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LHC So Far: Runs 1 and 2
-7 years of exemplary 
running after initial issue 

-pp collisions at CoM 
energies of 7, 8, and 13 TeV 

-  ~150 fb-1 at 13 TeV
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J. Gunion’s channel: H → gamma gamma
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2013 Nobel Prize
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The Standard Model as of July 4, 2012
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What is left to learn?
Why do these particles have the masses that they do? 
Is the Higgs particle actually THE Higgs?   

Are there other Higgs bosons? 
Why are there three families? 
How do neutrinos get their mass?
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Do the 4 forces all unify at some scale? 
Is gravity special?

Why is there CP violation? 
Where is the universe’s antimatter? 
Dark matter in the universe? 
Dark energy in the universe?
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CMS analysis of Higgs Decay Measurements

All channel 
measurements of Higgs 
boson’s production and 
decay at √s = 13 TeV 
Allowed branching ratio 
to as-yet-unseen decays 

< 20% (@ 68% CL) 
< 40% (@ 95% CL)
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‣Direct searches and Higgs decays to exotics still well motivated!
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Tau ID + Isolation efficiency 

!  Tau%identification:%
!  Reconstruct%individual%decay%modes%%
!  Charged%hadrons%+%electromagnetic%obj%

!  EM%strips%account%for%material%effects%%

!  Tau%isolation:%
!  Multivariate%discriminator%using%sum%of%

energy%deposits%in%dR%rings%around%the%tau%

%

Real%taus% Fake%taus%

1%Prong% 3%Prong% 1%Prong%+%Strip%

Tau%Identification%
τV>%πν% τV>%a1ν% τV>%ρν%
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π+

γ
γ

e+ e-

Φ

https://indico.cern.ch/event/197461/contribution/0/attachments/290954/406673/CMS_4July2012_Final.pdf

→ → →

Hadron Plus Strips: 
Sophisticated and 
highly performant 
technique.   

However, reconstruction 
fails for non-isolated 
(e.g., overlapping) taus

http://link.springer.com/article/10.1007%2FJHEP05(2014)104
https://indico.cern.ch/event/197461/contribution/0/attachments/290954/406673/CMS_4July2012_Final.pdf


Searches for light pseudoscalars @ Run 1
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Note model-dependent scaling to B(a → µµ)

2HDM+Singlet, 
e.g., NMSSM, yield 
expanded H sector 

Neutral scalars:  
h1, h2, h3 

Neutral pseudoscalars: 
a1, a2 

Charged scalar:  
H±



LHC Run-2
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Studying cross sections from ~ mb to ~ fb
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BSM Search Status √s=13 TeV, 2016 data
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Heavy 
gauge 
bosons

Leptoquarks

Excited 
fermions

Contact 
interactions

Extra 
dimensions

Dark Matter
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LHC Upgrade Plans
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We are 
here

Run 3

HL-LHC
HE-LHC?
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Long Shutdown 2
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• 2019-2020 
• Increase center of mass 

energy from 13 to 14 TeV 
• 50% higher instantaneous 

luminosity 
• Double size of sample in 

shorter time (30→150 fb-1/
year) 

• Upgrade selected detectors
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Magnets
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• All dipole magnets were trained for 6.5 TeV operation in 
2015.  

• Will be trained for 7 TeV during the shutdown

Magnet training campaign to 
6.5 TeV (2015)
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High Luminosity LHC
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-Decade-long run @ 14 TeV.  3000/fb/experiment 
‣Study Higgs with maximum available precision 
‣Continue hunt for new particles with x10  ∫Ldt

Access higher masses, rare processes, weakly-produced states
Targeted searches: test new models


‣Major challenges: radiation damage and pileup

High-Luminosity LHC
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HL-LHC Accelerator Upgrades
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Quadrupoles
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The new main quadrupole magnets, for the insertion 
regions of ATLAS and CMS, exploit a key innovative 
technology providing fields beyond 10 Tesla. They are 
built from niobium-tin (Nb3Sn), using a unique 
design that allows the peak magnetic field 
strength to be increased by around 50% 
compared with the current LHC dipoles, 
bringing it from about 8 to about 12 T.

stronger focusing magnets for higher instantaneous luminosities 



Physics Analysis @ HL-LHC
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·Standard Model 
·Ultimate precision measurements and constraints 

·Higgs 
·Precise determination of H(125) properties 

·Search for new phenomena in the Higgs sector 

·Direct Searches 
·Supersymmetry 

·Long-lived particles 

·Dark Matter 

·Heavy Resonances 

·Flavor 
·CKM metrology and QCD spectroscopy 

·Rare decays → flavor anomalies ? 

·Heavy Ions  
·Precision study of material properties of QCD media 

·Study HI-like behavior in small systems (pp and pA)

HL-LHC Physics Slate
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Low-PT/high-PT 
complementarity 

Higgs factory: 
150 million H and 120 k HH

Novel approaches, 
better detectors: 
stringent tests of 
BSM scenarios

3 billion top / exp.

Precise differential  
measurements



Higgs
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6.5 Year Anniversary of Higgs Announcement!      
Now Entering Era of Precision Higgs Physics 
-Higgs couplings, past and future.   
‣US Study (Snowmass): HL-LHC competitive with ILC
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Figure 6: Invariant mass distribution of selected signal and background candidates, scaled to 3000 fb�1, for the
reference detector scenario, assuming hµi = 200.

Table 5: Expected signal and background yields and signal significance in a ±1.5�G invariant-mass window around
mµµ = 125 GeV for each category, where �G is the resolution of the core of the invariant mass distribution of
signal events. The last rows shows the total signal and background yields, the average invariant mass resolution, and
the sum in quadrature of the significance of each category. The projections correspond to an integrated luminosityR
Ldt = 3000 fb�1 for a center-of-mass energy

p
s=14 TeV for the reference detector scenario.

Category S VBF B FWHM �G S/
p
S + B

[GeV] [GeV]
VBF-like 386 197 19430 4.37 1.88 2.75
low pT, central 921 11 350500 3.21 1.37 1.55
med pT, central 2210 84 300500 3.08 1.32 4.01
hi pT, central 1810 242 211800 3.50 1.56 3.91
low pT, non central 2460 28 1740500 4.11 1.79 1.86
med pT, non central 5860 230 1483600 4.24 1.80 4.80
hi pT, non central 4380 588 829000 4.70 1.92 4.80
Total 18020 1380 4935500 3.93 1.69 9.53
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Higgs Measurements
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Signal strength uncertainties: most channels ~3%, bb ~5%, µµ ~10% 

S. Braibant - 04/04/2018           Higgs Prospects Couplings                 HL/HL-LHC workshop - FNAL 

H ➝ ZZ*
Main contributor to the H mass measurement at 
Run2

Upgraded detectors bring significant improvements:


Increased CMS/ATLAS tracker acceptances up 
to |η|<4, new EM trigger, improved µ  triggers, 
h igher reco efficiency and momentum 
resolution in Phase2


Resolution of the four-muon invariant mass as a 
function of the pseudorapidity of the most forward 
muon 
No worsening of the mass resolution due to the 
pileup increase is observed

13
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At 3000 fb�1 the systematic uncertainties generally dominate in both S1 and S2. In S2 the sig-197

nal theory uncertainty is the largest, or joint-largest, component for all parameters except µµµ,198

which remains limited by statistics due to the small H ! µµ branching fraction. The µµµ uncer-199

tainty at 3000 fb�1 using the Run 2 dimuon mass resolution instead of the Phase-2 expectation200

is 14%.201

Figures 18 and 19 in Appendix A give the evolution of the uncertainty components for each202

parameter in S1 and S2. This shows that for many parameters the experimental component203

reduces continuously with integrated luminosity. This is due to the expected data providing204

a stronger constraint on some of the systematic uncertainties than that which comes from the205

external measurements.206

Expected uncertainty
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0.07 (Stat); 0.10 (S2); 0.12 (S1)

0.05 (Stat); 0.06 (S2); 0.09 (S1)

0.03 (Stat); 0.05 (S2); 0.07 (S1)

0.04 (Stat); 0.06 (S2); 0.08 (S1)
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CMS
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w/ Run 2 syst. uncert. (S1)
w/ YR18 syst. uncert. (S2)
w/ Stat. uncert. only
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Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the207

measured parameters are expected to evolve. Correlations arise when analysis channels are208

sensitive to more than one production or decay mode and the chosen fit observables do not209

fully distinguish between these. In addition, correlations may arise when the same systematic210

uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation211

coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1
212

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and213

each decay channel is measured in dedicated analyses with low contamination from other final214

states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where215

the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory216

uncertainties affecting the SM prediction of the gluon-fusion production rate.217

3.1.2 Signal strength per-production mode218

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1219

and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in220

CMS FTR-18-011

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-006
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html


ttH, H → bb

·For 3ab-1 CMS expects 
δµ  ~ 7% 

·tt+HF background 
constrained by data 

·dominant uncertainty: 
signal theory

!28

3. Production and decay rate signal strengths and coupling modifiers 13
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Figure 7: Expected uncertainties on the ttH signal strength as a function of the integrated lu-
minosity under the S1 (left, with Run 2 systematic uncertainties [27]) and S2 (right, with YR18
systematic uncertainties) scenarios. Shown are the total uncertainty (black) and contributions
of different groups of uncertainties. Results with 35.9 fb�1 are intended for comparison with
the projections to higher luminosities and differ in parts from [27] for consistency with the pro-
jected results: uncertainties due to the limited number of MC events have been omitted and
theory systematic uncertainties have been halved in case of the scenario S2.

Table 5: Breakdown of the contributions to the expected uncertainties on the ttH signal-strength
µ at different luminosities for S1 (with Run 2 systematic uncertainties [27]) and S2 (with YR18
systematic uncertainties). The uncertainties are given in percent relative to µ = 1. Results with
35.9 fb�1 are intended for comparison with the projections to higher luminosities and differ
in parts from [27] for consistency with the projected results: uncertainties due to the limited
number of MC events have been omitted and theory systematic uncertainties have been halved
in case of the scenario S2.

S1 S2
Source 35.9 fb�1 300 fb�1 3000 fb�1 35.9 fb�1 300 fb�1 3000 fb�1

Total 48.7 20.4 11.1 46.1 17.6 7.3
Stat 26.7 9.3 2.9 26.7 9.3 2.9
SigTh 10.8 9.3 8.7 5.0 4.5 4.4
BkgTh 28.6 10.3 4.1 25.6 9.6 3.5

Add. tt+HF XS 14.6 2.6 0.8 16.5 4.1 0.7
Exp 17.4 8.7 4.2 16.6 6.7 2.6

Luminosity 1.6 1.8 1.8 0.5 0.7 0.8
B tagging 12.0 6.1 2.8 10.8 4.4 1.6
JES 10.9 4.5 1.6 11.3 4.4 1.6

ttH signal tt+HF background

CMS FTR-18-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
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3. DiHiggs @ HL-LHC

 → sSM

gg→HH=39 f (±6 %)

→ 120 k HH evts 

lHHH kt
t

t

Targets : 
First observation of HH production

Measure lHHH ( and kt coupling)

ATLAS TDR Pixel

Strong dependance on p
T
(4jets) trigger threshold

Precision limited by QCD multijet uncertainty 
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CMS Phase-2 Simulation Preliminary  (14 TeV)-13 ab

HH

·HL-LHC ultimate goal: observation of trilinear coupling  

·120k HH events expected 

·High backgrounds (bbbb, bbττ) or small BR (bbγγ)  

·Additional constraints on κλ, e.g. from differential 
measurements of single Higgs

!29

Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Why di-Higgs

3

Modified in many BSM scenarios 

Better than 20% precision on λHHH  [1305.6397] to see a deviation from SM (or less [1505.05488] in NMSSM)

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922 
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.

 [GeV]HHm
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 a
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0.03
 = 1t = kλk

 = 1tk
 = 12c

 = 1g = cλk
 = 12gc

Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊

ú
|, as discussed in more detail in Section 5.2 of

Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis

HH→bbττ

HH→bbγγ

Being updated for YR2018: 
expect 2-3σ significance per experiment

DiHiggs Production 
• σ~ 39.5 fb@14TeV  → HL-LHC 

benchmark 
• Access the H self-coupling λ

• Low cross section:  

destructive interference

• Expanding list of final states w. 

Run2 & extrapolated to HL-LHC 
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CMS-TDR-17-007ATLAS 4b CMS 2b2τ

ATLAS 2b2γ

ATL-PHYS-PUB-2016-024

ATLAS PIXEL TDR

HH→bbbb
ATL-PHYS-PUB-2017-001

— CMS-TDR-17-007

mγγ [GeV] 
m4b [GeV] 

mT2 [GeV] 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-001


Longitudinal Vector Boson Scattering

!30

 

·Unitarity of VLVL → VLVL cross section at TeV scale:   Scalar 
Higgs and/or new physics to cancel divergence 

·Direct test of EW-symmetry breaking mechanism 

·HL-LHC improved forward detectors and acceptance

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams
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lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
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l
±

⌫

⌫
Anja Vest, TU Dresden 21

TGC H,Z,γ 

Expect VLVL - scattering discovery significance: ~ 3σ per experiment 
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9 Kinematic distributions sensitive to aQGCs

In the reference [3], the variables
Õ|plepT | and |��(W,Z)| are shown to be sensitive on aQGC with the WZ

final states. The distributions of these observables are shown in Figures 23 with 3000 fb�1.

The sensitive region to aQGC lays at high
Õ|plepT |, typically above 500 GeV: extrapolating from the less

than one signal event expected in [3] leads to less than 30 events at the end of Run3, while around 220 are
expected with 3000 fb�1. Similarly, from 2 events above |�(W,Z)| equal 2.4, around 75 signal events are
expected at the end of Run3, while about 950 are expected with 3000 fb�1. Additionnal distributions are
given in Appendix B.
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ing operational conditions at the HL-LHC [49–53]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
spectively, and the high-level software trigger (HLT) is expected to reduce the rate by about a
factor of 100 to 7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase
the granularity, reduce the material budget in the tracking volume, improve the radiation hard-
ness, and extend the geometrical coverage and provide efficient tracking up to pseudorapidities
of about |h| = 4. The muon system will be enhanced by upgrading the electronics of the ex-
isting cathode strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New
muon detectors based on improved RPC and gas electron multiplier (GEM) technologies will
be installed to add redundancy, increase the geometrical coverage up to about |h| = 2.8, and
improve the trigger and reconstruction performance in the forward region. The barrel electro-
magnetic calorimeter (ECAL) will feature the upgraded front-end electronics that will be able
to exploit the information from single crystals at the L1 trigger level, to accommodate trigger
latency and bandwidth requirements, and to provide 160 MHz sampling allowing high preci-
sion timing capability for photons. The hadronic calorimeter (HCAL), consisting in the barrel
region of brass absorber plates and plastic scintillator layers, will be read out by silicon pho-
tomultipliers (SiPMs). The endcap electromagnetic and hadron calorimeters will be replaced
with a new combined sampling calorimeter (HGCal) that will provide highly segmented spa-
tial information in both transverse and longitudinal directions, as well as high-precision tim-
ing information. Finally, the addition of a new timing detector for minimum ionizing particles
(MTD) in both barrel and endcap region is envisaged to provide capability for 4-dimensional
reconstruction of interaction vertices that will allow to significantly offset the CMS performance
degradation due to high PU rates.

A detailed overview of the CMS detector upgrade program is presented in Ref. [49–53], while
the expected performance of the reconstruction algorithms and the mitigation of pileup, i.e.,
additional proton-proton collisions within the same or neighboring bunch crossings, is sum-
marized in Ref. [54].

3 Object reconstruction and simulated samples

The event reconstruction uses a particle-flow (PF) algorithm [55], combining information from
the tracker, calorimeter, and muon systems to identify charged and neutral hadrons, photons,
electrons, and muons in an event. Candidate events are expected to contain at least two lep-
tons: either two th candidates, or one th and one muon or electron from t lepton decays. In
order to pass the selection, electrons (muons) are required to have a transverse momentum
pT > 30 GeV and pseudorapidity |h| < 1.6(2.4). Dedicated lepton identification criteria are
applied, providing 50% to 90% efficiency for muons and 25% to 80% efficiency for electrons,
depending on the lepton pT and h. Both muons and electrons are required to be isolated. The
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Figure 2: Schematic illustration of a pp ! �̃±1 �̃
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1 + jet event in the HL-LHC ATLAS detector, with a long-lived
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mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E
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discovery potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of
mass 100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV). Comparing
the results to the theoretical prediction from Ref.[30], would allow for the exclusion at 95% CL of the
theory with masses up to 850 GeV for the pure wino scenario and 250 GeV for the pure higgsino scenario.
The discovery potential would be up to 450 GeV for the pure wino scenario and 150 GeV for the pure
higgsino scenario.
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Figure 5: Expected exclusion limits at 95% CL from the disappearing track search using 3000 fb�1of 14 TeV proton-
proton collision data as a function of the �̃±1 mass and lifetime. Simplified models including both �̃± �̃⌥ and �̃± �̃0

are considered assuming pure-wino scenarios (left) and pure-higgsino scenarios (right). The yellow band shows the
1� region of the distribution of the expected limits. The median of the expected limits is shown by a dashed line.
The red line presents the current limits from the Run 2 analysis and the hashed region is used to show the direction
of the exclusion. The expected limits with the upgraded ATLAS detector would extend these limits significantly. In
the pure-wino scenario, the chargino lifetime as a function of the chargino mass calculated at the two loop level [48]
is shown by the dashed grey line. In the pure-higgsino scenario the mass-lifetime relation is shown by the dashed
grey line and is calculated at the one loop level [30]. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )).

The background yields for the dilepton SRs (split into the respective m`` intervals) are presented in Table
4. The main background in each SR is dependent upon the m`` interval under consideration, with tt̄ the
main background for the lowest m`` interval, the intermediate m`` selections dominated by Z+jets events,
and the larger m`` intervals dominated by diboson production. The tt̄ and diboson yields include the
component from misidentified leptons. For the lowest m`` bin the component of tt̄ from misidentified
leptons is 40%, while it is 15% in the highest m`` bin.

Figure 6 shows the 95% CL expected exclusion limits in the m( �̃0
2 ), �m( �̃0

2, �̃
0
1 ) plane. With 3000 fb�1,

�̃0
2 masses up to 350 GeV could be excluded, as well as �m( �̃0

2, �̃
0
1 ) between 2 and 20 GeV for m( �̃0

2 ) =
150 GeV. In the figure the blue curve presents the 5� discovery potential of the search. To calculate the
discovery potential a single-bin discovery test is performed by integrating over all of the m`` bins from 1
to the chosen m`` upper limit for a given SR selection (aside from 3 < m`` < 3.2 GeV).

Figure 7 presents the 95% expected exclusion limits in the �̃0
1,�m( �̃±1 , �̃0

1 ) mass plane, from both the
disappearing track and dilepton searches. The yellow contour shows the expected exclusion limit from the
disappearing track search, with the possibility to exclude m( �̃±1 ) up to 600 GeV for �m( �̃±1 , �̃0

1 ) < 0.2 GeV,

10

ATL-PHYS-PUB-2018-031

Li
fe

tim
e 
τ [

ps
]  

Mass m(χ1±) [GeV]

CMS-FTR-18-010

2

p

p τ̃
+

τ̃
−

τ
−

χ̃
0
1

χ̃
0
1

τ
+

Figure 1: Diagram for the et pair production.

ing operational conditions at the HL-LHC [49–53]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
spectively, and the high-level software trigger (HLT) is expected to reduce the rate by about a
factor of 100 to 7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase
the granularity, reduce the material budget in the tracking volume, improve the radiation hard-
ness, and extend the geometrical coverage and provide efficient tracking up to pseudorapidities
of about |h| = 4. The muon system will be enhanced by upgrading the electronics of the ex-
isting cathode strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New
muon detectors based on improved RPC and gas electron multiplier (GEM) technologies will
be installed to add redundancy, increase the geometrical coverage up to about |h| = 2.8, and
improve the trigger and reconstruction performance in the forward region. The barrel electro-
magnetic calorimeter (ECAL) will feature the upgraded front-end electronics that will be able
to exploit the information from single crystals at the L1 trigger level, to accommodate trigger
latency and bandwidth requirements, and to provide 160 MHz sampling allowing high preci-
sion timing capability for photons. The hadronic calorimeter (HCAL), consisting in the barrel
region of brass absorber plates and plastic scintillator layers, will be read out by silicon pho-
tomultipliers (SiPMs). The endcap electromagnetic and hadron calorimeters will be replaced
with a new combined sampling calorimeter (HGCal) that will provide highly segmented spa-
tial information in both transverse and longitudinal directions, as well as high-precision tim-
ing information. Finally, the addition of a new timing detector for minimum ionizing particles
(MTD) in both barrel and endcap region is envisaged to provide capability for 4-dimensional
reconstruction of interaction vertices that will allow to significantly offset the CMS performance
degradation due to high PU rates.

A detailed overview of the CMS detector upgrade program is presented in Ref. [49–53], while
the expected performance of the reconstruction algorithms and the mitigation of pileup, i.e.,
additional proton-proton collisions within the same or neighboring bunch crossings, is sum-
marized in Ref. [54].

3 Object reconstruction and simulated samples

The event reconstruction uses a particle-flow (PF) algorithm [55], combining information from
the tracker, calorimeter, and muon systems to identify charged and neutral hadrons, photons,
electrons, and muons in an event. Candidate events are expected to contain at least two lep-
tons: either two th candidates, or one th and one muon or electron from t lepton decays. In
order to pass the selection, electrons (muons) are required to have a transverse momentum
pT > 30 GeV and pseudorapidity |h| < 1.6(2.4). Dedicated lepton identification criteria are
applied, providing 50% to 90% efficiency for muons and 25% to 80% efficiency for electrons,
depending on the lepton pT and h. Both muons and electrons are required to be isolated. The
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T requirement to accepting

3

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E

miss
T requirement to accepting

3

Sensitivity to new scenarios

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-031/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/index.html


Long-Lived Particles

!35

·Various scenarios: mass 
degeneracy, small couplings, 
heavy mediators, 

·Direct detection or collateral 
event features                  → 
creative use of experiments 

·Significant benefits from 
improved detectors

Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 
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A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

SMSM

SMSM

A’

See Okun, 1982; Galison, Manohar, 1984; Holdom, 1986;  etc.; Arkani-Hamed, Finkbeiner, Slatyer,Weiner, 2008; Pospelov, Ritz, 2008; etc.

MIT

Mike Williams Massachusetts Institute of Technology

Associate Professor 77 Massachusetts Ave, 26-437

Department of Physics Cambridge, MA 02139-4307

mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-002/index.html


Dark Matter Searches

·DM known to exist in universe 

·will its elementary nature be revealed 
at LHC ? 

·Use simplified models for comparison 
with direct detection experiments

!36
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on the expected luminosity is found to have the smallest e�ect. The expected mass limit at 95% CL is
4.6 TeV while the discovery reach (based on 5� significance) is 4.0 TeV. For the current analysis the e�ect
of possible improvements in the systematic uncertainties is estimated by reducing by half the uncertainties.
This has the e�ect of increasing the exclusion limit (discovery reach) by 80 (50) GeV.
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Figure 5: Expected 95% CLs upper limits on the signal cross-section as a function of the mass of the mediator for the
non-resonant model assuming m� = 1 GeV, a = 0.5 and g� = 1 using a BDT analysis. The MC statistical uncertainty
is not considered but the full set of systematics, extrapolated from the 13 TeVanalysis is considered.

The expectations for the equivalent of Run-3 integrated luminosity (300 fb�1) is checked, obtaining an
exclusion limit (discovery reach) of 3.7 TeV (3.2 TeV).

The expected mass limit at 95% CL obtained with the cut-based analysis, assuming an integrated luminosity
of 3000 fb�1 and including same systematic uncertainties, is 3.2 TeV. As anticipated at the beginning of
the section, this limit is significantly lower than what is obtained with the BDT-based analysis.

7 Conclusion

The expected sensitivity of a search for events with one top quark and large missing transverse momentum
is estimated in pp collisions at a centre-of-mass energy of

p
s = 14 TeV with the ATLAS detector at the

HL-LHC. A non-resonant production of an exotic state V , decaying to a pair of invisible dark-matter
particles � �̄, in association with a right-handed top quark is considered. Only the topologies where the W
boson from the top quark decays into an electron or a muon and a neutrino are considered. The number of
signal and background events are estimated from simulated truth particle-level information after applying
smearing functions to mimic an upgraded ATLAS detector response in the HL-LHC environment. The
expected exclusion limit at 95% CL on the mass of the exotic state V is, in the absence of MC statistical
uncertainty but considering systematic uncertainties, 4.6 TeV using a multivariate analysis based on a

12

mono-Z mono-top:

ATL-PHYS-PUB-2018-024
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-024


11 Searches for New Physics at 13 TeV
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Heavy Resonances

!37

Figure 7 shows the expected discovery significance for the resonant search. In addition to the expected
values, dashed curves shows the expected values for a future W/Z-tagger which has a 50% increase in
signal e�ciency and a further factor of 2 in background rejection. These values are representative of
improvements seen in a recent diboson resonance search in the fully-hadronic VV ! qqqq analysis[49] by
using track-caloclusters[49] as opposed to locally-calibrated topologically-clustered calorimeter jets. Other
possible improvements in W/Z-tagging in the HL-LHC era can originate from usage of more advanced
machine-learning techniques to discriminate against the background contribution and better understanding
of jet substructure variables with measurements at higher integrated luminosities.
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Figure 5: 95% Upper limit for the HVT W 0 (top left), HVT Z 0 (top right), Scalar (bottom left), and Graviton (bottom
right) via ggF/qq̄ production.

6.3 VBS search

For the VBS search, the statistical analysis is done on the signal strength of the SM VBS (WW/W Z ! `⌫qq)
processes.

The expected significance for the SM VBS process is 5.7� at 300 fb�1. The expected cross-section
uncertainties are 18% at 300 fb�1 and 6.5% at 3000 fb�1. The e�ects of unfolding were not considered for
the cross-section estimates.
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ATL-PHYS-PUB-2018-022

·Heavy Vector Triplet (HVT) model:        
composite Higgs and three additional               
vector bosons Z’ and W’±                                                      

Z’ and W’±  → WW, WZ or ZZ 

·Randall-Sundrum Gluon:                             
G → tt                             

Mass reach: exclusion up to 5-6 TeV at HL-LHC  (~10-11 TeV for HE-LHC)

6
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Figure 3: The distributions of mtt in events with (top) zero or (bottom) one t-tagged jets for (left)
single-electron or (right) single-muon samples. The statistical uncertainties are scaled down by
the square root of the projected luminosity. Variable sized bins are used for each category so
that the statistical uncertainty on the total background in each bin is less than 10%. The bin
contents of the distributions are divided by their bin width. The overflow events are added to
the last bin and its content is also divided by the width of the last bin.

8. Results 11

8 Results214

We use the Theta package [41] to derive the expected cross section limits at 95% confidence level215

(CL) on the production of an RSG decaying to tt. The limits are computed using the asymptotic216

CLs approach. A binned likelihood fit to the distributions of the reconstructed mtt is performed217

in both the single-lepton and fully hadronic final states. The systematic uncertainties are in-218

cluded as nuisance parameters with log-normal probability density functions. The results are219

limited by the statistical uncertainties in the background estimates. These uncertainties are220

scaled down by the projected integrated luminosity and are treated using the Barlow–Beeston221

light method [42, 43]. The expected limits at 95% CL and the discovery potential at 3s and222

5s significance for resonance masses from 2 to 12 TeV and two different projected integrated223

luminosities for the combined single-lepton and fully hadronic final states are listed in Table 3.224

The production of an RSG with a mass up to 6.6 TeV is excluded at 95% CL for a projected in-225

tegrated luminosity of 3 ab�1, as shown in Fig. 7. An RSG with a mass up to 5.7 TeV could be226

discovered at 5s significance.227
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k

factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-228

ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected229

sensitivity contribution from each final state.230

The expected limits at 95% CL and the discovery potential at
p

s = 27 TeV for resonance masses231

from 4 to 12 TeV and a projected integrated luminosity of 15 ab�1 for the combined single-232

CMS-FTR-18-009

Z’ → WW

G → tt

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-022
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-009/index.html


Detectors to Enable HL-LHC Physics Program
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HL-LHC: The Crucible

�39

Simulated event at 140 PU (102 Vertices)

Pile-up (#overlapping 
hard scatters per 
bunch crossing) up to 
200

Radiation levels up to 
2 x 1016 neq /cm2



CD-1 Review/jb

CMS Phase-2 upgrade scope (TDR, interim TDR and TP references)

5/6/18 !40
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CMS High Luminosity LHC Tracker Detector
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HL-LHC CMS Outer Tracker
-Goal: similar tracking and vertexing performance in 
extreme environment (with better coverage and less 
material)

�42

‣New requirement: triggering @ L1
pT modules: 
pT > 2 GeV → 
x10-100 reduction
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Transverse Momentum Modules

-Local rejection of low-pT tracks  
‣Exploit bending of charged particle tracks in 
CMS’ 4T B-field  
‣Correlate hits from 2 closely spaced sensors 
to form stubs  
‣Tuneable offset and window for homogeneous 
pT threshold throughout the Outer Tracker  

-Tracker input to the L1 trigger  
‣Stub information sent out at 40 MHz  
‣Two data streams: trigger information and hit 
data  
‣Full data read-out at ~750 kHz  

�43
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Outer Tracker Layout

-Classic barrel + end cap design  
‣6 barrel layers  
‣5 discs per end cap  

-From 9.5 million channels to...  
‣200 m2 of active silicon sensors  
‣44 million strips  
‣174 million macro pixels (r < 60 cm)  

-while vastly reducing material  
‣Light-weight mechanics and modules  
‣Improved routing of services  
‣Tilted barrel section  

�44

Now

HL-
LHC
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PS Module

strip sensor 
(680 mW)

2 x 8 MPAs 
• Macro Pixel Asic 
• performs correlation and 

produces stubs 
• 3.0 W

Andreas Mussgiller  |  CMS Detector Module R&D  |  Forum on Tracking Detector Mechanics 2014  |  02/07/2014  |  24

2 x 8 strip chips 
(0.5 W)

power converter 
(2.0 W @ 70 % efficiency)

opto package 
(800 mW)

Concentrator 
(2 x 200 mW) 

pixel sensor 
(680 mW)

10 cm x 4.6 cm

2.3 cm

total FE power 6.7 W 

1.6 mm module 7.4 W 

2.6 mm module 8.1 W 

4.0 mm module 7.7 W 
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Outer Tracker key parameters 
CMS-TDR-17-001
-Module mechanics 
‣Use Al-CF spacers.  High k and 
low CTE.  (Alternatives under 
study: AlN? Foam/kapton?) 
‣Use of CFRP plates 
‣Minimal glue layers to permit 
good heat conduction while 
providing necessary structural 
strength 
‣1000V isolation between 
conductive surfaces at HV and 
those at ground.  Safety margin of 
400V.  Use kapton tape-wrapped 
Al-CF.

�46
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OT Detector Mechanics
-Mechanical structures 
‣952 Central PS modules mounted 
on planks: C-foam core with C-
fiber skins, embedded dual-phase 
CO2 cooling loop 
layer 1: 328mm → layer 3: 695mm


‣Planks attached to end support 
rings to create barrel flat sections 
‣Phase change adhesive used to 
make thermal connection to 
modules 
‣Plank dimensions: trade-off 
between stiffness, material 
budget, heat flow

�47
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Thermal Conductivity Testing @ UC Davis

-Heat introduced at the top of stack and removed from the bottom 

-Measure thermal resistance of a sample by calculating the temperature drop across the interface

�48
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Robotic dispenser:
-EFD Nordson automated epoxy dispenser 
-Use to build sample stacks for thermal testing

�49
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Results
‣"Thermal and Tensile Strength Testing of Thermally-
Conductive Adhesives and Carbon Foam” 
JINST 12 P01010 (2017)

�50
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Variety of samples under study

�51

PS Module spacer alternatives

3D printed CF

Dummy MAPSA Module

Aluminized Carbon Fiber
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Tensile Strength Testing
-Goals: compare epoxy 
alternatives, validate use 
of thermal tape instead of 
BN epoxy 

-Test tensile strength after 
p, n irradiation 

-Test RBF bonding

�52

Epoxy:	mixed	
mode	of	bri/le	
tensile	failure	in	
carbon	foam	and	
delamina7on

Tape	failure	mode
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Plank thermal testing
-Build scaled down plank 
section with C-foam/C-fiber 
and cooling pipe to study 
heat transfer through 
channel 
‣Measure versus: epoxy type, 
amount, application method, 
channel cross section 
‣Measure heat flow with IR 
camera and RTDs 
‣Compare with FEA, other 
measurements

�53
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Fermilab Plank FEA

�54

Temperature along path from Module end to Tubing
• 4-Pass Tubing optimized, CF 0/90/0 Layup, 1/8” (3.18mm) thick Carbon Foam 

∆T = 0.2oC only across 
the thermal grease layer∆T = 0.15oC only across 

the epoxy layer

Major ∆T  
1.7oC carbon foam
1.5oC convection

1.3oC module CF base plate

Edge of module base plate

14
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Fermilab plank cooling FEA versus mockups
-Heat flow symmetric so study with heater pipe

�55



M. Chertok 2019

Radiation Damage Testing
-Thermal and mechanical tensile testing of epoxy-
foam structures before and after neutron radiation 
‣k: virtually no change (<~ 1%) after 1014 n/cm2 fluence 
‣Tensile strength after irradiation: 

sample with 125um epoxy - failed at 600N.

sample with 200um epoxy - mount to machine failed


-Further radiation testing is needed to fully validate 
designs 
‣neutrons to 1015/cm2 
‣protons under study @ UC Davis Crocker Cyclotron

�56
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UC Davis Radiation Facilities: Crocker Cyclotron

�57

Thermalized neutron beam under development. 
Useful for in-situ neutron-induced effects in electronics 
or sensors  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Conclusions

-Along with Higgs discovery 
and measurements, myriad 
results and searches from 
first ~decade of LHC.  A 
rousing success! 

-At present, sitting on 150/fb 
of 13 TeV data to analyze 

-HL-LHC is the future, with 
bold physics program 
requiring even bolder 
accelerator and detector 
advances

�58

(Some of) team at UC Davis
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M. Chertok

Search for light pseudoscalars at 7 TeV
Direct 
production 

a → μμ  

Large cross sections 
and large 
backgrounds 

Bump hunt in m(μμ) 
around Upsilon peaks 

Challenge: efficient 
dimuon triggering and 
reconstruction at low 
mass 
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Tau Lepton Decays

hadronic
muon

electron

1-prong
3-prong
5-prong

Hadronic

�61

ττ = 290.6 fs 
cττ =  87.11 µm

neutral pions:



DiTau Decay Rates

�62

mode %
τhτh 44
τhτl 44
τlτl 12

trade-off: BF ↔ efficiency 
focus so far



Ultimate Precision Top Mass

·More statistics → samples and calibration 

·Better systematics (both theory and experiment) 

·Combination of different methods
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J/ψ: δmtop ~ 0.5 GeV

CMS-PAS-FTR-16-006

mpole from σ(tt)
2ndary vertex

single top
ℓ+jets

t → bW → J/ψ Xℓν

arXiv:1807.06617

J/ψ

Jan Kieseler

J/Psi from B decays in top events

8

•High statistics 
•Excellent resolution, even at 

200 PU 
• Full analysis on HL-LHC 

simulation ongoing 
performed by the ATLAS 
team members 
‣ nothing public yet

TDR-17-001

CONF-NOTE-2015-40

ttbar events only
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Jan Kieseler

Starting Point

7

• J/Psi mostly limited by 
statistics 

•Good starting point for HL-LHC studies
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, JHEP 12(2016)123ΨJ/
), JHEP 08(2016) 029t (tσ

sec. vtx, PRD 93(2016)2006 
single t, PAS-TOP-15-001
l+jets, PRD 93(2016)2004

PAS FTR-16-006

CONF-NOTE-2015-40
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-006/index.html
https://arxiv.org/abs/1807.06617


Higgs Couplings
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Combination of ATLAS and CMS underway

10

on GH/GSM
H is 0.05 in S1 and 0.04 in S2, equivalent to 0.16 and 0.21 MeV respectively, assuming246

the SM width of 4.1 MeV. The main contribution is the statistical uncertainty, followed by the247

experimental one.248

Expected uncertainty
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Figure 5: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the coupling mod-
ifier parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only component of the
uncertainty is also shown.

Figure 6 gives the correlation coefficients for the coupling modifiers for S2 at 300 fb�1 and249

3000 fb�1. In contrast to the per-decay signal strength correlations in Fig. 2 the correlations250

here are larger, up to +0.74. One reason for this is that the normalisation of any signal process251

depends on the total width of the Higgs boson, which in turn depends on the values of the other252

coupling modifiers. The largest correlations involve kb, as this gives the largest contribution to253

the total width in the SM. Therefore improving the measurement of the H ! bb process will254

improve the sensitivity of many of the other coupling modifiers at the HL-LHC.255

Projections have also been determined for an alternative parametrisation, based on ratios of256

the coupling modifiers (lij = ki/kj). A reference combined coupling modifier is defined which257

scales the yield of a specific production and decay process. This is chosen to be kgZ = kgkZ/kH,258

where kH = Âj Bj

SMk2
j
. The results of this projection are given in Appendix B.259

3.2 ttH production with H ! bb260

This section focuses on the analysis targeting ttH production with the H ! bb decay channel261

and the single- and dilepton decay channels of the tt system using 35.9 fb�1 of data collected at262 p
s = 13 TeV [27]. In order to identify the signal against the background of tt+jets production,263

the analysis relies on dedicated multivariate techniques, including boosted decision trees and264

deep neural networks, that combine the information of several discriminating variables. The265

output of a matrix element method is also utilised. An excess of events above the background-266

only hypothesis with an observed (expected) significance of 1.6 (2.2) standard deviations is267

κ: 2-4%, κµ ~5% 

6

At 3000 fb�1 the systematic uncertainties generally dominate in both S1 and S2. In S2 the sig-197

nal theory uncertainty is the largest, or joint-largest, component for all parameters except µµµ,198

which remains limited by statistics due to the small H ! µµ branching fraction. The µµµ uncer-199

tainty at 3000 fb�1 using the Run 2 dimuon mass resolution instead of the Phase-2 expectation200

is 14%.201

Figures 18 and 19 in Appendix A give the evolution of the uncertainty components for each202

parameter in S1 and S2. This shows that for many parameters the experimental component203

reduces continuously with integrated luminosity. This is due to the expected data providing204

a stronger constraint on some of the systematic uncertainties than that which comes from the205

external measurements.206

Expected uncertainty
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Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the207

measured parameters are expected to evolve. Correlations arise when analysis channels are208

sensitive to more than one production or decay mode and the chosen fit observables do not209

fully distinguish between these. In addition, correlations may arise when the same systematic210

uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation211

coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1
212

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and213

each decay channel is measured in dedicated analyses with low contamination from other final214

states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where215

the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory216

uncertainties affecting the SM prediction of the gluon-fusion production rate.217

3.1.2 Signal strength per-production mode218

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1219

and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in220

CMS FTR-18-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html


·Triple and quartic gauge couplings  

·Electroweak WW and WZ scattering              
observed in Run-2 

·WW, WZ, ZZ studied for YR2018 

Vector Boson Scattering
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CMS-FTR-18-005

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC
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Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ
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±)

! E
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! � 2 jets with
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TGC H,Z,γ 

δσ ~ 3%  
and < 10% in Run 3

ATL-PHYS-PUB-2018-023
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Figure 1: Detector-level distributions of EW and QCD processes after event selections for (a) mj j , (b) mZZ ,
(c) |��(Z Z)|, (d) centrality of the Z Z system, normalized to 3000 fb�1.
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δσ ~10% 
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δσ  5 - 10% 

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

QGC
arXiv:1709.05822ATLAS-CONF-2018-033

600 800 1000 1200 1400 1600 1800 2000
 (GeV)jjm

0

1000

2000

3000

4000

5000

Ev
en

ts
/b

in

Phase-2 Simulation PreliminaryCMS  (14 TeV)-13 ab

WW(EWK)
WW(QCD)
tt

WZ
γW

mjj 

BDT

BDT

mZZ 

WW WZ ZZ ATL-PHYS-PUB-2018-029

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-023
https://arxiv.org/abs/1709.05822
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-029


HL-LHC Projected Uncertainties

·Effort to make realistic projections,                                                    
→ assumptions affect conclusions 

·Systematic uncertainties                                                                  
will be limiting factor                                                                          
for more and more measurements 

·ATLAS and CMS common approach 
·Statistical uncertainties scale as 1/√L 

·Theory: assume reduction by factor 2     

·Experimental systematics scale as 1/√L → until “floor” 

· “Floor” values for all physics objects estimated and agreed 

·Keeping “Run-2” and “stat-only” for comparison
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Figure 4: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 30 GeV.

Table 1: Summary of changes induced in the 95% C.L. exclusion limit (expressed in units of signal strength,
µ = �/�SM) when the named systematic uncertainties are ignored in the analysis. All other systematic uncertainties
are included.

Source �µ

Luminosity 0.05
Jet Energy 0.09
b-tagging 0.34
Theoretical 0.10
Multijet 1.85
tt̄ 2.83

6.1 Impact of Reducing Background Modelling Uncertainties

The impact of potential reductions in the background modelling uncertainties is shown in Figure 5.

The multijet background modelling uncertainties were determined in 2016 by examining the agreement
between the background model and data in control regions. The uncertainties were essentially limited
by the statistical precision of these comparisons. As more data is accumulated, the statistical precision
of these comparisons will increase and a reduction in the modelling uncertainties should be possible. A

10

HH → 4b

ATL-PHYS-PUB-2016-024

“Run-2”

stat-only

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024


BSM Searches in the Higgs Sector
· CP even established, but CP odd admixture 

not excluded 

· HVV in production and decay 

· Hff in decay:  
· require fermion with observable       polarisation: 

H → ττ  

· No projections available yet
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• Test for anomalous couplings:

Anomalous Couplings

14

SM

CMS-PAS-FTR-16-002

• Statistically limited. 1% reach @ 3000 fb-1 (based on Run1 methods)
• Interference contribution becomes more dominant at smaller values of fai cos (fai)

ATL-PHYS-PUB-2013-023
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8Scattering amplitude describing the interaction between a spin-
zero H boson and two spin-one gauge bosons VV (ZZ, Zγ, γγ, 
WW, gg):  

Anomalous Couplings

4

CP odd

SM

· Invisible Higgs decays:                                            
unseen SM (e.g. neutrino) or BSM (e.g. DM)                              
Binv < 4% (20%) HL-LHC (Run2) @95 CL 

· Exotic decays:                                                       
H→BSM or forbidden SM decays (for κV≤1)                                                  
BBSM < 6% (34%) HL-LHC (Run2) @95 CL 

· Rare SM decays: e.g. H→J/psi γ                               
B(H→J/\psiγ) < 44 x 10-6  @ 95 CL   (20 x SM) 

6. Constraints on anomalous HZZ couplings and the Higgs boson width using on-shell and
off-shell measurements 25

found to have a negligible effect on the results for fa3 cos (fa3) using either on-shell and off-
shell events combined or only on-shell events, so only scenario S1 is shown. In the case of GH
limits, theoretical systematic uncertainties are dominant over experimental ones. The dominant
theoretical systematic effect comes from the uncertainty in the NLO EW correction on the qq !
4` simulation above the 2mZ threshold, but this uncertainty is also expected to be constrained
from data with an integrated luminosity of 3000 fb�1. Limits on GH are also given for an
approximate S2 in which the experimental uncertainties are not reduced, while the theoretical
uncertainties are halved with respect to S1. The 10% additional uncertainty applied on the
QCD NNLO K factor on the gg background process is kept the same in this approximated S2
in order to remain conservative on the understanding of these corrections for this background
component. It is also noted that the uncertainties on the signal and background QCD NNLO K
factors are smaller in the Run 2 analysis [47] than in previous projections using Run 1 data [48].

Table 10: Summary of the 95% CL intervals for fa3 cos (fa3), under the assumption GH = GSM
H ,

and for GH under the assumption fai = 0 for projections at 3000 fb�1. Constraints on
fa3 cos (fa3) are multiplied by 104. Values are given for scenarios S1 (with Run 2 systematic
uncertainties [47]) and the approximate S2 scenario, as described in the text.

Parameter Scenario Projected 95% CL interval
fa3 cos (fa3) ⇥ 104 S1, only on-shell [�1.8, 1.8]
fa3 cos (fa3) ⇥ 104 S1, on-shell and off-shell [�1.6, 1.6]

GH ( MeV) S1 [2.0, 6.1]
GH ( MeV) S2 [2.0, 6.0]
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Figure 17: Likelihood scans for projections on fa3 cos (fa3) (left) and GH (right) at 3000 fb�1.
On the left plot, the scans are shown using either the combination of on-shell and off-shell
events (red) or only on-shell events (blue). The dashed lines represent the effect of removing
all systematic uncertainties. In the right plot, scenarios S2 (solid magenta) and S1 (dotted red)
are compared to the case where all systematic uncertainties (dashed black) are removed. The
dashed horizontal lines indicate the 68% and 95% CLs. The fa3 cos (fa3) scans assume GH =
GSM

H , and the GH scans assume fai = 0.

CMS-FTR-18-016

CMS-FTR-18-011

ATL-PHYS-PUB-2015-043

CMS-FTR-18-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
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Higgs Production and Decay

·“κ-model”: Fit of scale-factors κ to the data  
assuming SM processes
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γ γ
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Coupling Estimates

● Determine couplings from production mode and decay channel:

● Direct measurement not possible since     appear in nominator and denominator of

production: production: Decay to    or    :

● Coupling to gluon can be    or effective (*).

● Coupling to    can be effective or a mixture of          .
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2 2 Analysis overview

and vector boson fusion (VBF), final states with H ! tt decays contain only two charged
leptons, defining the LL

0 channels. All six t-pair final states are studied: LL
0 = µth, eth, thth,

eµ, µµ, and ee.
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Figure 1: Leading-order Feynman diagrams for Higgs boson production through gluon-gluon
fusion (left), vector boson fusion (middle), and the associated production with a W or a Z boson
(right).

Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL
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quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL

0

predominantly 
gg-fusion: 87%

H

t,b, … ?

Institute of Experimental Particle Physics (IEKP)15
 

Coupling Estimates

● Determine couplings from production mode and decay channel:

● Direct measurement not possible since     appear in nominator and denominator of

production: production: Decay to    or    :

● Coupling to gluon can be    or effective (*).

● Coupling to    can be effective or a mixture of          .

12/23

ttH: 0.6%Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 3

Higgs Boson Production at LHC

> In SM, top-Higgs Yukawa coupling strongest (YT ≈ 1)
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Silicon Sensors for the Outer Tracker
Surviving in > 1015 n

eq
 cm-2

Sensor baseline design

• n-in-p planar sensors, with 200 – 240µm active thickness

• HV stable up to 800V

• 3 sensor variants (15 in the current tracker!):

– 2S: 10 x 10 cm2, 2032 strips, AC 

read-out by CBC → σ ~ 1000 e-

– PS-s: 5 x 10 cm2, 1920 strips, AC 

read-out by SSA → σ ~ 700 e-

– PS-p: 5 x 10 cm2, 30208 macro pixels, 

DC read-out by MPA → σ ~ 175 e-

Sensor performance studies

• Leakage currents 

• Charge collection efficiencies
→ Final decision on material and isolation technique forthcoming!

FZ or ddFZ p-stop or p-spray
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OT Electronics
Aggregating and transferring signals

Read-out ASICs

• 2S module: CBC, PS module: SSA and MPA

Connection to both sensors via flex hybrid

→ Ongoing R&D: chip prototyping, firmware development

2S Module Front-End

16x CMS Binary Chip (CBC)
  Read-out of both strip sensors
  Stub data creation
  Inter-chip communication

PS Module Front-End

16x Short Strip ASIC (SSA)
  Strip read-out
1x Macro Pixel ASIC (MPA)
  Pixel R/O, stub logic

2x Common Concentrator IC

Buffers, aggregates, and
sparsifies each chip’s data

Service Hybrid

DC-DC converter
HV connectors
LpGBT distributes clock & trigger, I2C master
Optical output by VTRx+

L1 and channel data
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RBF

‣"Reactive Bonding Film for Bonding Carbon Foam Through 
Metal Extrusion” 
JINST 12 T03005 (2017), http://arxiv.org/abs/1606.07677, [physics.ins-det], 
2016.

�71
Nickel-Aluminide Fused ceramicLock-and-key structures 

from successful bonding
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RBF Results
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1 sheet Al: no extrusions 1 sheet RBF, 2 sheets Al:  
incomplete melting

Mechanically-separated sample 
after successful bonding
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UC Davis Radiation Facilities: McClellan Reactor
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CMS Detector
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Not that big...


