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�2Motivation

Fin.

The Higgs could be the portal to Dark Matter.

If a Hidden Valley (+ friends), Higgs could be bridge to BSM.

Higgs → MET

Higgs → MET/displaced
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Figure 7: On the left, observed and expected 95% CL upper limits on sB(H ! inv)/sSM for
both individual categories targeting qqH, Z(``)H, V(qq0)H and ggH production model, as well
as their combination, assuming a SM Higgs boson with a mass of 125 GeV. On the right, profile
likelihood ratios as a function of B(H ! inv). The solid curves represent the observations in
data, while the dashed lines represent the expected result assuming the absence of any signal.
The observed and expected likelihood scans are reported for the full combination, as well as
for the individual qqH, Z(``)H, V(qq0)H and ggH tagged analyses.

interaction between a DM particle and atomic nuclei, which may be mediated by the exchange
of a Higgs boson, producing nuclear recoil signatures that can be interpreted in terms of the
DM-nucleon scattering cross section. The sensitivity of these experiments depends mainly on
the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the Higgs boson
invisible width (Ginv) can be translated, within an effective field theory approach, into a spin-
independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9]. This translation
is performed assuming that the DM candidate is either a scalar or a fermion; the dimensionless
nuclear form-factor fN is assumed to be equal to 0.326 [66]. The conversion from B(H ! inv)
to Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV. Fig-
ure 8 (right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering
cross section as a function of mc, for both the scalar and the fermion DM scenarios. These limits
are computed at 90% CL so that they can be compared with those from direct detection exper-
iments such as LUX [67], PandaX-II [68], CDMSlite [69] and CRESST-II [70], which provide
the strongest constraints in the mc range probed by this search. In the context of Higgs-portal
models, the result presented in this letter provides the most stringent limits for mc smaller than
20 or 7 GeV, assuming a fermion or a scalar DM candidate, respectively.

9 Summary
A search for invisible decays of the Higgs boson is presented using 13 TeV proton-proton colli-
sion data, collected by the CMS experiment in 2016 and corresponding to an integrated lumi-
nosity of 35.9 fb�1. The search targets events in which the Higgs boson is produced through
vector boson fusion (VBF). The data are found to be consistent with the predicted standard
model (SM) backgrounds. An observed (expected) upper limit of 0.28 (0.21) is set, at 95%
confidence level (CL), on the invisible branching fraction, B(H ! inv), of the 125 GeV Higgs

earlier Run 2 paper: 
JHEP 02 (2017) 135

HIG-17-023-pas

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
https://cds.cern.ch/record/2308434/files/HIG-17-023-pas.pdf


�4Current Status - Stable Invisible

Current limit is ~25%
dominated by VBF 

Challenge: 
Systematic uncertainty ~ 

statistical uncertainty
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- large cross-section 
- main background is 

qualitatively different than 
signal, i.e. pp → Z for ggH and 

pp → ZZ for VH, but for VBF,  
s(EW qqZ) << s(QCD Z+jets)

key uncertainty is from 
modeling W → ln/ Z →nn 
ratio (more on this later)



�5Current Status - (semi)visible
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�6Projections for HL-LHC

Extrapolations from 
2015 analysis; 2016 

analysis follows 
optimistic scaling.

theory uncerts. drop by 50%
exp. uncerts. scale with lumi 

(until a bound)

theory uncerts. drop by 50%
exp. uncerts. scale with lumi

+ analysis 
improvements possible 
over the next 10 years!
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�7Challenges: Trigger
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Number of colliding bunches = 2556
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MET trigger heavily 
affected by pileup

Trigger thresholds will 
continue to increase

Possible solutions:

-Improve online calibrations 
-Multi-object triggers (e.g. VBF + MET) 

-Trigger-level PU suppression 
-Tracking (+displaced?)
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-Improve online calibrations 
-Multi-object triggers (e.g. VBF + MET)

-Trigger-level PU suppression 
-Tracking (+displaced?)

Possible solutions:

L1Topo trigger in ATLAS 
now allows for complex 
multi-object selections

pictures/ATLAS-logo.eps

Introduction
L1Topo

Commissioning

Algorithms
Hardware
Simulation

L1Topo algorithm examples

Fig. 6: ZH ! ⌫⌫bb - signal to background
separation. Minimum bias (filled
histogram) and ZH (open red histogram).
Minimum azimuthal angular distance
between Level-1 Emiss

T and Level-1 central
jets with pT > 20GeV and |⌘| < 2.5 for
events with at least two central jets.

ZH ! ⌫⌫bb selection

in Run-1 cut on Emiss
T > 40GeV in

Level-1

in Run-2 without additional cuts
this trigger rate > 100kHz

when Emiss
T > 50GeV and inclusive

jet pT > 20GeV trigger rate 10kHz
- still to much

combination with topological
quantity |��(Emiss

T , jets)| > 1 allow
to reduce trigger rate to < 5kHz

7 / 12

ATLAS-TDR-023

CMS is already uses MET 
and jet counting at L1 - 
further improvements 

possible with topological 
selections and also including 

the forward region

https://cds.cern.ch/record/1602235/files/ATLAS-TDR-023.pdf
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Trigger thresholds will 
continue to increase

Possible solutions:

-Improve online calibrations 
-Multi-object triggers (e.g. VBF + MET) 

-Trigger-level PU suppression
-Tracking (+displaced?)
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MET trigger heavily 
affected by pileup

Trigger thresholds will 
continue to increase

-Improve online calibrations 
-Multi-object triggers (e.g. VBF + MET) 

-Trigger-level PU suppression 
-Tracking (+displaced?)

Possible solutions:

Tracking can generically help 
calibrations, tagging, etc.  
For LLP, can significantly 

enhance acceptance

see also JINST 8 (2013) P07015 for 
ATLAS displaced triggers

25

Improvements with respect to Run-1 analysis

• Dark photon samples used to estimate the trigger efficiency 
• High and stable efficiency considering variations in the parameters of the dark photon

Trigger efficiency for dark photons

CMS PAS-HIG-16-035
from HIG-16-035-pas and this talk.

Muons at L1 can be used but 
more general displaced (track) 

triggers are challenging

https://arxiv.org/pdf/1305.2284.pdf
https://cds.cern.ch/record/2232052/files/HIG-16-035-pas.pdf
https://indico.cern.ch/event/659612/contributions/2862494/attachments/1593027/2523473/Workshop_puebla_Feb2018_v4.pdf


�12Challenges: Pileup (Jets)

VBF jets tend to be forward.
Due do limited tracker 

acceptances, forward jets 
harder to ID as not pileup.

To be seen what role pileup 
jets play at µ ~ 200 - could 
make VBF @ HL/HE-LHC 
much harder than now!
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�13Challenges: Quark/gluon tagging

VBF jets are quark-initiated.

Forward QCD Z+jets are a 
mix of quarks and gluons.

Leonora Vesterbacka 9

Pileup Jet ID
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For central jets (30< pT <50 GeV), rejection of 89% of pileup jets and efficiency of 96% for gluon jets. 

central forward

CMS-PAS-JME-13-005

Interplay with PU jet 
tagging - gluon jets are 

easier to distinguish than 
quark jets as PU/HS



�14Challenges: Vertexing

Wednesday, 21 March 2018 Noemi Calace - Connecting The Dots 2018 17

A T L A S  C O L L A B O R A T I O N U N I V E R S I T É  D E  G E N È V E

● Excellent vertexing performance 
○ tt events

→ Vertex reconstruction efficiency close to 100% with 
no significant local pile-up dependency 

○ H→ZZ→νννν with 2 forward jets

→ few percent vertex reconstruction inefficiency and 
small pile-up dependency

● HS primary vertex is identified based on Σp
T

2 of tracks 

associated to vertex
○ Good tt identification efficiency vs pile-up density, 

lower for H→ZZ→νννν

○ Rate of true primary vertex with the highest true Σp
T

2

→ New strategy to find the HS vertex is needed 

○ e.g. analysis with no central high-p
T
 tracks can make use of tracks from forward jets
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● Excellent vertexing performance 
○ tt events

→ Vertex reconstruction efficiency close to 100% with 
no significant local pile-up dependency 

○ H→ZZ→νννν with 2 forward jets

→ few percent vertex reconstruction inefficiency and 
small pile-up dependency

● HS primary vertex is identified based on Σp
T

2 of tracks 

associated to vertex
○ Good tt identification efficiency vs pile-up density, 

lower for H→ZZ→νννν

○ Rate of true primary vertex with the highest true Σp
T

2

→ New strategy to find the HS vertex is needed 

○ e.g. analysis with no central high-p
T
 tracks can make use of tracks from forward jets

Finding the correct 
vertex is a challenge in 

H → MET events.

With the wrong vertex, 
may label HS jets as PU.

Algorithmic improvements 
possible - also benefit from 
extended tracker coverage.



�15Challenges: Systematic Uncertainties

5.2 Non-SM production and DM interpretations 19

Table 8: Dominant sources of systematic uncertainties and their impact on the fitted value of
B(H ! inv) in the VBF analysis at 13 TeV. The systematic uncertainties are split into common
uncertainties and those specific to the signal model. The total systematic uncertainty, the total
uncertainty fixing all constrained nuisance parameters to their maximum likelihood estimates
(statistical only), and the total uncertainty are also given.

Systematic uncertainty Impact
Common

W to Z ratio in QCD produced V+jets 13%
W to Z ratio in EW produced V+jets 6.3%
Jet energy scale and resolution 6.0%
QCD multijet normalisation 4.3%
Pileup mismodelling 4.2%
Lepton efficiencies 2.5%
Integrated luminosity 2.2%
Signal specific

ggH acceptance 3.8%
Renorm. and fact. scales and PDF (qqH) 1.8%
Renorm. and fact. scales and PDF (ggH) <0.2%

Total systematic +15
�19%

Total statistical only +28
�27%

Total uncertainty +32
�33%

5.2 Non-SM production and DM interpretations

By varying the assumed SM production rates, the relative sensitivity of the different categories
to an invisible Higgs boson decay signal is studied. The rates for ggH, qqH, and VH production
can be expressed in terms of the relative coupling modifiers kF and kV that scale the couplings
of the Higgs boson to the SM fermions and vector bosons, respectively [47]. In this formalism,
the total width of the Higgs boson is the sum of the partial widths to the visible channels,
determined as a function of kV and kF, and an invisible decay width. The contribution from the
gg ! ZH mode is scaled to account for the interference between the tH and ZH diagrams (see
Fig. 2). The background from Z(nn)H(bb) production in the Z(bb̄) search is scaled consistently
with the other search channels. The SM production rates are recovered for kF = kV = 1.
Figure 8 shows 95% CL upper limits on B(H ! inv) obtained as a function of kF and kV . The
best-fit, and 68 and 95% CL limits for kF, kV from Ref. [4] are superimposed. The observed
upper limit on B(H ! inv) varies between 0.18 and 0.29 within the 95% confidence level
region shown. An alternative model under which the production rates are varied is described
in Appendix A.

The upper limit on B(H ! inv), under the assumption of SM production cross sections for the
Higgs boson, can be interpreted in the context of a Higgs-portal model of DM interactions. In
these models, a hidden sector provides a stable DM particle candidate with tree-level couplings
to the SM Higgs sector. Direct detection experiments are sensitive to elastic interactions be-
tween DM particles and nuclei via Higgs boson exchange. These interactions produce nuclear
recoil signatures, which can be interpreted in terms of a DM-nucleon interaction cross section.
The sensitivity varies as a function of the DM particle mass mc with relatively small DM masses
being harder to probe. If the DM mass is smaller than mH/2, the invisible Higgs boson decay

CMS, JHEP 02 (2017) 135

W/Z cross-section ratio 
is a significant source 

of uncertainty.

Can contain with 
leptonic Z decays, but 

stats are poor.

Theory input here could 
make a significant 
impact on results!



�16Opportunities - Extended Trackers

- Helps with lepton rejection (W → ln)Wednesday, 21 March 2018 Noemi Calace - Connecting The Dots 2018 4

A T L A S  C O L L A B O R A T I O N U N I V E R S I T É  D E  G E N È V E

● ITk Strip Layout

○ Four strip barrel layers and six end-cap discs: 

 Covers up to |η| < 2.6

● ITk Pixel Layout

○ Five pixel barrel layers and a ring end-cap system

→ 2 pixel system designs have been proposed 

→ Nora Pettersson @CTD2017

● ITk Inclined Duals Pixel Layout
○ Inclined modules reduces the material traversed by 

particles and improves tracking performance

→ multiple hits/layer to provide robustness

○ Less silicon surface than a traditional barrel needed 
to cover the same detector volume

○ End-cap rings replacing traditional disks to improve 
the hit coverage with less silicon surface

- Improves forward jet calibration
- Improves forward jet PU/qg tagging

Likely that algorithms will need re-optimization to 
account for worse resolution at high |z|.



�17Opportunities - Timing

see also https://arxiv.org/pdf/1805.05957.pdf

IEEE-ATLANTA 2017 C.Agapopoulou – LAL Orsay

Motivation for a High Granularity Timing Detector

16

Efficiency for PU jets as a function of HS jet efficiency for 

HS jets with 20<pT
jet <40GeV. RpT jet variable to 

distinguish between PU and HS jets. 

The selection efficiency for jets improves by using track 
time selection provided by a 30ps resolution HGTD!
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|ηPseudorapidity |
0 0.5 1 1.5 2 2.5 3

R
el

at
iv

e 
pi

le
up

 je
t r

at
e

0

0.5

1

1.5

2

2.5

3

3.5

MTD timing   >10 GeV
T

track-timing p
No track-timing   >5 GeV

T
track-timing p

>2 GeV
T

track-timing p

CMS Phase-2 Simulation

>30 GeV
T

jetPU = 200; p

Figure 1.4: Rate of misidentified jets at 200 PU for the reference Phase-2 detector relative to
the rate for a CMS detector including an MTD with 30 ps precision. The three different curves
at |h| > 2.0 reflect conservative, moderate and aggressive projections of the hadron timing
capability of the CE calorimeter. Results for the barrel are shown for comparison.

cussed in Section 1.3.1. In the forward region, the additional MTD will reduce the rate of pileup
jets by about 30% on top of the most optimistic projection, in which the CE detector is assumed
to provide per-track timing with 30 ps precision and 100% efficiency from pT = 2 GeV. The rate
reduction can exceed 50% for less aggressive projections of the hadron timing performance in
the endcaps. This observation demonstrates the benefit of a timing detector with sensitivity to
MIPs, in addition to the endcap calorimeter. The results for the barrel region, where the ECAL
will not provide timing information for hadrons, are shown for the sake of completeness.

1.3.3 The clock distribution system

A common R&D effort is underway across the CMS sub-projects (CE, ECAL and MTD) to
achieve an RMS jitter of 10–15 ps in the clock distribution, including short-term, long-term and
detector-wide stability. The phase noise of the current CMS central trigger and clock distri-
bution system (TCDS) [15] should still be fully characterized to define possible improvements
in terms of jitter and long-term stability. The current two-channel distribution evaluations to
the back-end systems achieve sub–10 ps RMS, with clock cleaning. Sub–10 ps RMS jitter is
also achieved with the beam clock source. In the upgraded system, lpGBT and Passive Optical
Network components [16] are anticipated to provide the desired performance. The PLLs in the
LpGBT are expected to filter the high frequency noise, while lower frequency jitter and phase
instabilities will require dedicated monitoring.

Two parallel approaches are being pursued for delivery of the clock. One option uses a clock
encoded within the control links using the GBT protocol up to the lpGBT chip, which then
recovers the clock from the link and distributes it to the front-end ASICs. In the other option,
an independent high precision path is followed, and the clock is cleaned on the front-end board
with a clock fan-out based on a rad-hard clock ASIC, currently in the specification process.
This fan-out distributes the clock to the ASICs. A monitoring system for low frequency phase
shifts is also under development. The slow variation of the phase offsets will be calibrated
from minimum bias events, where the common time-zero vertex for separated vertices will
constantly monitor slow drifts with high statistical precision. The MTD design and the front-
end boards are devised with a sufficient number of dedicated optical links to accommodate

7

Both ATLAS and CMS are planning 
on including MIP timing detectors.

These detectors have a lot of 
promise for rejecting pileup, 

improving vertexing, etc.

https://arxiv.org/pdf/1805.05957.pdf
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FIG. 4. Inclusive CODEX-b B ! Xs' reach (solid lines).
The shaded regions (dashed lines) indicate current LHCb lim-
its (300 fb�1 projection) from B ! K(' ! µµ), rescaled to
the inclusive process using the ratio of Eq. (4) and the the-
ory predictions for the exclusive branching ratio [98, 99], and
assuming Br[' ! µµ] ' 30% and 10% for m' = 0.5 GeV
and 1GeV, respectively. Approximate current [74] and Belle
II projected [100] limits from B ! K(⇤)⌫⌫̄ precision measure-
ments are also shown (gray shading and dashed line).

FIG. 5. Higgs decay to dark photon reach, using the CODEX-
b fiducial volume alone and with the muon shadow ‘µSh’.
The �

d

! µµ branching ratio is taken from e+e� data [103].
Also shown is the CODEX-b reach with L = 1ab�1 and a
larger box, should DELPHI be removed. The approximate
reach for MATHUSLA (gray dotted), rescaled from [54], and
h ! invisibles is also shown (horizontal gray dashed) [104].

tinction is that the calorimeters comprise only ⇠ 10� of
shielding compared to the 32� shield in the CODEX-b
setup. Searches for light displaced objects in the AT-
LAS/CMS muon system are therefore expected to su↵er
from significant backgrounds from punch-through jets.
To heavily reduce these backgrounds, it is often neces-
sary to require two displaced objects, which is a signif-
icant penalty in reach for the long lifetime regime. We

compare our m�d = 10 GeV benchmark point with the
projected sensitivity of searches for one and two displaced
jets [105]. The latter estimate is based on the existing
ATLAS displaced dijet search [106]. Its sensitivity deteri-
orates when the displaced vertices generate a low number
of tracks, which occurs both for m�d < 10 GeV and for
models with small hadronic branching ratios. Neither
di�culty applies to CODEX-b.

For our m�d = 0.5 GeV benchmark, we compare with
the ATLAS search for a pair of displaced lepton jets [107].
This search is currently systematics limited, so that the
range for our estimate of the HL-LHC ATLAS reach in
the left panel of Fig. 5 is bounded above by the current
expected limit [107] and bounded below by the current
expected limit, rescaled under the assumption that the
systematic uncertainties can be reduced with a factor of
five. We expect backgrounds for a single displaced dilep-
ton search would be prohibitively large.

C. Mass measurement

Aside from the discovery potential outlined above,
CODEX-b should also be capable of measuring the veloc-
ity of the LLP. For a given assumption on the production
mechanism, this then allows for a mass measurement of
the new state on a statistical basis. As is well known (see
e.g. Ref. [55]), the geometry of two-body �d/' decays to
massless final states can provide information about their
velocity and the ability to discriminate between di↵erent
�d/' masses. More complex final states may be possi-
ble as well, but in this proof-of-concept study we restrict
ourselves to two body decays only.

The � resolution which can be achieved with our simple
tracking layout, using geometric information only and
assuming massless final states, is shown in Fig. 6. It is
Gaussian for the h ! �d�d benchmarks, while in the
B ! Xs' case it is non-Gaussian and biased, because
the ' decay products are so slow that the approximation
of � = 1 begins to break down for them. Nevertheless
we can still reconstruct the �d/' velocity to better than
1% in all cases, which in practice means that the ability
to discriminate between di↵erent �d/' masses is largely
dominated by the actual distribution of �d/' velocities
for a given mass, and not by the detector resolution.

The corresponding distribution of reconstructed �d/'

boosts is shown in Fig. 7 for di↵erent B ! Xs' and
h ! �d�d masses and lifetimes. We achieve good discrim-
ination across a wide range of masses in the h ! �d�d

case, but perhaps more surprisingly we also have some
discriminating power between di↵erent ' masses for the
B ! Xs' benchmark.

This approach to a mass measurement uses only spa-
tial information, but complementary information may be
provided by using timing information from the RPC sta-
tions to measure the velocity of the decay products. Such
a mass reconstruction can be useful to discriminate be-
tween slow-moving new states, or to veto unexpected
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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see also MATHUSLA: 
 https://arxiv.org/abs/1606.06298

(plot is outdated, but 
illustrated the point well)

BR(H → MET) will be a key measurement from 
the full HL/HE-LHC program that will benefit 

from the full dataset and upgraded detectors.

…at the same time, we should strongly support other 
proposals to enhance / complement LHC sensitivity.

https://arxiv.org/abs/1207.2516
https://arxiv.org/pdf/1708.09395.pdf
https://arxiv.org/abs/1606.06298


Questions?


