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Advancements in fast timing particle detectors have opened up new possibilities to design
4 collider detectors that Tully reconstruct and separate event vertices and individual
‘particles in the time domain. The applications of these techniques are considered for the
physics at CEPC.
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1. Introduction

The developments and innovations of 47 collider detectors have been pivotal to
decades of discovery in elementary particle physics, most recently with the dis-
covery of the Higgs boson." As the beam energies are pushed to higher and higher
energy, the corresponding wavelengths that set the scale of the cross-seetions for
high-cnergy interactions drop. At the same time, increasing beam energies for a
fixed-mass process produces a steep increase in the parton luminosities or equiv-
alent Weizsicker-Williams approximations to lnminosities in seattering processes.
This situation results in the search for new physics in a rising sea of low-energy
backgrounds.

In the LEP era of high-energy e*e~ collisions, the average number of beam
collisions per beam crossing was much less than unity. This was true not only for
the hard center-of-mass interaction, but also for forward Bhabha scattering, two-
photon processes aud beam-related backgrounds from beam gas or photon radiation
into the detector. In these conditions, an almost total reliance on the beam collision
timing was developed for the readont of the 4 colliders where typical integration
times for a calorimeter were 5 s with a beam separation in 4-bunch operation of
22 ss. Tn 1995, the time structure of the beams was alfered to include bunch trains.?
The time spacing of the bunchlets within the trains was approximately 250 ns, with
four bunchlets over a total time interval of 750 ns. This time spread was significant
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enough to warrant bunchlet tagging techniques to correct calorimeter integration
times and time-zero markers for drift detectors.

Tn the preparations for the HL-LHC era, the mumber of proton-proton inter-
actions per 25 ns bunch crossing is anticipated to reach a mean value of 200. The

time spread of the colliding beams, depending on the machine optics, is expected to
be betwveen 50160 ps. While one is apt to conclude that these collisions are essen-
tially simultaneous, it is no longer a uxury to record purely spatial information in
such a dense environment. Of particular importance are the discovery modes for

the Higes boson and the Rurther pursuit of those decay modes to search for new
physics processes that involve the Higgs boson. The most challenging of thes
the Higgs boson decay to diphotons. Tndeed, this decay mode was a driving factor
in the original design of the LHC collider detectors and pushed the electromagnetic
calorimeter resolutions down to constant terms of 0.5% or below.

The calorimetric measurement of the photon energy is a defining constraint, in
the design of the LHC detectors. However, the need to identify the correct produc-
tion vertex to within 1 em along the colliding beam axis is required to preserve the
invariant mass resolution from the reconstruction of the angular separation of the
t the diphoton primary vertex are
based on the sum of the p4 of the tracks associated to the spatially reconstructed
vertices and other kinematical variables. These variables encounter steady degrada-

o is

photons. Multivariate algorithms used to scl

tion from the finite probability of pileup vertices to appear harder than the sigual
vertex and more rapid degradation from merged pileup vertices and, in particular,
pairs of vertices whose spatial separation drops below approximately 0.3 mm along
the beam direction. At these separatic the track reconstruction methods lose
vertex separation power when confined to purely spatial separation. The degra-

dation of the z-coordinate intercept, resolution for forward tracks is much more
rapid.

Initial studies of 4D vertex reconstruction at the HL-LHC show that the prob-
lems of spatial merging of vertices are significantly reduced.® Initial simulation
results show that for vertex separation performance, the 4D algorithms for 200
pileup events achieve performances comparable to the Run 1 LHC pileup levels of
20-25. An example event with low pileup is shown in Fig. 1 for a simulation of a
Higgs diphoton decay in a fast-timing enhanced simulation of the CMS detector
to illustrate how photon timing is used in conjunction with the 4D vertex algo-

rithm to resolve the signal vertex.® These simulation studies were done to demon-





image3.png
G hitpsy//booke google.ch/booksTid=gO6tDgAAQRAIGipg=PAZSSElpg=PAZSSEdq=Fe O ~ @ ©

[4] METEO FRANCE por Miétéo-Fr..

® Mitéo pour Genve - Prvisi.. | B Fast Timin fo Colder Detect..] G The Futureof High Energy .

Google

Books e a

BUY EBOOK -€63.27

Get this book n print ¥

‘The Future of High Energy Physics A
Agh 4-A & Some Aspects
sty LR Fies st K roots

Fast Timing for Collider  Go.

Avout tis book
My library
My History
Books on Google Play

Terms of Service

World Scientific

Conecting Grest

Pages displayed by permission of World
Scientific. Copyright.

Fast Timing for Collider Detectors Christopher G. Tully

B S Addtomylibrary ¥ Wiite review

Resuit 1 011 n this book for Fast Timing for Collder Detectors Christopher G. Tully.

actions per 25 ns bunch crossing is anticipated to reach a mean value of 200. The
time spread of the colliding beams, depending on the machine optics, is expected to
be betwveen 50160 ps. While one is apt to conclude that these collisions are essen-
tially simultaneous, it is no longer a nxury to record purely spatial information in
such a dense environment. Of particular importance are the discovery modes for
the Higes boson and the Rurther pursuit of those decay modes to search for new
physics pracesses that involve the Higgs boson. The most challenging of these is
the Higgs boson decay to diphotons. Tndeed, this decay mode was a driving factor
in the original design of the LHC collider detectors and pushed the electromagnetic
calorimeter resolutions down to constant terms of 0.5% or below.

The calorimetric measurement of the photon energy is a defining constraint, in
the design of the LHC detectors. However, the need to identify the correct produc-
tion vertex to within 1 em along the colliding beam axis is required to preserve the
invariant mass resolntion from the reconstruction of the angular separation of the
photons. Multivariate algorithms used to select the diphoton primary vertex are
based on the sum of the p4 of the tracks associated to the spatially reconstructed
vertices and other kinematical variables. These variables encounter steady degrada-
tion from the finite probability of pileup vertices to appear harder than the sigual
vertex and more rapid degradation from merged pileup vertices and, in particular,
pairs of vertices whose spatial separation drops below approximately 0.3 mm along
the beam direction. At these separ: the track reconstruction methods lose
vertex separation power when confined to purely spatial separation. The degra-
dation of the z-coordinate intercept, resolution for forward tracks is much more
rapid.

Initial studies of 4D vertex reconstruction at the HL-LHC show that the prob-
lems of spatial merging of vertices are significantly reduced.® Initial simulation
results show that for vertex separation performance, the D algorithms for 200
pileup events achieve performances comparable to the Run 1 LHC pileup levels of
20-25. An example event with low pileup is shown in Fig. 1 for a simulation of a
Higgs diphoton decay in a fast-timing enhanced simulation of the CMS detector
to illustrate how photon timing is used in conjunct
rithm to resolve the
strate that at the HL-LHC the number of compatible primary vertex candidates
using 4D vertices and photon timing constraints can be bronght down to Run
1 LHC pilenp levels before being further subjected to multivariate kinematical
separation techniques. To achieve these performance benchmarks, the concept of
hermetic fast timing was implemented into the simulation of the CMS 4 collider
detector.

n with the 4D vertex algo-

nal vertex. These simulation studies were done to demon-
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At the triger level, the beam crossing will have nominal constraints from the
machine that will translate 10 a timing window of roughly 400-500 ps. Individual
particle timing at a level that is an order of magnitude smaller than the timing
window of the beam spot provides discrimination power to separate vertices within
the same bunch crossing. Fast timing information at this level of precision provides
two layers of discrimination. Independent of explicitly reconstructed charged par-
ticle 4D vertices, a single photon whose time is recorded by the calorimeter can
be tested for compatibility with the timing window of the beam spot, taking into
account the time-of-flight path for a photon originating from the corresponding
spatial distribution of the beam spot. This level of compatibility provides robust
rejection that can be implemented at the trigger level to operate efficiently at low
thresholds. At a second level, with a specific list of 4D vertices reconstructed from
the tracking information and fast timing layer, the compatibility of a single photon
with other photons or charged particles can be tested within the 4D domain of
an individual bunch crossing to eliminate overlapping low-energy or forward pro-
cesses. The hermiticity of the fast timing layer in conjunction with the calorimeter
and tracking systems will provide high efficiency for 4D vertex reconstruction and
remove blind regions that have no discrimination against out-of-time particles.

3. Conclusions

The past decades of collider detectors have served fo push the field to new dis-
coveries with unprecedented sensitivity. The study of Higgs physics at CEPC opens
a portal to new physics processes which, if exist, may be the only path to interact
nongravitationally with the dark matter sector. We must expect that any break-
through in this area will produce signatures that are not fully visible in the detector
the most extreme being the single photon triggered events where the entire final
state interaction goes undetected. The fast timing constraints on single photons and
particle-flow event reconstruction, in general, provide a powerful level of discrimi-
nation that would otherwise not be available and provide a vital tool to limit the
impact from the growing rate of background processes produced at high Inminosity
colliders. The fast timing layer and concept of hermetic timing detectors are a clear
path forward to continue the search for new physics at high sensitivity at CEPC.
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account the time-of-flight path for a photon originating from the corresponding
spatial distribution of the beam spot. This level of compatibility provides robust
rejection that can be implemented at the trigger level to operate efficiently at low
thresholds. At a second level, with a specific list of 4D vertices reconstructed from
the tracking information and fast timing layer, the compatibility of a single photon
with other photons or charged particles can be tested within the 4D domain of
an individual bunch crossing to eliminate overlapping low-energy or forward pro-
cesses. The hermiticity of the fast timing layer in conjunction with the calorimeter
and tracking systems will provide high efficiency for 4D vertex reconstruction and
remove blind regions that have no discrimination against out-of-time particles.

3. Conclusions

The past decades of collider detectors have served fo push the field to new dis-
coveries with unprecedented sensitivity. The study of Higgs physics at CEPC opens
a portal to new physics processes which, if exist, may be the only path to interact
nongravitationally with the dark matter sector. We must expect that any break-
through in this area will produce signatures that are not fully visible in the detector,
the most. extreme being the single photon triggered events where the entire final
state interaction goes undetected. The fast timing constraints on single photons and
particle-flow event reconstruction, in general, provide a powerful level of discrimi-
nation that would otherwise not be available and provide a vital tool to limit the
impact from the growing rate of background processes produced at high Inminosity
colliders. The fast timing layer and concept of hermetic timing detectors are a clear
path forward to continue the search for new physics at high sensitivity at CEPC.

Acknowledgments

Many important contributions to these ideas were developed in the context of the
CMS Fast Timing Working Group. The author would like to thank the current
corleaders of this group, Tommaso Tabarelli de Fatis and Lindsey Gray, for their
collaboration in the working group and for their feedback on this paper.

References

1. B M. Henley and S. D. Ellis, 100 Years of Subatomic Physics (World S
Singapore, 2013).





