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Pauli’s solution to the β decay

Back in the ’30s, the bricks of particle physics
were just photons, electrons and nucleons

I spectrum of the β decay was a surprise

I Pauli proposed a radical solution involving
the presence of a third particle

I n→ p + e− + ν

Perfect example of a hidden sector:

1. neutrino is electrically neutral

2. very weakly interacting (and also light)

3. interaction through a portal - (pγµn)(eγµν)
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After ∼80 years

The SM is the theory to describe elementary particles and their interactions. It has been verified
meticulously in the past decades and at the LHC. Legacy of LHC results: the first fundamental
scalar at 125 GeV and no new physics (yet) at the TeV scale.
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Exotic Higgs decays

New fundamental scalar consistent with
SM Higgs boson.

Constraints from observing the Higgs
boson in the various SM channels allow
non-SM BR of O(20-30%).

Large experimental uncertainties on the
Higgs boson couplings.

The best way to know if the Higgs has
a 10% non-SM branching ratio is to

directly look at exotic decays.
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Projections of coupling measurements

New fundamental scalar consistent with
SM Higgs boson.

Constraints from observing the Higgs
boson in the various SM channels allow
non-SM BR of O(20-30%).

Large experimental uncertainties on the
Higgs boson couplings.

The best way for the next decade to
know if the Higgs has a 10% non-SM
branching ratio is to directly look at

exotic decays.

µ/µ∆
0 0.2 0.4

(comb.)

(VBF-like)

(comb.)

(incl.)

(comb.)

(comb.)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

Andrea Coccaro 7

15 April, 2015 - Looking for a hidden sector in exotic Higgs boson decays with ATLAS



Where is the New Physics?
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LHC operates at the energy frontier with an intensity frontier attitude. New physics may appear
as a new bump (2015 golden year!) or when accumulating high luminosities.

The Higgs can be the candle for finding new physics!
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Hidden sector
New physics not yet seen because at higher energy scale or because hidden in a separate sector
weakly coupled to the SM.

Do we have a “puzzling β decay spectrum” for searching for a hidden sector?

YES! (Actually more than one...)

Galactic rotation curve for NGC 6503 showing disk
and gas contribution is not enough to match the data.
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Portals to the hidden sector

Following an EFT approach, only three renormalizable portals are possible.

Neutrino portal LHN
Higgs portal (µS + λS2)H†H
Vector portal ε

2
BµνZµν

A wide phenomenology can be accomodated by connecting the SM to complex dark sectors
(hidden valley, dark SUSY, etc.) giving rise to a class of searches relying on unconventional
signatures.

Introduction

Useful references

Several BSM models predict final states containing Lepton Jets  

hidden particles decay back to SM: ex. 
dark-photons to collimated pair of leptons 
(lepton-jets)

portal to hidden sector: ex. higgs

kinetic mixing 

Lifetime depends on the size of kinetic 
mixing ε: small ε → very displaced decays

2
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Unconventional signatures

The particle in the hidden sector may be

I weakly-coupled to the SM giving rise
to long-lived particle decay

I light giving rise to collimated decay
products

Various challenges easily arise, for example

I triggering on displaced decays of
neutral long-lived particles

I triggering on low-mass objects

I reconstruction of physics objects

I access of control region for
estimating backgrounds

The ATLAS Detector

Particle identification in ATLAS

Steven Schramm (Université de Genève) Searching for Dark Matter at ATLAS April 1, 2015 8 / 31
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Outline / References

Tools employed by ATLAS:
1. Triggering on long-lived neutral particles [JINST 8 (2013) P07015]

2. Vertexing in the muon spectrometer [JINST 9 (2014) P02001]

Experimental searches by ATLAS:
3. Higgs to displaced jets in the HCal [PLB 743 (2015) 15-34]

4. Higgs to displaced jets in the ID and MS [check out the arXiv today ;-)]

5. Higgs to dark photons [JHEP 11 (2014) 088]

6. Higgs to dark Z [ATLAS-CONF-2015-003]

DISCLAIMER

No time to cover all the details of these searches. Questions welcome.
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Benchmark model

Hidden sector with a confining gauge interaction connected to the SM via a communicator
particle. The communicator can be the Higgs boson mixing with a hidden-sector scalar boson.

Φ Φhs

πv

πv
p

p f

f̄

f̄

f
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Benchmark model
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Triggering on displaced decays
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tracking information is provided by Monitored Drift Tubes (MDT) over the region |h | < 2.7 (|h | <130

2.0 for the innermost layer) and by Cathode Strip Chambers (CSC) in the region 2 < |h | < 2.7.131

Information is provided to the L1 trigger system by the Resistive Plate Chambers (RPC) in the132

barrel (|h | < 1.05) and the Thin Gap Chambers (TGC) in the end-caps (1.05 < |h | < 2.4).133

Specialized detectors: Electrostatic beam pick-up devices (BPTX) are located at z = ±175 m. The134

Beam Conditions Monitor (BCM) consists of two stations containing diamond sensors located at135

z = ±1.84 m, corresponding to |h | ' 4.2. There are two forward detectors, the LUCID Cerenkov136

counter covering 5.4 < |h | < 5.9 and the Zero Degree Calorimeter (ZDC) covering |h | > 8.3. The137

Minimum Bias Trigger Scintillators (MBTS), consisting of two scintillator wheels with 32 counters138

mounted in front of the calorimeter end-caps, cover 2.1 < |h | < 3.8.139

When operating at the design luminosity of 1034 cm�2s�1 the LHC will have a 40 MHz bunch-140

crossing rate, with an average of 25 interactions per bunch crossing. The purpose of the trigger system is141

to reduce this input rate to an output rate of about 200 Hz for recording and offline processing. This limit,142

corresponding to an average data rate of 300 MB/s, is determined by the computing resources for offline143

storage and processing of the data. It is possible to record data at significantly higher rates for short144

periods of time. For example, during 2010 running, the trigger system recorded data at up to ⇠600 Hz145

since the backlog of offline processing could be processed between LHC fills and during technical stops.146

During runs with instantaneous luminosity ⇠ 1032 cm�2s�1, the average event size was ⇠1.3 MB.147

Figure 2: Schematic of the ATLAS trigger system.

A schematic diagram of the ATLAS trigger system is shown in Fig. 2. Detector signals are stored148

in front-end pipelines pending a decision from the L1 trigger system. In order to achieve a latency of149

less than 2.5 µs, the L1 trigger system is implemented in fast custom electronics. The L1 trigger system150

is designed to reduce the rate to a maximum of 75 kHz. In 2010 running, the maximum L1 rate did151

not exceed 30 kHz. In addition to performing the first selection step, the L1 triggers identify Regions of152

Interest (RoIs) within the detector to be investigated by the HLT.153

The HLT consists of farms of commodity processors connected by fast dedicated networks (Gigabit154

and 10 Gigabit Ethernet). During 2010 running, the HLT processing farm consisted of about 800 nodes155

configurable as either L2 or EF and 300 dedicated EF nodes. Each node consisted of eight processor156

cores, the majority with a 2.4 GHz clock speed. The system is designed to expand to about 500 L2 nodes157

and 1800 EF nodes for running at LHC design luminosity. When an event is accepted by the L1 trigger158

Three signature-driven triggers have been designed and deployed in Run-I.
Each trigger is dedicated for a particular region of the ATLAS detector.

Detector region Key feature Trigger name
from SCT to ECal Jet with track isolation Trackless Jet trigger
HCal Isolated jet with very low EM fraction Calorimeter Ratio trigger
MS Isolated cluster of muon RoIs Muon RoI Cluster trigger
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Decays in the hadronic calorimeter
Basic ingredients:

I tau item at L1

I track and jet reconstruction at HLT

I no tracks around the jet axis

I log(EHAD/EEM) > 1.2 at L2

I beam halo removal using calorimeter cell timing
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Decays in the MS

Basic ingredients:

I di-muon item at L1

I track and jet reconstruction at HLT

I muon cluster asking for at least 3 regions
of interest in the MS barrel

I no tracks and jets around the muon
cluster direction
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Trigger efficiency

The efficiency is defined as the fraction of πv ’s decaying at a distance r from the primary
interaction point that pass one of the triggers for displaced decays of long-lived neutral particles.
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Expected fraction of triggered events
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Nice complementarity between the three approaches!
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Reconstructing vertices in the muon spectrometer

Routine developed to reconstruct a vertex in the MS

I tracklets are formed combining segments
belonging to the same MDT chamber

I tracklets are clustered and back-extrapolated
in the magnetic field

I vertices are found with an iterative min χ2 fit

I the line-of-flight direction in Φ is reconstructed
with a 50 mad accuracy
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Reconstructing vertices in the muon spectrometer
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Outline / References

Tools employed by ATLAS:
1. Triggering on long-lived neutral particles [JINST 8 (2013) P07015]

2. Vertexing in the muon spectrometer [JINST 9 (2014) P02001]

Experimental searches by ATLAS:
3. Higgs to displaced jets in the HCal [PLB 743 (2015) 15-34]

4. Higgs to displaced jets in the ID and MS [check out the arXiv today ;-)]

5. Higgs to dark photons [JHEP 11 (2014) 088]

6. Higgs to dark Z [ATLAS-CONF-2015-003]

DISCLAIMER
No time to cover all the details of these searches. Questions welcome.
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Higgs to displaced jet in the HCal

Main ingredients

I calorimeter-ratio trigger

I two object strategy looking for displaced
hadronic jets with no connecting tracks
and unbalanced energy deposit

I cosmic rays and non-collision events are
rejected requiring Emiss

T < 50 GeV and jet
timing −1 < t < 5 ns

I background dominated by QCD jets and
estimated with a data-driven technique

I JES systematics evaluated as a function
of the relative fraction of energy deposited
in the hadronic calorimeter
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Higgs to displaced jets in the HCal
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Exclusion limit considering a Higgs decay to a
pair of long-lived pseudo-scalar πv
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Higgs to displaced jet in the ID and MS

Main ingredients

I muon RoI cluster and jet plus Emiss
T

triggers

I looking at decays in both ID and MS with
explicit displaced vertex reconstruction

I two object strategy looking with a total of
five different topologies

I background dominated by QCD jets in the
ID and punch-through jets in the MS

I main systematics evaluated with K -short
candidates for the ID and punch-through
jets for the MS
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Trigger Topology Background prediction

Jet+Emiss
T 2IDVx (1.8± 0.4)× 10−4

Jet+Emiss
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Jet+Emiss
T 2MSVx (0.0 + 1.4

− 0.0)× 10−5

Muon RoI Cluster IDVx+MSVx 2.0± 0.4

Muon RoI Cluster 2MSVx 0.4 + 0.3
− 0.2
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Higgs to displaced jet in the ID and MS

Reconstruction of displaced decays in the ID:

I second iteration of track finding using hits left as
unassociated by the standard reconstruction

I vertexing algorithm based on the default primary vertex
with loosened constraints

I hadronic interactions with the material are removed
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Higgs to displaced jet in the ID and MS

mπv Excluded cτ range [m]
[GeV] 1% BR 5% BR 15% BR

10 no limit 0.24−4.2 0.16−8.1
25 1.10−5.35 0.43−18.1 0.28−32.8
40 2.82−7.45 1.04−30.4 0.68−55.5
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Higgs to dark photons

Cone%of%opening%angle%ΔR%

J%%TYPE0%L%

Cone%of%opening%angle%ΔR%

J%%TYPE1%L%

Cone%of%opening%angle%ΔR%

ID#
EMCAL#
HCAL#
MS#

J%%TYPE2%L%

Analysis optimized for looking into displaced lepton-jets in a model-independent way

I QCD multi-jet background calculated with ABCD method

I cosmics background estimated in the empty bunches

I benchmarks targeting dark photon production through exotic Higgs decay
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Higgs to dark photons
Main ingredients

I trigger asking for three muon-only tracks
and calorimeter-ratio trigger

I reconstruction of near-by tracks in the
muon spectrometer

I track isolation implemented for removing
multi-jet background and validated in
Z → µµ events

I main systematics evaluated using
J/Ψ→ µµ events
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Higgs to dark photons
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Higgs to dark Z

Dark sector coupling with the SM thorough kinetic mixing with the hypercharge gauge boson.
Also considering the case of a dark Higgs boson mixing with the SM Higgs boson.

h
Z

Z

ZD✏

`

`

`

`

h
s

ZD

ZD


`

`

`

`

Figure 1. Exotic Higgs decays to four leptons induced by intermediate dark photons in the higgsed dark U(1)

model. Left: h ! ZDZ(⇤) ! 4` via the hypercharge portal. Right: h ! ZDZD ! 4` via the Higgs portal.

hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD

plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !
ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.

– 3 –

Main ingredients:

I analysis explicitly exploiting the Higgs decay topology requiring the four-lepton invariant
mass to be within 115 and 130 GeV

I similar to the SM Higgs analysis in many aspects with different requirements in the
di-lepton invariant mass

I main backgrounds are tt, Z+jets and SM Higgs
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Higgs to dark Z
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Conclusions
Strong empirical hints for new physics and the associated scale can be light

I exotic decays of the Higgs boson plays a crucial role in the quest

I the Higgs boson can be the candle for finding new physics

Looking for hidden sector poses experimental challenges

I detectors are designed for prompt physics

I triggers and reconstruction may not be adequate

Various possible improvements in Run-II

I take advantage of the various Higgs production mechanisms

I new triggerring ideas

I systematically looking for “blind spots”

It took almost 30 years to confirm Pauli’s intuition ...

... it’s a long way (if you wanna rock ’n’ roll)!
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