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35 years of Hubble
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A 92 year journey, going strong
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The Composition of the Universe
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1965
giant antenna

1992
COBE Space Telescope

2003
WMAP

2013
Planck

Penzias & Wilson accidental discovery

Precision Measurements of the Universe

Dark Energy
71.35% 
à 68.3%

Dark 
Matter

Ordinary Matter
4.63% à 4.9%

24.02% 
à26.8%

DM makes up 84.5% of 
all matter in the universe



The Large Hadron Collider, at the right time
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The LHC was built to investigate 
physics at the TeV scale

CMS Technical Design Report 2006 

The prime goals of CMS are to explore physics at the 
TeV scale and to study the mechanism of 

electroweak symmetry breaking—through 
the discovery of the Higgs particle or 
otherwise. To carry out this task, CMS must be 

prepared to search for new particles, such as the 

Higgs boson or supersymmetric partners of 
the Standard Model particles, from the start-up of the 
LHC since new physics at the TeV scale may 

manifest itself with modest data 
samples of the order of 1 fb−1 or less. 

https://cds.cern.ch/record/922757/files/lhcc-2006-001.pdf
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The Compact Muon Solenoid Detector



How do we detect these particles?
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Protons, near the speed of light, collide

Higgs boson quickly decays

H

Higgs couples 
to SM 
particles
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Compact Muon Solenoid
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Compact Muon Solenoid
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Compact µ Solenoid

Typical analyses: 
build picture from 
~5 types of promptly 
produced SM 
particles

µ

µ
µ
µ

µ
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Compact Muon Solenoid
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Could be any particle that 
is not seen in the detector: 
neutrinos, DM, …

What about Dark Matter?
Interacts very weekly with matter 
à goes unseen by detectors



Looked for Dark Matter using large
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Produced via SUSY        Coupling to the Higgs       Simplified DM models

4

Top quark pairs + MET in one lepton final states

• Part of a SUSY search for new physics in  final state 

•  signal regions covered in 3G SUSY talk on Monday 

• Focus on spin-0 mediator SRs 

• Target final states with one top decaying leptonically and the other 
hadronically 

• 4 jets, including 2 from b-quarks 

• 1 lepton 

•

tt̄ + Emiss
T

t̃

Emiss
T

ATLAS-CONF-2020-003

Only some examples
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No WIMPs,
No discoveries,

No Nobel Prize



What did we miss?
• Looking for heavy particles

• Higgs, WIMPS, Supersymmetry, …

• Quickly Decay to SM particles

• Energy deposits in each sub-detector help     
us reconstruct the collision

• We have looked everywhere

• But we can only look in the data that we store
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• What about light new particles?

• What about particles that travel through the 
detector before decaying?

• But can we store more?

DM



Back to the basics
• What composition of DM is more complex?
• dark matter could be part of a “hidden” universe with no SM 

gauge interactions
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Higgs 
Boson

LHC



Why Haven’t we seen them yet?
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• Dark sector particles decay back to standard model “suppressed” by heavy 
mediator àlight long-lived particles

De
ca

y 
le

ng
th



Signatures that may escape detection
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Many more like these: 
“long-lived” particles



Signatures that may escape detection
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arXiv:2212.03883

Rethink 

Triggering

Reconstruction

Analysis tools 
& methods

Dark Matter in the Time of Colliders

https://arxiv.org/abs/2212.03883


Smart data filters
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Can only store and 
reconstruct  
1/40,000 event

40,000,000 
events per 
second Collisions happening every 

25 ns, so these decisions 
must happen fast



Rethinking triggers
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Uncommon in SM
Can add to trigger
Unique to CMS



Rethinking triggers
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• Challenging when muons are low-pT 
 à new methods of triggering needed
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B-quark reconstruction

H
ZD

µ

µ

• Reconstructing long-lived particles is not new.  

Impact parameter 
and transverse 
decay length useful 
for identifying 
displaced particles 

How do we reconstruct these particles?
µ

µ

µ

µ



Uncovered parameter space à Generic Search
• Signature-based analysis: soft displaced dimuons from a displaced 

secondary vertex (SV)
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Dark pion 
produced 
in Higgs 
decay

LL Dark Photon

LL Dark Photon

µA
µB
µC
µD

µB
µA



Analysis strategy: look for a bump
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Look for a resonant peak in di-/four-muon invariant mass distribution 
at different displacement ranges

If signal were to show up

Dark Matter in the Time of Colliders



Where we are now

• We have only analyzed 2022 + 2023 data & preparing for one of the first 
publications using Run 3 data
• We have extended our sensitives to low mass and high displacement 
• Even improved sensitivity to dimuon masses above 10 GeV where typically 

one uses standard triggers & full reconstruction
• Continuing this search with Full Run 3 data (2024 – 2026)

• These developments have helped us expand the scientific output of CMS
• Non-traditional triggers now developed and used for several efforts, including the 

search for higgs pair production
• There are many more years of data planned…..
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Future Colliders

2030

Need time, 
patience, & 
billions $$ for 
these

Happening sooner J



The High Luminosity LHC Upgrade
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Building detector electronics

Muon Detectors
New Precision Timing Detectors



The Challenge of the High Luminosity LHC
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Precision Timing Technology
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Figure 5.25: Diagram for top-squark pair production and decay (left), h and distribution of
the mass of ec0

1 (right) reconstructed from the final state kinematics for decays with M(et) =
1000 GeV and M(ec0

1) = 700 GeV. The mass distributions are shown for various values of the
ct of the ec0

1.

gravitino. The right panel of Fig. 5.25 shows the distribution of the reconstructed mass of the
neutralino for various ct values of the LLP. The fraction of events with separation between
primary and secondary vertices exceeding 3s in both space and time as a function of the MTD
resolution is shown in Fig. 5.26 (left). The mass resolution, defined as half of the shortest mass
interval that contains 68% of events with 3s displacement is shown in Fig. 5.26 (right), as a
function of the MTD resolution.

A conceptually similar example is a SUSY scenario where the two lightest neutralinos and
light chargino are higgsino–like. The light charginos and neutralinos are nearly mass degen-
erate [120] and may become long-lived as a consequence of the heavy higgsinos [121]. The
neutralino-chargino ec0

2 ec±
1 pairs can decay into the lightest supersymmetric particle (LSP) ec0

1
and a virtual Z? boson or a W?, respectively. In the limit where the light charginos and neu-
tralinos are degenerate in mass (DM = M(ec0

2) � M(ec0
1) ' 0), the energy of the e+e� (visible)

system in the LLP rest frame provides a direct measurement of the mass splitting. The full
event reconstruction gives a distribution similar to Fig. 5.26 but peaked at DM [8].

In both these examples, the lepton–antilepton pair is the visible part of the LLP decay. The
pseudorapidity distribution of the `+`� pair is peaked in the central region with about 90% of
the leptons within the barrel acceptance (|h| < 1.5). This emphasizes the need for the barrel
portion of the MTD in the reconstruction of these signatures.

5.4.2.2 Measurement of late photon with respect to the primary vertex in SUSY models

In the GMSB benchmark scenario [122] used as the reference for this topology, the lightest
neutralino c̃0

1 is the next-to-lightest supersymmetric particle. It can be long-lived and decay to
a photon and a gravitino (G̃), which is the LSP. Figure 5.27 (left) shows a diagram of this process,
which starts from the production of two gluinos that further decay into a quark-squark pair,
with the squark decaying into another quark and the lightest neutralino c̃0

1. In constrast to the

7

The Λ!" to D0 yield ratio as a function of pT projected for minimum bias PbPb collisions at 5.5 TeV
without the MTD, with BTL only and with ETL+BTL, for rapidity ranges of |y| < 1 (left), 1 < |y| < 2 
(middle) and 2 < |y| < 3 (right), corresponding to an integrated luminosity of 7 nb-1 (the full Run 4 
data sample). A set of different theoretical model calculations are also shown. Statistical 
uncertainties are shown in bars, while systematic uncertainties are shown as boxes. 
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New Capability: Time-of-flight
MTD

} Significant sensitivity gains across the HL-LHC physics program
2. New capability for CMS: time-of-flight particle identification 

} Flavour physics with heavy ions (wide angular acceptance)

3. Search for long-lived particles
} Vast acceptance extension from vertex + object timing 
} LLP mass (or mass splitting) reconstruction from velocity measurement of displaced vertex 

Impact of precision timing - 2

MTD fundamentally changes how we execute these searches

October 26th 2023 KPS Fall Meeting - TTdF 6

Flavor physics with heavy ions
𝝿/K separation up to 2-3 GeV 
and K/p separation up to 5 GeV

BSM: LLP, heavy stable charged particles, …
Vast acceptance extension from vertex-object timing 
fundamentally changes how we execute these searches 
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Figure 5.23 shows the 2-D distributions of 1
b as a function of the particle momentum in min-

imum bias HYDJET PbPb events, for the BTL and ETL regions, respectively. The expected
bands for pions, kaons and protons are clearly visible. The resolution is consistent with the
expectation, with proton ID up to p ⇠ 5 GeV and kaon ID up to p ⇠ 3 GeV.

Figure 5.23: The inverse velocity (1/b) as a function of the particle momentum, p, for BTL
(|h| < 1.5) and ETL (|h| > 1.6) in HYDJET PbPb simulation at 5.5 TeV.

5.4 Physics impact examples
Despite the integration of the time information in the event reconstruction being still prelim-
inary and limited to the charged tracks, the improvements in physics-object reconstruction
from timing (Section 5.3) consistently demonstrate that the MTD will allow CMS to operate at
a leveled luminosity corresponding to 200 pileup interactions with a performance equivalent to
Run-2 and Run-3 pileup conditions. The benefits in sensitivity for measurements and searches,
across a wide range of objects and across the HL-LHC physics program leveraging gains across
the full pseudorapidity coverage. For multi-objects final states, such as di-Higgs searches, this
can be summarized as a 15–30% gain in effective integrated luminosity, which is equivalent to
an additional three years of operation of the HL-LHC complex, as anticipated in Section 1.2
(Table 1.1).

This section assesses the impact of the MTD on a few benchmark cases, representative of three
different ways of exploiting the MTD: by using physics objects with improved performance
from the time information; by improving the discrimination power through the use of new,
time-based variables; and by using the new particle identification capabilities provided by
time-of-flight measurements exploiting the MTD. Three families of analyses are considered
to cover these aspects: the search for Higgs boson pair (HH) production in several final states;
the search for long-lived particles (LLP) in “beyond the standard model” (BSM) models; the
measurement of heavy flavor hadron production in Heavy Ion collisions.

The precision characterization of the Higgs boson will be one of the highest priorities of the HL-
LHC physics program. The cumulative impact of the MTD-improved object reconstruction was
quantified in enhanced signal yields of about 15–25% for prominent Higgs boson processes for

CMS MTD TDR

CMS DP-2021-037

CMS MTD TDR

J. Phys. G 47 090501

https://cds.cern.ch/record/2667167?ln=en
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2800541
https://cds.cern.ch/record/2667167?ln=en
https://iopscience.iop.org/article/10.1088/1361-6471/ab4574
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} Modules with Low Gain Avalanche Detectors (LGADs)
} LGADs bump-bonded to designated readout chip (ETROC) 

mounted on two sides of cooling plates (disks) 
} Structure:

} Independent cold (–35 0C) volume : stageable, serviceable, maintainable
} Two disks on each side provide up to 2 measurements per track 

} 50 ps per hit  and 35 ps per track 

} Design and operation targets and challenge: 
} Readout chip targets handling small signals (down to ~5 fC).
} Sensor targets >8 fC in high radiation field (fluence  >1 x 1015 neq/cm2 in the 15% innermost region)
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Design of the Endcap Timing Layer (ETL)

Paolo Meridiani

ETL: TECHNOLOGY AND DESIGN

11

Sensor bump bonded to readout ASIC (ETROC) 
– Modules assembled as 2 double-sided disks on each 

endcap 
– Each disk provides large geometrical acceptance (~85%), 2 

disks to ensure 2 hits/track 
– ~8000 modules on 2 endcaps, 8.5M channels 
– Target time resolution: 50ps/hit, 35ps/track

50 μm thick planar low-gain avalanche 
silicon diode (LGAD) 
– highly doped thin gain layer, moderate 

gain (10-30) to improve S/N ratio 
– 16x16 array, pad size 1.3x1.3 mm2, inter-

pad <50μm 

– charge collected >8 fC until EoO 

~12% of ETL will be exposed to 
fluence >1E15 neq/cm2
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Each endcap is comprised of 2 cooling disks. 

Detector modules, comprised of Low Gain Avalanche 
Diode (LGAD) sensors bump-bonded to a custom 
readout ASIC (ETROC) are mounted on both sides of 
each disk, providing up to two measurements 
(50ps/hit) per track (35 ps).

Design and operation targets and challenge:
• ETROC targets handling small signals, down to ~5 fC.
• Sensor targets >8 fC at end-of-life; fluence >1 x 1015 

neq/cm2 in the 15% innermost region
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Sensor bump bonded to readout ASIC (ETROC) 
– Modules assembled as 2 double-sided disks on each 

endcap 
– Each disk provides large geometrical acceptance (~85%), 2 

disks to ensure 2 hits/track 
– ~8000 modules on 2 endcaps, 8.5M channels 
– Target time resolution: 50ps/hit, 35ps/track

50 μm thick planar low-gain avalanche 
silicon diode (LGAD) 
– highly doped thin gain layer, moderate 

gain (10-30) to improve S/N ratio 
– 16x16 array, pad size 1.3x1.3 mm2, inter-

pad <50μm 

– charge collected >8 fC until EoO 

~12% of ETL will be exposed to 
fluence >1E15 neq/cm2
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Precision timing in high radiation environment: LGAD sensors
Silicon structure optimized for time measurements (~30 ps from sensor).
• A  p-doped implant creates a volume of high field, where charge multiplication happens. 
• Thin gain layer increases the electric field and helps meet threshold for charge multiplication
• When charge particle goes through, signal avalanches quickly (30 - 40 ps timing resolution)
• The success of LGADs is due to the sensor noise is hidden by the electronic noise.

34

Courtesy N. Cartiglia (INFN-Torino)



CMS Minimum Ionizing Particle Timing Detector for the HL-LHC

4 04/17/24 Murtaza Safdari | CMS ETROC Beam Telescope | Beam Telescopes and Test Beams Workshop 2024 : Test Beam Analysis

ETL 
50 ps / hit
35 ps / track

More 
details on 
the TDC in 
backup...

Precision timing at low power: ETROC ASIC
Design features:
• Preamplifier + discriminator, auto threshold calibration

• Single TDC measures Time-Of-Arrival (TOA) and Time-Over-
Threshold (TOT), and delay cell time (CAL)

• 16x16 clock tree distribution

• Radiation hard waveform sampler
• Charge injection for testing & calibration

Performance specifications:
• TSMC 65nm technology, 100 MRad (TID spec)
• Low noise and fast rise time

• Low power: ≲ 4 mW / channel at end-of-life

• ASIC contribution to time resolution ≲ 40 ps at end-of-life

16 x 16 pixel cell matrix, 
1.3 x 1.3 mm2 pixels

ETROC0: single analog channel               ETROC1: with TDC, 4x4 channel-clock tree
ETROC2: full size, full functionality, testing now! 
ETROC3:final chip, submit next year 35
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Putting it all together



The Physics This Enables
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Figure 1. Left: The Higgs potential for µ2 < 0, Eq. (1). Choosing any of the points at the bottom of the potential
spontaneously breaks the rotational U(1) symmetry. Right: Quantum corrections can change the shape of the Higgs potential as
discussed in Section 8. Here the minimum of “our vacuum” is taken at |f | = vp

2
. Figure from Ref.30.

describes a particle with mass µ . When µ2 < 0 the potential has a minimum at

|f |⌘ vp
2

=

r
� µ2

2l
. (2)

This is illustrated in Fig. 1. Excitations around the degenerate minima of the potential – the bottom of the “Mexican hat” –
correspond to a massless Goldstone state. Gauge freedom allows us to choose v as the vacuum expectation value of the real part
of f with all choices of vacuum states being degenerate as well as physically equivalent. Expanding the scalar field about this
minimum, the Goldstone mode is “eaten” to become the longitudinal mode of Aµ which now acquires mass g

2
v

2. The Higgs
boson H with mass squared m

2
H = 2lv

2 corresponds to excitations up the rim of the potential.
The issue of massive gauge bosons was first solved by Anderson31 in discussion of massive “photons”, called plasmons, in

superconductors31 The photon behaves as a wave on a sea of BCS Cooper pairs which here act as the scalar field f , condensing
in the ground state. The order parameter is not rigid with zero momentum Cooper pairs but fluctuates in the longitudinal
component to preserve the translational symmetry of the electron gas. The plasmon’s transverse component is a modification of
a real photon propagating in the plasma whereas the longitudinal mode is an attribute of the system. Massive plasmons are
manifest through exponential decrease of the magnetic field inside the superconductor (the Meissner effect).

The relativistic case17–20 has been introduced to provide a consistent model of weak interactions in particle physics32–35.
Contrary to the BCS case, the weak interaction requires the introduction of an additional fundamental scalar field. A dynamic
explanation of the Higgs mechanism à la BCS would be a major breakthrough and is one of the fundamental motivations to
measure with the highest possible precision the properties of the Higgs particle. For a more detailed history of theoretical
developments, see Ref.36. For weak interactions the gauge group is SU(2). There are three massless Goldstone modes which
combine to form the massive W charged bosons and the massive Z. The massless photon and neutral Z boson are linear
combinations of the neutral weak SU(2) gauge boson and a U(1) gauge boson called hypercharge. Within the Standard Model,
the BEH mechanism is also important for fermion masses, something required by parity violation of weak interactions37. The
weak interaction gauge bosons couple to SU(2) doublets of left-handed leptons and quarks, whereas right-handed fermions are
weak interaction neutral. Singlet mass terms for the charged fermions are constructed by contracting the left-handed fermion
doublets with the SU(2) Higgs doublet, including the vev, and then multiplying by the right handed fermion. The Standard
Model particle masses are

m
2
W =

1
4

g
2
v

2, m
2
Z =

1
4
(g2 +g

02)v2, mf = yf
vp
2
, m

2
H = 2lv

2. (3)

Here g and g
0 are the SU(2) and U(1) gauge couplings and yf denotes the fermion Yukawa coupling to the Higgs boson. Before

tiny neutrino masses the Standard Model has 18 parameters: 3 gauge couplings and 15 in the Higgs sector (6 quark masses, 3
charged leptons, 4 quark mixing angles including one CP violating complex phase, the W and Higgs masses). There is a wide
range of masses with mW = 80 GeV, mZ = 91 GeV, mH = 125 GeV and the charged fermion masses ranging from 0.5 MeV for
the electron up to 173 GeV for the top quark.

Small changes in Higgs couplings and particle masses can lead to a very different Universe, assuming that the vacuum
remains stable, with one example that small changes in the light-quark masses can prevent Big Bang nucleosynthesis38. Once
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My team
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Precision 
instrumentation will be 
key to understanding 

Dark Matter

Exciting time to be part 
of an LHC experiment


