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Motivation 

Great expectations for New Physics at the LHC, but no direct evidence (yet?) 

Outstanding questions remain + various BSM hints (DM, neutrinos,...) 

A future e+e- collider with:  
•    clean environment  
•    fixed CM frame 
•    polarized beams 

     can cope with such a difficult scenario via processes with a photon    

A plausible scenario with dark matter candidate(s):  
•   all colored particles very heavy 
•   a few light EW particles, nearly mass-degenerate 
•   even charged states difficult to detect due to soft decay products 
•   dark matter cannot be seen directly 
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Motivation 

Processes                                    have been exploited in the past: 

•  counting neutrino families 
•  anomalous gauge couplings 
•  search for invisible states like lightest neutralino 
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e.g. previous studies: DM signal vs. neutrino background 

S.Y. Choi, T. Han, JK., K. Rolbiecki and X. Wang, PRD 92(2015)095006 3 



Motivation 

The mono-photon signature: most general way to look for DM 
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Ø  DM can be pair produced via exchange of a mediator that couples to 
electrons and DM states 

Ø  Most studies performed so far focused on heavy mediator (EFT) 
    and couplings O(1) => limits on DM production cross section  
    or mediator mass  

ILD: arXiv:2001.03011 

Our study: focus on light mediator with very small couplings to SM particles 
                and derive limits as a function of mediator mass and width 

CLIC: arXiv:2103.06006 



Outline 
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Ø  Simulating mono-photons events with Whizard 

Ø  Analysis framework 

Ø  Results 

Ø  Conclusions  

based on  
JK, W. Kotlarski, P. Sopicki, A.F. Zarnecki, EPJC80(2020)634 

JK, W. Kotlarski, K. Mękała, P. Sopicki, A.F. Żarnecki, arXiv:2107.11194 



u WHIZARD provides the ISR structure function option that includes all  
         orders of soft and soft-collinear photons as well as up to the  
         third order in high-energy collinear photons.  
u WHIZARD ISR photons are not ordinary final state photons: they 
         represent all photons radiated in the event from a given lepton line. 
u  ISR structure function does not account for hard non-collinear photons.    

Simulating photons in WHIZARD 
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u  Before assessing the discovery potential of the mono-photon processes  
    the SM background must be carefully studied   

main SM background processes 

Must avoid double-counting of ISR and hard photons emitted  
                in the same  region of phase space         

radiative neutrino pair-production                       radiative Bhabha scattering 



Merging procedure for ISR and ME photons  

u  Define for each photon  q� =
q
4E0E� sin

✓�
2
, q+ =

q
4E0E� cos

✓�
2

for events with  only one photon these variables would  correspond to 
virtualities of electron and/or positron after photon emision  

u  Only photons with large enough               can be measured in the detector q�, q+

u  ISR photons are rejected above                  and   Emin qmin

u Merging of ISR and ME  photons at               and/or    Emin q�, q+ = qmin
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JK, W. Kotlarski, P. Sopicki, 
 A.F. Zarnecki, EPJC80(2020)634 

3 Hard photons from Bhabha events
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Figure 4: Distribution of the hard photon transverse momenta for radiative neutrino pair production at
380 GeV (left) and 3 TeV (right) in WHIZARD, for different values of the merging parameter
qmin. Distributions are normalised to the number of events expected for integrated luminosity
of 1 fb�1.

per row in Fig. 5), very different distributions are obtained for the two Monte Carlo codes. The KKMC
generates events with variable number of photons. Significant fraction of neutrino pair-production events
is generated without any photon radiation but there are also events with up to 8 photons in the final state.
For WHIZARD, there are always at least two photons in the final state, corresponding to the photons
generated from ISR parametrisation for electron and positron beam. Fractions of events with two to five
photons correspond to the relative contributions of processes with zero to three photons generated on the
ME level. The ME photons generated by WHIZARD need to pass ISR-ME merging criteria and that is
why their contribution decreases faster with photon multiplicity than in the case of the KKMC.

However, after hard photon selection cuts are applied, corresponding to the expected detector accept-
ance, the multiplicity distributions obtained with WHIZARD and the KKMC are in good agreement.
Very good agreement is also observed for photon energy and transverse momentum distributions, which
are compared in Fig. 6, for neutrino pair-production at 380 GeV and 3 TeV. Total cross sections for
380 GeV samples are 3.1 pb for both generators while for 3 TeV scenario WHIZARD sample has 3.9 pb
and KKMC 4.1 pb. This confirms that the proposed simulation procedure, including ISR-ME merging
gives a proper description of the hard photon production in neutrino pair-production events.

3 Hard photons from Bhabha events

When the Bhabha process is to be considered as the background source in the mono-photon analysis, we
should not set any constraints on the final state leptons (electron or positron) on the generator level. As
they do not need to be observed in the detector, no requirement can be imposed on the minimum mo-
mentum transfer or minimum lepton scattering angle. This is the main problem in generation of Bhabha
events, as the cross section for this process diverges for low scattering angles due to the Coulomb singu-
larity. However, most of the divergencies are removed when we require a hard photon in the final state,
as described in the previous section. The only requirement which needs to be added, to remove collinear
divergencies, is the minimum angular separation between final state leptons and photons. Events with
hard photon reconstructed in the detector, accompanied by the charged lepton track can be easily rejected
in the analysis, so this cut should not result in any significant bias in the final analysis results. Angular
separation between photons and final state leptons greater than q eg

min = 1� was required for the results
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results not sensitive to 
the choice of merging 
scale   qmin



Analysis framework  

8 
Detector response simulated in the Delphes framework: 
      ILCgen  for ILC,   CLICdet extended to include BeamCal and LumiCal 

JK, W. Kotlarski, K. Mękała, P. Sopicki, A.F. Żarnecki, arXiv:2107.11194 



Analysis framework: SM background  
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CLIC 3 TeV 



Analysis framework: simplified DM model  
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 UFO model covering most popular DM scenarios   

Y 

χ

in simulations we take DM mass = 50 GeV 



Analysis framework: simplified DM model  
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Expected cross sections for                         as a function of mediator mass 

500 GeV ILC 3 TeV CLIC 

solid - luminosity spectra                   dashed - monochromatic beams 



Analysis framework:   
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Detectable hard photon emitted only in a fraction of signal events  

efficiency:   for light mediators  ~ 10-15%   
                 for heavy ones only ~ 5% events can be tagged 



Analysis framework: background vs signal  
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Results: limits on radiative cross section  
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Cross section limits 
on radiative light DM 
pair-production with  
vector mediator  

solid lines – with  
systematic uncert. 
dashes - without 

top row      Γ/Μ=0.03
bottom row Γ/Μ=0.5

 

systematic effects 
reduced for on-shell 
mediator production   



15 

combined limits including 
photon tagging efficiency 

    Γ/Μ=0.03

Results: limits on cross section  

vector mediator vector mediator 
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Results: limits on electron-mediator couplings  

vector mediator 

    Γ/Μ=0.03



Results  
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Results: limits on (electron-mediator)x(mediator-DM) couplings  

For heavy mediator exchange the DM production should not depend on 
mediator width.  This is seen when limits on the product of mediator couplings 
to electrons and DM is considered.    

for heavy mediator 
EFT approach 
  

for ILC   ~2.6 TeV (scalar)  to 5.1 TeV (V+A) 
for CLIC  ~ 6.1 TeV (scalar) to 10.1 TeV (V+A)             

The scale Λ 



v  New framework for mono-photon analysis developed 
    focus on light mediator with very small couplings to SM 
v  Systematic uncertainties taken into account following full simulation studies 
v  Mono-photon production sensitive to wide range of DM pair-production scenarios 

 
v  For heavy mediators limits from EFT analysis reproduced 
v  For light mediators limits more stringent than from direct searches  
    in SM decay channels  

Conclusions  
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•  O(1 fb) limits on the radiative production 

•  O(10 fb) limits on the DM pair-production 

•  O(10-3 – 10-2) limits on the mediator couplings to electrons up to 

     kinematic limit    

see also talk by A.F. Zarnecki:  Probing DM with ILC  
tomorrow in the parallel session on Linear Colliders at 10:30  
                       



Backup slides  
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Comparison with KK MC: photon multiplicity 
3 Hard photons from Bhabha events
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Figure 5: Distributions of the number of photons in the neutrino pair production events generated by
WHIZARD and the KKMC. Compared are multiplicities of all generated photons (upper
row) and for those remaining after hard photon selection (lower row), for collision energy of
380 GeV (left) and 3 TeV (right). Distributions are normalised to the number of events expected
for integrated luminosity of 1 fb�1.

presented in this section, see Appendix A.2 for an example of Sindarin steering file for WHIZARD.6

Shown in Tab. 5 are the cross section values for Bhabha scattering with emission of hard photons, for
different collision energies. Compared are cross sections with up to three photons generated on the ME
level (at least one of them is required to pass the hard photon selection) and the total cross section, after
the ME-ISR merging procedure (ISR rejection cuts), as described in the previous section. Contrary to
the neutrino pair-production, Bhabha scattering cross section decreases fast with the increasing collision
energy.

Compared in Tab. 6 are the radiative Bhabha scattering cross sections obtained for different merging
scales qmin, for two selected collision energies, 380 GeV and 3 TeV. As before, the contributions of
multiphoton events strongly depend on the merging scale, while the total cross section after ISR rejection
is weekly dependent on qmin. Only for qmin = 50 GeV (in particular at 380 GeV) a significant drop of
the cross section is observed, as the merging requirement becomes more restrictive than the hard photon

6 While the choice of the q eg
min value does affect the numerical results presented in Tabs. 5 and 6 (cross section after ISR

rejection changes by about 20–30% when changing the separation cut by an order of magnitude), variations in results
obtained after electron rejection cuts are marginal.
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all photons 

after hard photon  
selection 

380 GeV  3 TeV 
distributions normalised to # events expected for 1/fb  

KKMC: soft photon resummation in CEEX + exact O(Born + α 3/2 ) 
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3 Hard photons from Bhabha events
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Figure 6: Distributions of the photon energy (upper row) and transverse momentum (lower row) in the
neutrino pair production events generated by WHIZARD and the KKMC, for collision energy
of 380 GeV (left) and 3 TeV (right), after hard photon selection. Distributions are normalised
to the number of events expected for integrated luminosity of 1 fb�1.

p
s[GeV ]

Whizard-2.8 s(e+e� ! e+e�+Ng) [fb] s(e+e� ! e+e�+Ng) [fb]
after ISR rejectione+e�+ gME e+e�+2gME e+e�+3gME

240 236000 26100 1500 220000
250 224000 24900 1400 209000
380 140000 18400 1200 128000
500 100000 14600 1100 89800

1000 39800 7700 700 34400
1500 23000 5300 500 19400
3000 8800 2700 300 7200

Table 5: Cross section values for different collision energies and different multiplicities of photons in-
cluded in matrix element calculations in Bhabha events with a requirement of at least one of
the matrix elements photons to be ’hard’. Number of significant digits indicates the statistical
precision resulting from WHIZARD integration.
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Comparison with KK MC: photon  p_T 

after hard photon  
selection 

380 GeV  3 TeV 
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Simplified DM model  

5 



Results  
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systematic uncertainties:  following ILD study arXiv:2001.03011 
                                    CLIC mono-photon study arXiv:2103.06006      
 
Ø  integrated luminosity uncertainty  0.26% (ILD),  0.2% (CLIC) 

Ø  neutrino background normalisation 0.2% (th+exp) 

Ø  Bhabha background normailsation 1% (th+exp) 

Ø  uncertainty on beam polarisation 0.02-0.08% (ILD), 0.2% (CLIC) 

Ø  luminosity spectra shape uncertainty 
 
 
     nuisance parameters in the model fit: 11  (ILD H-20 secnario),    7 (CLIC)   

Limits on production cross sections calculated with CLS using RooFit v3.60  
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Simplified DM model  


