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Central detector (CD):

Main goal: Neutrino Mass Ordering determination with reactor  

Main requirement: Excellent energy resolution (~3% @ 1 MeV)
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Proxies for event reconstruction in liquid scintillator detector: 

• Collected charge distribution (Qi) 

• Hit time after time-of-flight correction (residual time tres)

ToFi =
| r event − r PMT |

vg(n(λ))

The JUNO detector [1] Methods and challenges
20 kton of liquid scintillator (LAB) 

~43000 PMTs (~78% photocoverage)

Reconstruction approaches Performance
VTREP: look for  where tres distribution is sharpest (by exponential 
weighting in the time domain) within  ns around the peak (mitigate dark noise 
and light propagation effects) [2] 

JVertex: maximum-likelihood estimation with first hit times (Dynode PMTs only) [3] 

 

OMILREC: combined time and charge maximum-likelihood estimation [4]
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Data driven PDFs from calibration data according to detected photon multiplicity
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(a) 0 m3 < r3 < 1000 m3 (b) 4500 m3 < r3 < 4550 m3

Fig. 5. The shape of time PDFs at different positions. The time PDF of total reflection region is different from that of central region and they
becomes wider as d increase.

The radial bias and resolution are defined as the mean and
sigma of the Gaussian fit of the rrec�redep distribution, respec-
tively. Energy uniformity represents the consistency of the re-
constructed energy of identical particles generated at different
positions, which is assessed by the deviation of the average
reconstructed energies of mono-energetic positrons within
different small volumes (⇠ 10 m3) of the detector [11]. The
reconstructed energy of mono-energetic positrons will be fit-
ted with a Gaussian function (Ērec,�Erec). The energy res-
olution is then defined as �Erec/Ērec. The default fiducial
volume condition is rrec < 17.2 m.

A. Charge based maximum likelihood estimation

Ref. [11] presented the basic strategy for energy recon-
struction, a likelihood function was constructed using the ex-
pected nPE µ = µ̂L ⇥ Evis and observed charge for each
PMT, by maximizing the likelihood function one could obtain
the reconstructed energy. However the expected nPE for each
PMT strongly depends on the positron vertex, as indicated by
Eqn. 1. In Ref. [11] the vertex was assumed to be known, but
in real data, it needs to be reconstructed as well. Thus one
could simultaneously reconstruct the vertex and energy using
a likelihood function similar to that in Ref. [11].

This likelihood function utilizes only the charge informa-
tion of PMTs and is referred to as charge-based maximum
likelihood estimation (QMLE). It is constructed as Eqn. 15,
which is the product of the probabilities of observing a charge
of qi when the expected nPE is µi for the i-th PMT.
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here µi = Evis ⇥ µ̂L
i + µD

i and P (k, µi) is the Poisson prob-
ability for detecting k photoelectrons. PQ(qi|k) is the charge
PDF of k photoelectrons that can be constructed by convolv-
ing the single photoelectron charge spectrum (SPES). Indices

j and i run over all the "unfired" and "fired" PMTs respec-
tively, with the PMT firing threshold of q > 0.1 p.e. its con-
straint power dramatically decreases for positrons in the cen-
tral region of the CD. This has been shown in Ref. [10, 13]
and could also be seen in the bottom left plot of Fig. 7, where
the vertex resolution in the central region is much worse with
respect to that in the border region. Moreover, the vertex bias
of QMLE is large in the top left plot of Fig. 7. Inaccurate ver-
tex will degrade the energy resolution for the simultaneous
reconstruction.

B. Time based maximum likelihood estimation

The event vertex could be strongly constrained by the time
information of PMTs. Similar to Ref. [10], a likelihood func-
tion could be constructed using the first hit time of PMTs and
the more accurate and realistic time PDF PT from Eqn. 14.
This likelihood function uses only the PMT time information
and is referred to as time-based maximum likelihood estima-
tion (TMLE). It can be constructed as Eqn. 16, which is the
product of the probabilities of observing a residual time of
ti,r when the expected ttof is d/(c/neff ) for the i-th PMT.
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here "T � valid" hit refers to those hits satisfing �100 <
ti,r < 500 ns and 0.1 p.e. < qfi < K = 20 p.e. The def-
inition range of the residual time PDF is (-100, 500) ns. qf

stands for the total charge within the full electronic readout
window. A cutoff value K is set for the detected nPE k to
simplify the calculation. TMLE takes the reconstructed ver-
tex and energy from QMLE as initial values and only updates
the reconstructed vertex. Note that the reference time t0 is
also a free parameter in the reconstruction. As shown in Fig. 7

Data driven PDFs from calibration data along central axis
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Validation with dedicated calibration campaigns 
along the detector central axis
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nEff tuned to minimize light propagation 
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Addittional correction for  light 
propagation effects in VTREP
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Photons don’t travel following a simple straight line  
because of the following effects: 

Absorption and reemission, and Rayleigh scattering 

!

This must be taken into account with effective parameters

Effective refractive index (nEff)

ToF data-driven correction

Detector center TIR region (R > 15 m)

arrival time at PMT time-of-flight trigger time

Vertex reconstruction in JUNO is validated by three independent 
methods, showing stable performance with a maximum of ~15 cm bias 
and 15/20 cm spatial resolution across the full 35.4 m detector volume.

Conclusions

Reflection, refraction, and Total Internal Reflection (TIR) (due to 
interface between media with different refractive indeces)
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