beyond established ensemble-average descriptions, and which requires ultrafast 
momentum-resolving techniques. Electronic and excitonic excitations are measured with 
time- and angle-resolved photoemission spectroscopy (trARPES). While (tr)ARPES data is 
traditionally interpreted in a single-particle band-structure picture, we developed approaches 
to access the key properties of many-body states with multidimensional photoemission 
spectroscopy. I will exemplify these approaches for excitons in transition metal 
dichalcogenide semiconductors [1] and van der Waals heterostructures. TrARPES can  
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reveal all key properties of the excitons like binding energy, exciton-phonon coupling, and 
the real-space distribution of the many-body wave functions through the Fourier transform of 
the photoelectrons’ momentum distribution. In addition, we investigated the singlet-exciton-
fission process in the molecular crystal pentacene and revealed the hybrid-orbital character 
of the singlet state as well as the disputed mechanism of the fission process [2].  
 
The complementary view of ultrafast phonon dynamics is obtained through femtosecond 
electron diffraction. The elastic and inelastic scattering signal reveals the temporal evolution 
of vibrational excitation of the lattice and momentum-resolved information of transient 
phonon populations generated by electron- and exciton-phonon coupling in inorganic and 
organic semiconductors [3,4,5]. 
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