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Only a selection of 
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the HL-LHC era 
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physics program.
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ATL-PHYS-PUB-2018-051

13 →14 TeV

PDFs, aS (NNLO), indirect 
searches for colored particles

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-032/CMS-PAS-FTR-18-032_Figure_004-a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/fig_01a.png
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Observation of longitudinal production
(remember, VL VL → VL VL diverges without the Higgs)

Table 1. Expected precision and
significance for the measurement of
several EW multiboson processes [1].

Process W±W± WZ WV ZZ WWW WWZ WZZ
Final state `±`±jj 3`jj `jjjj 4`jj 3`3n 4`2n 5`n
Precision 6% 6% 6.5% 10–40% 11% 27% 36%
Significance > 5s > 5s > 5s > 5s > 5s 3.0s 3.0s

2.2 sin2 qeffsin2 qeffsin2 qeff, mWmWmW and mtopmtopmtop

The current world average of the weak mixing angle sin2 qeff = 0.23153 ± 0.00016 is dominated by determinations based on
data from LEP and from SLD. Those determinations, however, differ by over 3 s.d.. A precision extraction using HL-LHC data
can help settle this long-standing issue, giving insight into the source of tension between LEP and SLD, whether this is the result
of systematics, or of new physics. The statistical precision of sin2 qeff measurements with ATLAS, CMS and LHCb will be
better than 5 ·10�5. The overall uncertainty will remain dominated by the PDFs, which can be reduced to 10�16 ·10�5 using
in situ constraints, with an overall uncertainty below 18 ·10�5. The PDF uncertainty on sin2 qeff can be reduced by 10%�25%
using the global fits to HL-LHC data, as discussed in Sec. 4.1. Data from the LHeC collider would have the potential to reduce
the PDF uncertainties by an additional factor of 5.

Another key target of the LHC is to improve the knowledge of the W boson mass, mW . The HL-LHC will greatly reduce
the systematics, by limiting the PDF sensitivity via the extended leptonic coverage |h | < 4, and via its own PDF constraints.
Dedicated low-pileup runs will provide the required conditions to optimize the reconstruction of missing transverse momentum,
and five to ten weeks of data taking in the course of the HL-LHC will lead to a statistical precision of about 3 MeV. Experimental
systematic uncertainties are largely of statistical nature, and with adequate efforts and exploiting the full available data sample,
their impact can be maintained at a level similar to the statistical uncertainty. Assuming the extended lepton coverage allowed
by the HL-LHC detectors, the impact of PDF uncertainties on the mW measurement, using today’s PDF sets, would amount to
5-8 MeV. These uncertainties are further reduced to about 4 MeV when using the HL-LHC ultimate PDF set (Sec. 4.1), leading
to an overall HL-LHC target of DmW = ±6 MeV. LHeC measurements could further reduce the PDF systematics to 2 MeV.

The projections for the top mass measurements are collected in Table 2. With a mostly negligible statistical uncertainty, they
reflect the anticipated measurement and modeling systematics, but do not include the uncertainty in the interpretation in terms of
a theoretically well defined mass (see the discussion in Ref. [1]). Progress here will be driven by future theoretical developments,
supported by the large amount of data and of probes of the top mass subject to independent theoretical systematics.

Table 2. Projected total uncertainties on the
top quark mass, obtained with different
methods. From Ref. [1].

Method: tt̄ lepton+jets t-channel single top mSV ` J/y stt̄
Dmtop (GeV): 0.17 0.45 0.62 0.50 1.2

3 Flavour physics
The LHCb experiment has demonstrated emphatically that the LHC is an ideal laboratory for a comprehensive programme
of flavour physics. The LHCb Upgrade II, combined with the enhanced B-physics capabilities of the Phase II upgrades of
ATLAS and CMS, will enable a wide range of flavour observables to be determined at HL-LHC with unprecedented precision,
complementing and extending the reach of Belle II, and of the high-pT physics programme. Some highlights are given here,
see Ref. [4] for a comprehensive overview.

3.1 Testing CKM unitarity
The unitary nature of the CKM matrix, and the assumptions of the SM, impose nontrivial relations between the CKM elements,
implying the closure of the vertices of the standard unitarity triangle, Fig. 4. The angle g can be extracted with small
experimental and theoretical systematics, but is the least well known (±5�), due to statistics. LHCb Upgrade II will improve
the precision by an order of magnitude, or better. The precision measurement of the Bs weak mixing phase will be another
highlight of the programme. The expected precision on f cc̄s

s at the end of the HL-LHC period will be ⇠ 5 mrad for ATLAS and
CMS, and ⇠ 3 mrad for LHCb . This will be at the same level as the current precision on the indirect determination based
on the CKM fit using tree-level measurements. The anticipated impact of these improvements can be seen in Fig. 4. The
increased sensitivity will allow for extremely precise tests of the CKM paradigm. In particular, it will permit the tree-level
observables, which provide SM benchmarks, to be assessed against those with loop contributions, which are more susceptible
to new physics.

3.2 Bottom quark probes of new physics and prospects for B-anomalies
The flavour-changing neutral current (FCNC) transitions b ! s(d)`+`+ provide some of the most sensitive probes of new
physics. For most of the corresponding observables, this sensitivity is statistics limited. The HL-LHC, combining ATLAS, CMS
and LHCb Upgrade II, is the only facility with the potential to distinguish between some plausible new physics scenarios. As an
example, Fig. 5 shows the potential sensitivity to the C9 and C10 Wilson coefficients, illustrating scenarios with modifications
of just C9 (vector current) and of both C9 = �C10 (pure left-handed current). The fits use the measurements of the branching

4

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-029/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-038/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-052/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-005/index.html


�8Ultra precision

It is not all about 
energy and lumi!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-17-001/index.html
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We will have an enormous top quark dataset at high pT, 
which can be used for aS (NNLO) and PDFs (high x-gluon)

~400 events!
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�10Boosted top quarks

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-032/CMS-PAS-FTR-18-032_Figure_008-a.pdf


�11Top quark pairs + X  

For X = Z, see FTR-18-036 and for X = g, see PUB-18-049.

CMS-PAS-FTR-18-031

Evidence in Run 3, < 20% measurement possible with HL-LHC.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-049
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-047
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�12Flavor Changing Neutral Currents

t → q + Z
t → q + g

Run 1 (25 fb-1): ~4 x 10-4

https://arxiv.org/abs/1803.09923
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-001
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-004/index.html
https://arxiv.org/abs/1610.03545
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�14Cross sections and Branching Ratios

CMS-PAS-FTR-18-011

ATL-PHYS-PUB-2018-054

Hongtao Yang (LBNL) May 21, 2019, LHCP 2019

Conclusions

• Bosonic decay channels continue leading 
Run 2 measurements of ggF (reaching 
10% precision) and VBF cross-sections

- Also measured phase-space regions within 
production modes using STXS framework

• Higgs boson mass measurement updated 
with Run 2 data

• Off-shell analysis (for total width) and HVV 
CP studies did not show deviation from SM

• Many analyses to be updated to full Run 2 
dataset, ATLAS and CMS dataset to be 
combined. Stay tuned for more results!
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theory ~ experiment uncertainty in many cases!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054
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Forward quark jets are a significant experimental challenge, but this is 
an important channel for broad sensitivity to (semi)invisible decays. 

Run 1+2 ~ 20%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-038/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html


�16Rare and BSM decays
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See PUB-18-016 for alternative probes of H → cc.
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Precision of ~15x SM (4x for the Z) Large program for exotic 
decays, including t > mm.

High BR decays still possible - we must explore all possibilities!

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-035/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043/


�17Di-Higgs and Higgs self-coupling

See FTR-18-020 for alternative probes of the self-coupling.
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i /L2, allows

one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.

3

CMS-PAS-FTR-18-019

ATL-PHYS-PUB-2018-053

Higgs HL-LHC Yellow Report

HH at ~3s / experiment; self coupling with ~50%.

Excluded at 3s

N.B. relatively simple 
strategies - this 

picture may change 
during HL-LHC!

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-020/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053
https://cds.cern.ch/record/2650162
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Much smaller cross-sections compared with squarks 
and gluinos - huge gains from HL-LHC dataset.

Current limits only marginally 
better than LEP (~100 GeV)

Electroweakinos 
in backup
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Discovery 
potential beyond 
Run 2 exclusion!

ATL-PHYS-PUB-2018-044

Significant extension in reach for 
charged and neutral new bosons

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-030/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044/
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Leading radiative 
corrections fixed by 

measured mH

There are many channels, H → tt is key channel and important 
motivation for improving t reconstruction performance.

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-050


�22Long lived particles
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Fig. 4.2.1: Left: probability that a charged particle, with pT > 1 GeVproduced in the decay of a 2.0 TeV R-
hadron with a lifetime of 1 ns, passes through at least seven silicon layers, as a function of the decay radius of
the R-hadron, for both the Run-2 and ITk detector layouts [256]. The probability is shown with and without the
simulated effect of material producing hadronic interactions. Right: parametrised efficiency for reconstructing a
displaced vertex with ntracks = 10, as a function of the decay radius of the parent particle, as measured in Run-2
simulation and extrapolated to the ITk geometry.

parton distribution function (PDF) set [52]. After production, the gluino hadronises into an R-hadron
and is propagated through the ATLAS detector by GEANT4 [54, 254] until it decays. PYTHIA 6.428 is
called to decay the gluino into a pair of SM quarks and a neutralino and models the three-body decay
of the gluino, fragmentation of the remnants of the light-quark system, and hadronisation of the decay
products. The gluino lifetime ranges from 0.1 ns to 10 ns, and the neutralino mass is fixed to 100 GeV.
To normalise the expected number of signal events in the full HL-LHC dataset, the cross-sections for
pair production of gluinos are calculated at next-to-leading order at

p
s = 14 TeV and resummation of

soft-gluon emission is taken into account at next-to-leading-logarithm accuracy (NLO+NLL) following
the procedure outlined in Ref. [339].

Particle-level Monte Carlo events are used to obtain kinematic distributions for the signal. The
expected track reconstruction performance is estimated by factorising it into an acceptance and an ef-
ficiency term, and assuming that the efficiency performance of the Run-2 algorithm, currently close to
100%, will be reproduced for ITk for particles which pass the acceptance. The tracking acceptance is
based on the number of hits left by a charged particle traversing the silicon sensors; at least seven hits
are required for both the current ID and the future ITk. To calculate the ITk acceptance for the tracks of
interest, a full simulation of the ITk geometry is used. Only charged decay products with pT > 1 GeV

are considered and material interactions with the active and passive material of the detector are taken
into account. Figure 4.2.1 (left) shows the acceptance as function of the production transverse position
(radius) of the particle. The steep drop off in efficiency in the present ID at around 300 mm corresponds
to the farthest radial extent of the first layer of the SCT, after which it is unlikely that a typical particle
would traverse seven strip layers. In the ITk, the equivalent drop-off does not occur until after 400 mm

due to the larger spacing between the silicon layers.
The current displaced vertexing performance is parametrised as a function of the transverse decay

position (rDV) and number of reconstructed tracks (ntracks) coming from the long-lived particle decay. To
extrapolate from the Run-2 efficiency to the expected performance in ITk, the same fit values are used
for each bin of ntracks, while the radial distance at which the vertexing efficiency starts to drop is moved
from 300 mm to 400 mm to reflect the change in the location of the inner silicon strip layer, as shown
for one particular example in Fig. 4.2.1 (right).

The event selection closely follows the requirements in the recent Run-2 search for a DV and
MET [333]. Events are required to have at least one DV within the ITk volume and at least five tracks
from the gluino decay must be reconstructed. The tracks and vertices are reconstructed with a probability

111

CERN-LPCC-2018-05

There is also many possibilities 
for long lived particle searches 
using the increased detector 

capabilities + larger luminosity.

8.2. Impact of new capabilities of the muon detector upgrade 305

decrease with the additional hits.

Figure 8.12: Left: The transverse imparameter, d0, for several simulated decay lengths, ct,
before reconstruction. Middle: Efficiency to reconstruct displaced muons from decays of long-
lived particles as a function of the generated impact parameter |d0| using the dedicated DSA
algorithm and the standard SA algorithm which includes a vertex constraint. Right: Distribu-
tion of the minimum number of valid hits in the muon system for a SUSY eµ (M = 500 GeV and
t = 1000 mm) for Run 2 (blue) and Phase-2 (red) detectors.

To study the impact on physics sensitivity, a particular SUSY model is selected where the dis-
placed signature consists of a dimuon final state emerging from the decay of heavy sparticles
(smuons). This signal serves as a proxy for any long-lived particle. Searches for the direct
production of heavy sparticles with long lifetimes are difficult in the present LHC runs, ow-
ing to small cross sections and limited integrated luminosity, and will only become possible at
the HL-LHC. In gauge-mediated SUSY breaking models, smuons can be (co-)NLSPs (next to
lightest supersymmetric particles) and decay to a muon and a gravitino [159]. This decay can
either be prompt or the slepton can have a significant lifetime: the final state signature is then
given by two displaced oppositely charged muons and significant missing transverse energy.
The smuon pair production has the advantage that it can be characterized by a very clean final-
state topology and we will therefore focus on the process qq̄ ! eµeµ, where the two smuons
decay far from the primary interaction vertex with ct = 10, 100, 1000 mm and with several
mass hypotheses (0.2, 0.5, 1 TeV). The final state contains two oppositely charged muons and
MET.

The main background for this search comes from multi-jet production (QCD), tt production,
and Z/DY ! `` events where large impact parameters are (mis)reconstructed. Cosmic ray
muons have been studied in Run 2 and are independent of the instantaneous luminosity. In the
barrel they are efficiently rejected by the timing of the hits in the upper leg. Cosmic ray muons
do not originate at the vertex and therefore pass the upper barrel sectors in reverse direction
from outside in. The fraction of cosmic ray muons in the endcaps is negligible. Given the
very low cross section of this process, it is essential to reduce the background efficiently. The
best background discriminator is the impact parameter significance d0/s(d0) � 10. Given the
signal kinematics, the muons should move in roughly opposite directions and MET should be
larger than 50 GeV to account for the two gravitinos. After this selection the signal efficiency
is about 4–5% for ct = 1000 mm, nearly independent of the smuon mass, and 10�5 – 10�4 for
QCD, tt, and DY backgrounds.

Figure 8.13 shows expected exclusion limits for the gauge-mediated SUSY breaking model with
the smuon being a (co-)NLSP for the predicted cross section as well as for a factor 100 larger

New muon 
stations

…also possibilities with 
precision timing, etc.

https://arxiv.org/abs/1812.07831
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Many places where gains 
could be bigger with 

improvements in modeling*  
(from both theory and 

auxiliary measurements)

HL-LHC dataset will be a 
rich source of physics 

analysis for many years!

There are also many places where analysis innovation  
(e.g. deep learning) will be essential … in fact, some of the  
results shown today used modern machine learning tools!

*in many places, we 
have assumed factor 

of 2 reduction!
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?We must also be prepared for the unexpected! 
…we have many years of rich data ahead of us.

(see LHC Olympics 2020 in the backup slides!)

Many places where gains 
could be bigger with 

improvements in modeling*  
(from both theory and 

auxiliary measurements)

HL-LHC dataset will be a 
rich source of physics 

analysis for many years!
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�27Upgrade Parallel Talks

BSM: Giuliano Gustavino

SM: Alexander Savin

Higgs: Jose Feliciano Benitez

https://indico.cern.ch/event/687651/contributions/3427431/attachments/1850013/3037085/LHCP2019_GGustavino_v2.pdf
https://indico.cern.ch/event/687651/contributions/3427423/attachments/1847669/3037069/LHCP2019Savin.pdf
https://indico.cern.ch/event/687651/contributions/3427426/attachments/1849435/3037008/Higgs_HLLHC_v4.pdf
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Higgsino-like
Wino-like ~Run 2 (30 fb-1)

Much smaller cross-sections compared with squarks 
and gluinos - huge gains from HL-LHC dataset.
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Object performance + uncertainties

CMS NOTE -2018/006

ATL-PHYS-PUB-2016-026

https://cds.cern.ch/record/2650976/files/NOTE2018_006.pdf
https://cds.cern.ch/record/2223839/files/ATL-PHYS-PUB-2016-026.pdf


Executive summary of Yellow Report: 

 https://twiki.cern.ch/twiki/pub/LHCPhysics/
HLHELHCWorkshop/report.pdf

https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/report.pdf


ATLAS an CMS upgrade physics twiki pages:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
UpgradePhysicsStudies

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



Open Symposium: Update of the European Strategy for 
Particle Physics: https://indico.cern.ch/event/808335/

https://indico.cern.ch/event/808335/timetable/#20190516.detailed
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Systematic Uncertainties [% of nominal]

B(H!invs.)
BTruth, Nominal (H!invs.) 100% 50% 50% + fixed

e�ciency 10%
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None – – 0.31 0.59

RpT – – 0.28 0.48

Truth 1.0 0.48 0.07 0.10

Table 5: The limit on the H ! invisible branching ratio using the full HL-LHC dataset (3 ab�1) normalized to
the one for the run-2 systematic uncertainties and truth-based pile-up tagging to show the relative gains and losses
possible under various scenarios. A ‘–’ indicates a value bigger than 1. In addition to rejecting more background
that would have otherwise passed the �⌘ and M ( j1, j2) requirements, a truth pile-up tagger has more signal as the
third jet veto is also more e�cient. The amount by which the truth pile-up tagger is more e�cient for the signal for
the third jet veto is about the same as the ine�ciency on the background for the �⌘ requirement.

6 Conclusion

A new SU (2) fermionic triplet, added on top of the SM with an approach inspired by the Minimal Dark
Matter model, provides a good dark matter candidate if a new symmetry is imposed (e.g. the SM B-L).
This triplet has mass ⇠3 TeV if the relic abundance is matched, however smaller masses are also allowed
in case of non-thermal production mechanisms or if it constitutes only a fraction of the DM abundance.
Such a triplet can be produced at the LHC and it can be probed in di↵erent ways. This note presents
results for the mono-photon and the VBF+Emiss

T final states.

The run-2 mono-photon search has been reinterpreted in the context of this model assuming an integrated
luminosity of 3000 fb�1, which will be available with the HL-LHC. The result of this study shows that
masses of �0 below 310 GeV will be probed at 95% CL assuming the same systematic uncertainties
adopted in the run-2 analysis.

The pure WIMP triplet can also be produced via VBF giving rise to a final state with jets largely separated
in rapidity and Emiss

T . This final state is the same final state that has been defined to look for the invisible
decay of the Higgs boson produced via VBF. The run-2 analysis, applying small changes in the selection,
is used as basis, to test the DM triplet model at an integrated luminosity of 3000 fb�1. Projections are
presented for the HL-LHC scenario are presented showing that, with such a luminosity, it will be possible
to test the lower masses of this model (up to ⇠110 GeV). A slight improvement in the signal significance
from the increase of the center-of-mass energy to

p
s =14 TeV foreseen for the HL-LHC is expected for

both analyses. Complementary searches, such as mono-jet searches and disappearing track signatures,
would also set stringent constraints to this model.

Many experimental aspects of the search in the VBF+Emiss
T channel will be particularly challenging in-

cluding the rejection of pile-up jets, the identification of the primary vertex, and the resolution of low
pT jets. With a combination of pile-up robustness studies, analysis optimization, and theory uncertainty
reduction, perhaps in part from auxiliary SM measurements, then H ! invisible and EW triplet DM
searches at the HL-LHC may be significantly improved.
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CMSPhase-2 Simulation  = 1000 mm (14 TeV)µ∼τc
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Figure 8.13: The 95% CL upper limits on qq̄ ! eµeµ for various mass hypotheses and ct =
1 m (left) and as a function of the decay length for M = 200 GeV (right). In both panels, the
theoretical cross section for the specific model is represented by the blue solid line. For different
SUSY breaking scales, tan b or otherwise modified parameters, the cross sections may be 100
times larger, reflected by the blue dash-dotted line. Green (yellow) shaded bands show the one
(two) sigma range of variation of the expected 95% CL limits. Phase-2 results with an average
200 pileup events and an integrated luminosity of 3000 fb�1 are compared to results obtained
with 300 fb�1. The black line shows the sensitivity without the DSA algorithm, which reduces
the reconstruction efficiency by a factor three.

cross section. The exclusion limits are shown as functions of smuon mass in Fig. 8.13 (left) and
decay length in Fig. 8.13 (right). The sensitivity depends on ct because shorter decay lengths
shift the signal closer to background. Figure 8.12 (right) shows the resulting physics sensitivi-
ties in terms of production cross section for HL-LHC, normalized to 3000 fb�1, for the dedicated
reconstruction of displaced muons and for the standard reconstruction. Also shown is the ex-
pected sensitivity at the end of Phase-1. Systematic uncertainties for the Phase-1 scenario are
taken from current Run 2 analyses: for HL-LHC they are guided by the assumptions of reduced
systematics from Ref. [128]. Clearly, only the HL-LHC will allow this process to be studied. A
2-dimensional representation of the production cross section as a function of smuon mass and
decay length ct is depicted in Fig. 8.14. The expected exclusion limit is around 200 GeV for
ct = 1000 mm with 3000 fb�1. For the same mass, a discovery sensitivity of 3s significance can
be reached. This also illustrates the importance of keeping lepton trigger thresholds at a few
times 10 GeV, even in the environment of 200 pileup interactions.

8.2.2 Heavy stable charged particles with the time of flight technique

Several extensions of the standard model, most notably Split SUSY [160, 161], predict the exis-
tence of new heavy particles with long lifetimes. Such particles have been extensively studied
in the context of SUSY models as the next-lightest SUSY particle (NLSP) by choice of theoreti-
cal parameters. If the NLSP has a lifetime larger than a few nanoseconds, it can travel through
the majority of the detector before decaying and therefore appear as stable. In this section, we
consider particles with non zero electric charge which are referred to as heavy stable charged
particles (HSCPs). We concentrate on the performance in terms of specific HSCP parameters in
a model-independent way rather than providing an interpretation in a dedicated model. Given
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ATLAS
p

s = 8 TeV ATLAS
p

s = 14 TeV ATLAS
p

s = 14 TeV

L [fb�1] 20 3000 3000

PDF set MMHT14 [18] CT14 [13] PDF4LHC15HL-LHC [19]

sin2 ✓e f f [⇥10�5] 23140 23153 23153

Stat. ± 21 ± 4 ± 4
PDFs ± 24 ± 16 ± 13
Experimental Syst. ± 9 ± 8 ± 6
Other Syst. ± 13 - -

Total ± 36 ± 18 ± 15

Table 1: The value of sin2 ✓e f f with the breakdown of uncertainties from the ATLAS preliminary results at
p

s = 8
TeV with 20 fb�1 [17] is compared to the projected sin2 ✓e f f measurements with 3000 fb�1 of data at

p
s = 14

TeV for two PDF sets considered in this note. All the numbers values are given in units of 10�5. Note that other
sources of systematic uncertainties, such as the impact of the MC statistical uncertainty, evaluated in Ref. [17] are
not considered in this prospect analysis. For the HL-LHC prospect PDFs the "ultimate" scenario is chosen.

and SLD [26]. The accuracy of the measurement of the weak mixing angle obtained with an analysis of
the AFB in Z-events with 3000 fb�1 at

p
s = 14 TeV with the ATLAS detector at HL-LHC exceeds the

precision achieved in all previous single-experiment results to date and the measurement is dominated by
PDF uncertainties. To explore the full potential of the HL-LHC data will be therefore essential to reduced
PDF uncertainties. A moderate improvement of the sensitivity of this measurement is observed when
using prospect PDF sets which include ancillary neutral current Drell-Yann measurements performed with
the data collected during the high luminosity phase of the LHC, as included in PDF4LHC15HL-LHC set.
Futher improvements may be achieved when using additional data on W charge asymmetry and with the
structure function data from the LHeC collider.
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