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Challenges of the HL-LHC

• Phase-2 upgrades originally targeted 
5x1034 Hz/cm2 = 140 pileup (PU)

• LHC performance is exceptional

• Ultimate HL-LHC luminosity target 
is now 7.5x1034 Hz/cm2 = 200PU
- 25% increase in int. luminosity/year

U. S. CMS Upgrade Planning  for the HL-LHCV. O’Dell, 3 September 2015

U.S. CMS Upgrade Planning for the
High Luminosity LHC

Vivian O’Dell, Anders Ryd
For the Phase 2 upgrade team
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200PU HL-LHC Event:

• CMS and ATLAS considering timing as an option since 2015
- Since then we have developed innovative analysis techniques and 

performed extensive studies

- The key technologies have made significant progress

‣ CMS and ATLAS have now included a precision MIP Timing 
Detectors in their Phase-2 upgrade scopes

Extending performance 
at high PU is the key!
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Timing Provides Four Dimensional Tracking

U. S. CMS Upgrade Planning  for the HL-LHCV. O’Dell, 3 September 2015

U.S. CMS Upgrade Planning for the
High Luminosity LHC

Vivian O’Dell, Anders Ryd
For the Phase 2 upgrade team

1

With timing resolution of 30 ps, the time separation of interaction vertices is evident. 
Reduces the effective number of vertices from 200 to 40-50 

‣ for reasonable vertexing: 15% vertex merge rate reduced to 1% 
‣ similar to current running conditions
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High Granularity Timing Detector

• z=3500mm
• 2-4Layers

• 30ps per track over the lifetime of HL-LHC
• Granularity: 1.3mm x 1.3mm

• η>2.4 (R=640mm)
• η<4.0 (R=120mm)

5

ATLAS High-Granularity Timing Detector (HGTD)

• z = 3500mm
• 2 layers each side

• 2.4 < |η| < 4.0

• 30 ps per track over HL-LHC 
duration

• 1.3 mm x 1.3 mm sensor pitch

Staves populated with silicon 
sensors with internal gain.

max. dose ~4.5e15 n.eq/cm2
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CMS Global Timing Concept

�5

 MTD design overview

ENDCAPS
On the CE nose     ~ 42 mm thick
Surface      ~ 12 m²
Radiation level      ~ 2x1015 neq/cm²
Sensors: Si with internal gain  (LGAD)

BARREL
TK/ECAL interface ~ 25 mm thick
Surface      ~ 40 m²
Radiation level      ~ 2x1014 neq/cm²
Sensors: LYSO crystals + SiPMs

● Thin layer between tracker and calorimeters
● MIP sensitivity with time resolution of ~30 ps
● Hermetic coverage for |η|<3

Calorimeter upgrades:
- Precision timing of showers
- Provide precision timing on high energy photons in ECAL Barrel - All photons and high energy hadrons in HGCal Endcap

(40 ps end of life)
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Precision Timing Fast Scintillating Crystals - Performance
• Nominal geometry: 11x11mm2 + 4x4 mm2 SiPM

- with semi-constant slant thickness of ~4 mm 

• Timing correction for hit position necessary if SiPM small compared to Crystal
- Left plot: over whole tile with and without impact point correction

- Right plot: test beam through SiPM fiducial

‣ Pursuing crystal bar double ended readout or large-area-sparse SiPM to mitigate

11x11 x 3 mm3 
– FBK 5x5 mm2

σCT / √2 = 27 ps

SiPM

Crystal

NINO 
readout board
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BTL ASIC - TOFHiR
‣ BTL ASIC will be tailored version of commercial TOFPET2 chip

- TOFPET2 with sensor package RMS already 37 ps 
- goal is 25 ps for sensor package (achieved at testbeam with NINO)

• Reasons for the difference are understood 
- Pulse slew rate (amplifier configuration) and TDC contribution

- Radiation hard design in parallel – TSMC 130nm

[ CERN T9 Beamline – May 2017 ]

crystals
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• Over most of ETL area present LGADs achieve 30ps resolution, 
the issue is only at the highest η

• Measured < 45 ps at 3e15 neq/cm2  (1.5x max fluence at highest η)

(ATLAS+CMS collaborative effort, similar doses)

‣ LGAD can deliver < 40 ps timing resolution for entirety of HL-LHC

• New optimization studies with latest LGADs indicate further 
improvements

2x1015

Low Gain Avalanche Detectors - Irradiated Performance
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ASICs for LGADsALTIROC

• ALTIROC = ATLAS LGAD Timing ROC
– Submission of a chip (TSMC130 nm) in 

December 2016 (MPW CERN/IMEC), 
received at the end of March 2017

– 20 ps timing measurement with LGAD 
sensors for ATLAS HGTD

– Test chip bondable to sensors of 1x1 
mm² and 2x2 mm²

– High speed preamp (1 GHz) + TOT + 
constant fraction discriminator (20 ps)

• Will evolve to 400 ch chip
– With internal TDC (Collaboration with

SLAC)
– Bump bonded to sensor
– Detector still to be approved

AIDA2020 annual meeting - WP4.3 15

Fine DLL FanTastiC
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October 31, 2017, Timing Days 2017

B.W. Garlepp, et al. „A Portable Digital DLL for High-Speed
CMOS Interface Circuits”, IEEE J. of Solid Stat Circuits, Vol 
34, No. 5, May 1999, pp. 632-644
S. Henzler, et al. „A Local Passive Time Interpolation
Concept for Variation-Tolerant High-Resolution Time-to-
Digital Conversion, IEEE J. of Solid Stat Circuits, Vol 43, 
No. 7, Julu 2008, pp. 1666-1676

Last stage of measurements uses DLL + 
passive elements to achieve finest binning.

Most precise elements, resistors and 
capacitors, are radiation tolerant.

CMS Endcap Timing ASIC

ALTIROC
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AIDA2020 annual meeting - WP4.3 15
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Mitigating Confusion from Pileup

• Pileup tracks are incorrectly 
associated to primary vertex of 
interest

‣ Timing significantly reduces 
“effective” vertex line density

‣ Recover performance in several 
observables

‣ Provide additional robustness 
against changes in beam 
configuration

‣ Similar arguments apply in the 
case of forward-only coverage
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Lepton Isolation with Timing

• Timing cuts remove pileup tracks from lepton isolation cones

• Reduces dependence on pileup density (also centrally, see backup)

‣ 60% improvement in background rejection for constant signal 
efficiency using pertinent working points

Δt < 3σ = 90 ps

14

Electrons

Electron isolation:
• Pileup tracks in ID cone
• ITk less efficient at high pileup densities
• HGTD: Improvement to 95% 

HGTD for electrons (Full simulation):
• Small impact in barrel
• Large impact in HGTD acceptance
• Same level as barrel
• Independent of pileup density
• 30ps per track
• At 1.6 vertices/mm: 13% improvement

2.4<η<4.0

isolation robust to 
reduced timing 
performance

more results: see backup
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B-tagging

Fwd B-tagging:
• Pileup contamination of tracks

associated to jets 

• Timing rejects pileup tracks

• Fwd performance improved
almost to barrel level

• At 70% efficiency with a 30ps 
timing resolution per track
improvement by factor 1.8

HGTD Background Rejection

�12

B-Tagging with Timing
• Precision timing rejects spurious secondary vertices

• Significant improvements for working points at constant signal efficiency 
or background rejection (see backup)
- Gain in efficiency amplified in multi-particle final states (ε^N)

‣ Removes pileup-density dependence in b-tagging
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(di-) Higgs Acceptance Improvement at CMS with MTD

• Object-level acceptance improvements compound in multi-object 
final states
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Table 3.1: Projections for Higgs boson yield increases when exploiting the timing information
provided by the MTD and the resultant increased efficiency for tagged b jets or isolated lep-
tons for a given fake probability. Projections are based on existing Phase-2 studies and scaled
according to the ROC curves in Figs. 3.7(left) and 3.6 (left, center).

Signal increase (%)
Channel BTL BTL+ETL Relevance

HH ! bbgg 17 22 Higgs self-coupling
HH ! bbbb 14 18 Higgs self-coupling

H ! ZZ ! 4l 19 26 Mass, width, spin+parity,
differential cross sections, EFTs

depends on the energy and opening angle resolution of the two photons. If the longitudinal1749

position of the diphoton vertex is known to better than about 10 mm, the opening angle res-1750

olution contributes negligibly to the diphoton mass resolution [81]. This measurement will1751

benefit from the improved acceptance for isolated objects and improved vertex identification1752

capability provided by track and photon timing information.1753

At low vertex multiplicities, the decay vertex can be identified using the kinematic properties1754

of the tracks associated with the reconstructed vertices and their correlation with the diphoton1755

kinematics [81]. During LHC operations in 2015–16, with an average multiplicity of 20 vertices,1756

the probability of correct vertex identification was about 80% [82]. At high multiplicities, vertex1757

identification is a major challenge. According to simulation, at 140 pileup events, the efficiency1758

drops below 40% for H ! gg events produced via gluon-gluon fusion, and it degrades to1759

about 30% at 200 pileup events. This efficiency loss can be offset by means of a precise mea-1760

surement of the photon time, which enables the vertex position along the beam direction to be1761

determined via triangulation. The performance of this method, which depends on the opening1762

angle between the two photons and scales with the time resolution, has been quantified in a1763

dedicated study with simulated H ! gg events for photons of pT > 30 GeV and |h| < 2.5,1764

with selections that mimic those applied in Ref. [81].1765

Results presented in the Phase-2 upgrade of the CMS barrel calorimeters TDR [11] show that,1766

for a resolution of 30 ps on each photon, the longitudinal vertex position can be located within1767

1 cm of the true vertex via triangulation only for a subset of the H ! gg decays, in which1768

the pseudorapidity gap between the two photons satisfies the condition |Dh| > 0.8. In the1769

complementary, and equally populated, sample of photons (|Dh| < 0.8), the resolution of the1770

triangulation method becomes comparable to the size of the luminous region. For this sample,1771

photon timing alone does not provide sufficient information to locate the H ! gg decay vertex.1772

The ability to correctly identify the vertex in events with a small pseudorapidity gap between1773

the two photons is recovered by additionally requiring a triple coincidence between the photon1774

time calculated at the location of each track-reconstructed vertex and the vertex time-zero, as1775

visually illustrated in Fig. 3.1.1776

A quantitative measure of the compatibility of the photon pair with the space-time position of1777

each reconstructed vertex is obtained from a c2 statistics. A vertex time-zero resolution of 20 ps,1778

from track timing, and a resolution of 30 ps on each photon are assumed. The c2 distributions1779

for the true diphoton vertex, known from simulation, and for all the other vertices are shown1780

in the left panel of Fig. 3.11. Results are displayed only for events with a small pseudorapidity1781

gap between the two photons (|Dh| < 0.8). The overlap of the distributions at low c2 indicates1782

that there is a finite probability for a random pileup vertex to have a c2 lower than the true1783

diphoton vertex. However, the distributions are sufficiently separated to enable vertex ranking1784

according to the c2 value, and reject vertices of high rank. The rejection power is illustrated1785

59

‣Large impact on 
barrel region since 
physics signature is 
central

‣Corresponds to 
18-26% increase in 
effective integrated 
luminosity
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Figure 3.10: Projections for yield enhancement in HH ! bbbb (left) and H ! ZZ ! 4l (right)
as a function of the rapidity. The distributions are normalized to the no-timing case.

the photon selection to about 90% charged isolation efficiency. The MTD–based reconstruction1722

would provide, for the same background of misidentified b jets or photons, an increase in the1723

b-tagging (photon) efficiency in the range 4–6% (5–7%), depending on the pseudorapidity. This1724

gain in signal acceptance provides an increase in the HH ! bbgg signal yield by 17% from the1725

BTL alone, and 22% from the combined power of BTL and ETL, at constant background rate1726

(see Fig. 1.3-left).1727

Similar performance enhancements are predicted for other important Higgs boson signatures1728

such as HH ! bbbb (14% BTL, 18% BTL+ETL) and H ! ZZ ! 4µ (19%, 26%). Figure 3.101729

shows these increases as a function of the Higgs or di-Higgs boson rapidity for these two pro-1730

cesses. Both the BTL and ETL contribute significantly to the signal gain. These projections1731

correspond to a 1% rejection power for false-positive b tags from light quarks and to a charged1732

isolation efficiency of 90% per muon without the MTD, consistent with other CMS Phase-21733

studies [38, 80]. The full optimization of the working points is left for future studies.1734

A summary of these gains can be found in Table 3.1. Generally, across the Higgs boson cam-1735

paign channels envisioned for the HL-LHC era, the improved acceptance is expected to yield1736

a gain in the performance, expressed as signal over square-root of the background, between1737

10% and 20% depending on the decay mode. Without the MTD, a similar gain in performance1738

would require an increase in the integrated luminosity at least proportional to the acceptance1739

gains provided by the MTD. Below, more detailed studies are presented on two Higgs boson1740

modes, for which specific additional benefits are expected from the improved vertex recon-1741

struction capability (H ! gg) and the improved pileup jet rejection and pmiss
T resolution (VBF1742

Higgs boson production and subsequent decay to taus) with the MTD.1743

3.3.1.1 Higgs boson decay into photon pairs1744

The clean diphoton signature of the H ! gg decay channel makes it one of the most important1745

channels to characterize the Higgs boson. The sensitivity of the measurement depends on the1746

invariant mass resolution of the diphoton pair and on the quality of the photon identification.1747

Specific upgrades of the CMS calorimeters have been defined for the Phase-2 and reconstruc-1748

tion algorithms are under study, targeting a performance in photon identification and energy1749

resolution similar to Run 2 despite the increased pileup [11]. The invariant mass resolution1750
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Forward B-tagging based channels at ATLAS with HGTD

9

Physics channels (examples)
VBF: qqH→qqWW* → qq eνμν:
• BDT
• 43% bg reduction
• dominated by top background rejection (fwd

b-tagging)
• 3% pileup rejection
• Relative improvement: 8% (0.088 wrt 0.096)  

tH with H to bbar:

Relative improvement: 11%
(significance: 1.42 wrt 1.28)

9
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Higgs to Di-photon Vertex Tagging

• Unique capability to match photon time to vertex time + position
- CMS ECAL is non-pointing, but has photon timing capability

- 50% of events additionally require MIP timing to find correct vertex

‣ Identifies photon vertex: improves di-photon mass resolution by 
25% and also H(γγ) signal significance

Calculate photon time at each 
vertex location: consistency test
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Pileup Jet Rejection with MTD and HGTD

3.2.2 Pileup jet suppression1590

In the presence of pileup, soft jets and underlying event activity from multiple pileup inter-1591

actions may overlap and be clustered into a higher energy jet, serving as an additional back-1592

ground for e.g. Vector Boson Fusion (VBF) tagging and other final states with jets. For present1593

LHC Run 2 conditions, this background can be largely suppressed by cleaning the charged par-1594

ticles based on spatial association with the primary vertex, and pileup jets are mainly an issue1595

beyond the present tracking acceptance. Although the tracking acceptance of the CMS Phase-21596

detector will be extended, the higher pileup density and corresponding increase in charged1597

particles from pileup associated to the primary vertex leads to a non-negligible rate of pileup1598

jets.1599

The rate of pileup jets is studied in Z ! µµ events with 200 pileup conditions, with and without1600

precision timing for the charged particles, using jets reconstructed with the PUPPI algorithm [5]1601

and anti-kT clustering with 0.4 distance parameter [78], with a reconstructed jet pT > 30 GeV.1602

The PUPPI algorithm currently uses the first primary vertex in the reconstructed collection. In1603

order to avoid events where the incorrect primary vertex is used, two reconstructed muons1604

with pT > 20 GeV and associated with the first primary vertex are required for events entering1605

the study. Tracks are associated with the primary vertex with |Dz(track, vertex)| < 1 mm;1606

an additional requirement of |Dt(track, vertex)| < 3 strack
t is applied when considering the1607

precision timing case.1608

Signal jets are defined as reconstructed jets that are matched to a generator-level jet with pT >1609

4 GeV within a cone of DR < 0.2, while pileup jets are defined as reconstructed jets that are not1610

matched to a generator-level jet with pT > 4 GeV within a cone of DR < 0.6. The relative rate1611

of both signal jets and pileup jets with and without precision timing for the charged particles1612

is shown in Fig. 3.4, where the addition of precision timing reduces the rate of pileup jets1613

by 25�50% depending on pseudorapidity with minimal effect on the signal jet rate. These1614

projections use a more recent release and a different working point that those used for the1615

study of Section 1.3.3. The working point and the rate reduction from timing may be further1616

optimized. This reduction in pileup jet rate is expected to have a significant impact on signal1617

extraction cases that rely on jet multiplicity event categorization, central or forward jet vetoes,1618

or forward jet tagging, as in the case of VBF topologies.1619
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Figure 3.4: Rate of signal jets (left), and pileup jets (right) reconstructed with the PUPPI algo-
rithm with anti-kT 0.4 clustering and reconstructed pT > 30 GeV with precision timing for the
charged particles relative to the no timing case.
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Jets
Jets
• Reject pileup jets

Jets
• At PU=2%: HGTD improves fwd

performance to barrel level
• Gain a factor 4 in rejection for HS 

60% with 30ps per track at «low» jet 
pT (most difficult region)

• ratio tracks/Jet PT
• small for pileup jets
• HGTD timing to remove pileup

tracks

• MTD Timing cleans tracking 
information provided to PUPPI* to 
better identify neutrals from pileup
- No impact on signal jet efficiency

- Largest impact in the endcaps

‣ 20% (barrel), 40% (endcap) 
reduction in pileup jet multiplicity 

• HGTD timing used to reject 
outliers when calculating energy-
in-vertex 

‣ 4x improvement in rejection at 
significantly improved efficiency

* https://arxiv.org/abs/1407.6013
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• Gain a factor 4 in rejection for HS 

60% with 30ps per track at «low» jet 
pT (most difficult region)

• ratio tracks/Jet PT
• small for pileup jets
• HGTD timing to remove pileup

tracks

https://arxiv.org/abs/1407.6013
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MET Performance
• (PUPPI) MET resolution improves 15% at 200PU

- Recovers 140 pileup performance

• MET tails reduced 40% for MET > 150 GeV

‣ Improved performance for searches in high pileup

3.2.3 Missing transverse momentum1620

The performance of pmiss
T reconstruction is studied with and without the addition of precision1621

timing information for the charged particles entering the pmiss
T calculation. This is done for1622

PUPPI missing pT, constructed from both the charged and neutral particles, with an optimized1623

weighting scheme [5]. A standard technique for the characterization of the performance is to1624

study the scale and resolution of the hadronic recoil against the Z boson in Z ! µµ events. For1625

the purposes of this study, tracks are associated with the hard interaction vertex by requiring1626

|Dz(track, vertex)| < 1 mm, with an additional requirement of |Dt(track, vertex)| < 90 ps in the1627

case that precision timing is available. It has been verified that timing selection for the charged1628

particles does not change the scale for PUPPI missing pT, indicating that the charged particles1629

of the jet are not being removed by the additional requirement of compatibility in time with1630

the hard interaction vertex. In the absence of precision timing, the PUPPI missing pT exhibits1631

a degradation in resolution as a function of pileup density (Fig. 3.5-left), due to additional1632

charged particles from nearby (in z) pileup interactions contaminating the hadronic recoil sum.1633

The addition of precision timing for the charged particles reduces the slope and improves the1634

resolution for high event density. The resolution at the average vertex density corresponding1635

to 200 PU is improved by ⇠10–15% with the MTD, and is equivalent to the resolution without1636

a timing detector at 140 PU.1637
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Figure 3.5: Left: Resolution of the hadronic recoil component perpendicular to the Z boson pT
as a function of pileup density, which characterizes the contribution to the resolution of noise,
including pileup. The dotted lines show linear fits to each set of data points; the dashed and the
dot-dashed lines show, respectively, the difference in resolution in quadrature and in percent
between the timing and no-timing case. Right: Distribution from simulation at 200 PU of the
PUPPI hadronic recoil component transverse to the Z boson pT, with and without precision
timing in Z ! µµ events with no real missing momentum.

In order to examine the effect of the resolution improvement on the tails of the distribution,1638

often relevant for new physics searches involving particles invisible to the detector, the dis-1639

tributions of the PUPPI transverse recoil component in Z ! µµ events with no real missing1640

momentum are shown in the right panel of Fig. 3.5. This distribution show a reduction of at1641

least ⇠40% in the rate of events with > 130 GeV, with the addition of precision timing. This is1642

relevant towards reducing the background for searches and helping reduce high level trigger1643

rates. Further studies and optimization of the core versus tail resolution are envisioned; larger1644
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Reconstruction of Neutral LLP Masses
• By measuring particle velocity from primary and secondary 

vertices, we can reconstruct a peaking variable for LLP searches

- Model independent: can either reconstruct mass or mass 
splitting depending on how velocity related to model structure

‣ Timing layers allow resonance confirmation in these searches
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Figure 3.14: Diagram for top-squark pair production and decay (left), h distribution for elec-
trons from the secondary vertex (center), and reconstructed mass of ec0

1 (right) 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.

The mass of the LLP was reconstructed assuming that the gravitino is massless. The right1912

panel of Fig. 3.14 shows the distribution of the reconstructed mass of the neutralino for various1913

ct values of the LLP. The fraction of events with separation between primary and secondary1914

vertices exceeding 3s in both space and time as a function of the MTD resolution is shown in1915

Fig. 3.15 (left). The mass resolution, defined as half of the shortest mass interval that contains1916

68% of events with 3s displacement is shown in Fig. 3.15 (right), as a function of the MTD1917

resolution.1918
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Figure 3.15: Efficiency (left) and mass resolution (right) as a function of the timing resolution of
the MTD for reconstruction of the ec0

1 mass in the SUSY GMSB example of ec0
1 ! eG+ e�e+, with

M(ec0
1) = 700 GeV, considering events with a separation of primary and secondary vertices by

more than 3s in both space and time.

The second example is a SUSY scenario where the two lightest neutralinos and light chargino1919

are higgsino–like. The light charginos and neutralinos are nearly mass degenerate [86] and1920

may become long-lived as a consequence of the heavy higgsinos [87]. Neutralino-chargino1921

ec0
2 ec

±
1 pairs in proton-proton collisions at

p
s = 14 TeV were generated with Pythia8. The ec0

21922

and ec±
1 were forced to decay into the ec0

1 (LSP) and a virtual Z? boson or a W?, respectively.1923

The masses of the ec0
2 and ec±

1 were set to 400 GeV. The mass of the ec0
1 was set to 390 GeV. The1924

virtual Z? was forced to decay into an e+e� pair. The generator–level quantities were smeared1925

according to the expected experimental resolutions as described above.1926
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Searches for Long-Lived Particles

• Ability to measure 
decay time improves 
search reach by orders 
of magnitude at highest 
masses

• Massive particles yield 
central signatures

[current resolution]

[upgraded ECAL alone]

[full upgrade with MTD]

• MTD with central acceptance vastly improves 
acceptance for massive long-lived particles (LLP)

‣ MTD provides a new capability for these searches

Neutralinos to di-photons + gravitinos

acceptance 
gain
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Performance Summary
• MTD is a key addition that improves the full range of HL-

LHC era physics
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• HGTD similarly benefits the forward performance of ATLAS

‣ Novel capabilities derived from LLP secondary vertex timing
‣ B-tagging improvements significantly improve rare signal acceptance

Summary of Performance Benefits

Signal Projected Physics Impact
H ! �� 25% improvement in statistical precision on xsecs

! couplings
VBF H ! ⌧⌧ 20% improvement in statistical precision on xsecs

! couplings
HH 20% increase in signal yield/decrease in running time

! consolidate searches
EWK SUSY 40% reducible background reduction

! +150 GeV mass reach
Long-Lived Particles Peaking Mass Reconstruction

! Unique sensitivity and discovery potential

Substantial benefits across a wide range of objects and across

the HL-LHC physics program leveraging gains across the full

pseudo-rapidity coverage

20-30% increase in e↵ective integrated luminosity

Josh Bendavid (CERN) CMS MTD Performance 22
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https://cds.cern.ch/record/2291131?
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Concluding Remarks

• MTD and HGTD provide benefits to whole physics program
- Preserves the performance of Particle Flow and PUPPI in CMS

- Improved performance of many forward observables in ATLAS

- Increases effective luminosity: +20% for di-higgs (CMS)

- Recovers search performance in MET tails

‣ Benefits equivalent up to additional 2-3 years of luminosity

‣ New capabilities for long-lived particle searches

‣ Sensor technologies underlying detectors becoming mature 

• Timing TDRs for ATLAS and CMS coming in the next year
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Lepton Isolation Performance

 23

Figure 3.8: ROC curves calculated for a cut-off scan in relative isolation for muon candidates
(left) and in raw isolation for tau candidates (right), comparing the no-timing and with-timing
cases.

Figure 3.9: The efficiency for prompt and fake muons (left) and authentic tau candidates (right)
as a function of the event density for a representative operating point selection.

Figure 3.10: Muon efficiency for relative isolation cut-off of 0.05 (left) and hadronic tau effi-
ciency for absolute isolation cut-off of 2.5 GeV (right) for different timing resolution assump-
tions, as a function of event density.
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Figure 3.8: ROC curves calculated for a cut-off scan in relative isolation for muon candidates
(left) and in raw isolation for tau candidates (right), comparing the no-timing and with-timing
cases.

Figure 3.9: The efficiency for prompt and fake muons (left) and authentic tau candidates (right)
as a function of the event density for a representative operating point selection.

Figure 3.10: Muon efficiency for relative isolation cut-off of 0.05 (left) and hadronic tau effi-
ciency for absolute isolation cut-off of 2.5 GeV (right) for different timing resolution assump-
tions, as a function of event density.
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Optimal |dz| cut for Isolation (no timing)

 24

Barrel

|dz| < 1mm cut outperforms significance-based in both barrel and endcap. 
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Optimal |dz| cut for Isolation (no timing)

 25

|dz| < 1mm is uniformly the best choice as a function of eta, 
even in the most central barrel
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CMS Phase-2 Tracker dz Resolution
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dz resolution of low pT muons dominated by multiple scattering.
0.7 GeV tracks (most important for isolation) have dz resolutions 

of 100s of microns in the barrel.


