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Note to Reviewers

❖ Here is a first draft of the talk on "Collider constraints on dark matter, dark energy and 
cosmology" that I will be giving at Kruger2018 next thursday, December 6th. The talk is 
40 minutes long, plus 5 minutes questions. 


❖ As you can see the slides are still not entirely complete, in particular:


• I'm still working on the wording of the bullets of some slides;


• I still have to rehearse it, and if I see that I have some extra time, I'll probably add 
the search for emerging jets (https://arxiv.org/pdf/1810.10069.pdf);


• I'm not sure what the title meant by "cosmology" but I can't think of anything 
specifically cosmological we are doing at colliders, except for what I put.
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Most Cosmological Matter Unaccounted For

❖ Anomalies in observed universe: galaxy rotation, galaxy clusters, supernovae


• Simplest explanation: existence of an unknown, dark state of matter
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Most of the Universe is Not Even Matter

❖ CMB tells us universe is flat: Ωtot ~ 1


❖ Supernovae Ia: universe is accelerating


• Incompatible with matter-only universe
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7.5. STANDARD CANDLES & ACCELERATION 149

Figure 7.5: Distance modulus versus redshift for type Ia supernovae from the
Supernova Cosmology Project (Perlmutter et al. 1999, ApJ, 517, 565) and
the High-z Supernova Search Team (Riess et al. 1998, AJ, 116, 1009). The
bottom panel shows the difference between the data and the predictions of a
negatively curved Ωm,0 = 0.3 model (from Riess 2000, PASP, 112, 1284).
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Three Types of Searches for Dark Matter
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Latest Results from Direct Searches
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16 27. Dark matter

Figure 27.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Table 26.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized
WIMP mass of each experiment. Also included are some new significant results (using
Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

December 1, 2017 09:36
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Searches at Colliders: Need DM to Recoil vs ISR

❖ Need ISR to see the event


❖ ISR can be: g, γ, Z, W, H… 


• ‘MonoX’ searches


❖ Two free parameters (EFT)


• Scale Λ


• DM mass


❖ EFT has been surpassed…
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Beyond EFT: Simplified Models

❖ Since LHC Run-2: dropped EFT framework, moved to simplified models


• Not yet full-blown theory, but more structure (eg. gauge invariance)


❖ Also more parameters:
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More Structure to Spin-0 Models: 2HDM

❖ Simple extension of SM: two Higgs doublets Φ1 and Φ2


• Renormalizable and UV-complete


• Five Higgs particles:


❖ Will focus on ‘type-II’ models: Φ1 (Φ2) couples to up-(down-) quarks


❖ Recently popular: 2HDM+Z’ and 2HDM+a


• Additional vector (Z’) or axial-vector (a) mediator to dark sector


• Couples only to Higgs and dark matter: eludes experimental constraints
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This is By No Means a Comprehensive Review

❖ Performance of dark matter searches often very similar in ATLAS and CMS


• Won’t show both ATLAS and CMS results for each channel


• Will make a personal selection (to avoid repetition)
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Channel In this talk Not in this talk

MonoJet CMS 36 fb-1 ATLAS 36 fb-1

H(bb)+MET ATLAS 80 fb-1 CMS 36 fb-1

tt+MET CMS 36 fb-1 ATLAS 36 fb-1

DiJet CMS 78 + 36 fb-1 ATLAS 36 fb-1

DiJet+ISR ATLAS 15 + 36 fb-1 CMS 36 fb-1

DiLepton ATLAS 36 fb-1 CMS 36 fb-1

Dark Energy ATLAS 36 fb-1 —
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❖ Extended to include hadronic W/Z


• Pruned AK(0.8) + substructure (τ21)


❖ MET tail: need careful BG estimation


• Cannot trust simulation


❖ Simultaneous fit to data control regions 
(γ/Zµµ/Zee/Weν/Wµν) and signal region

MonoJet: A Classical Collider DM Search

!11
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Table 5: Expected event yields in each p
miss
T bin for various background processes in the mono-

V signal region. The background yields and the corresponding uncertainties are obtained after
performing a combined fit to data in all the control samples, but excluding data in the signal
region. The other backgrounds include QCD multijet and g+jets processes. The expected
signal contribution for a 2 TeV axial-vector mediator decaying to 1 GeV DM particles and the
observed event yields in the mono-V signal region are also reported.

p
miss
T (GeV) Signal Z(nn)+jets W(`n)+jets Top quark Diboson Other Total bkg. Data
250-300 11.7± 0.6 5300± 170 3390± 120 553± 54 396± 69 128± 25 9770± 290 9929
300-350 15.7± 0.7 3720± 98 1823± 53 257± 27 261± 46 79.8± 13 6140± 140 6057
350-400 11.8± 0.6 1911± 59 808± 28 101± 12 134± 25 25.0± 4.8 2982± 79 3041
400-500 15.8± 0.7 1468± 45 521± 15 48.8± 5.7 107± 20 20.0± 3.6 2165± 55 2131
500-600 8.59± 0.56 388± 18 103.0± 5.1 10.7± 1.9 33.8± 7.0 1.76± 0.53 537± 23 521
600-750 7.04± 0.47 151.0± 9.9 33.4± 2.3 1.9± 1.1 20.2± 4.5 1.05± 0.25 208± 11 225
>750 4.48± 0.40 37.7± 3.7 7.09± 0.69 0.28± 0.25 10.2± 2.3 0.06± 0.03 55.3± 4.6 61
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Figure 9: Observed p
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with p

miss
T > 1250 (750) GeV for the monojet (mono-V) category. The expected

background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as in the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions for the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. The description of the lower panels is the same as in Fig. 5.

direct comparison of the results for simplified DM models of this paper, to the one presented
in Ref. [14] can be seen in Fig. 22 and Fig. 23 in Section A.

The results for vector, axial-vector, and pseudoscalar mediators are compared to constraints
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T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with p

miss
T > 1250 (750) GeV for the monojet (mono-V) category. The expected

background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as in the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions for the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. The description of the lower panels is the same as in Fig. 5.

direct comparison of the results for simplified DM models of this paper, to the one presented
in Ref. [14] can be seen in Fig. 22 and Fig. 23 in Section A.

The results for vector, axial-vector, and pseudoscalar mediators are compared to constraints
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Figure 6: Comparison between data and MC simulation in the dimuon (upper row) and dielec-
tron (lower row) control samples before and after performing the simultaneous fit across all the
control samples and the signal region assuming the absence of any signal. Plots correspond to
the monojet (left) and mono-V (right) categories, respectively, in the dilepton control sample.
The hadronic recoil pT in dilepton events is used as a proxy for p

miss
T in the signal region. The

other backgrounds include top quark, diboson, and W+jets processes. The description of the
lower panels is the same as in Fig. 5.
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Phys. Rev. D 97 (2018) 092005
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MonoJet Results Complement Direct Searches

❖ Limits in Mmed/MDM plane


• Cast to σ(DM-nucleon)


❖ Colliders complementary 
to direct searches


• Extend to low MDM


❖ But a lot of caveats!


• Very model-dependent

!12

6.1 Dark matter interpretation 21
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Figure 13: Exclusion limits at 90%CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [102], LUX [103], XENON-
1T [104], PANDAX-II [105], and CRESST-II [106] are shown for the vector mediator. Limits
from Picasso [107], PICO-60 [108], IceCube [109], and Super-Kamiokande [110] are shown for
the axial-vector mediator.
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Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [101]. There are no comparable limits
from direct detection experiments, as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [111, 112].
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Figure 10: Exclusion limits at 95% CL on µ = s/sth in the mmed-mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.
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Figure 11: Expected (dotted black line) and observed (solid black line) 95% CL upper limits
on the signal strength µ = s/sth as a function of the mediator mass for the scalar mediators
(left) for mDM = 1 GeV. The horizontal red line denotes µ = 1. Exclusion limits at 95% CL on
µ = s/sth in the mmed-mDM plane assuming pseudoscalar mediators (right). The solid (dashed)
red (back) line shows the contours for the observed (expected) exclusion. Constraints from the
Planck satellite experiment [97] are shown with the dark blue contours; in the shaded area DM
is overabundant.

from the observed cosmological relic density of DM as determined from measurements of
the cosmic microwave background by the Planck satellite experiment [97]. The expected DM
abundance is estimated, separately for each model, using the thermal freeze-out mechanism
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Similar results  
by ATLAS

Phys. Rev. D 97 (2018) 092005

https://doi.org/10.1007/JHEP01(2018)126
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Mono-H(bb): Tagging on Final State Radiation

❖ Similar signature to mono-V(qq)


• Both ‘(X→qq)+MET’


❖ Yet very different probe: FSR, not ISR


• Higgs ISR Yukawa-suppressed


• Probing mediator-H coupling


• Both for 2HDM+Z’ and 2HDM+a
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Not Just a Top-Up: Big Performance Boost

❖ Variable-radius track jets for H(bb)-tagging


• R → Reff ~ ρ/pT


• Large efficiency gain  
at high mass
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Figure 2: (a) Acceptance ⇥ e�ciency (A ⇥ ") for di�erent b-tag multiplicities as a function of mZ0 in a Z 0-2HDM
model with mA = 500 GeV, tan � = 1.0, gZ = 0.8, m� = 100 GeV, and mH = mH± = 300 GeV, for events with
Emiss

T > 500 GeV (merged SR) when using FR track jets (open symbols, dashed lines) and VR track jets (filled
symbols, solid lines). The selection includes a requirement to have at least two track jets associated to the large-R
jet, and requires a minimum angular separation of the two leading track jets, as described in Sec. 4.2. The combined
A ⇥ " for events with either 0, 1 or 2 b-tagged jets is drawn with circular markers, while triangular and square
markers correspond to the individual A ⇥ " for 1 and 2 b-tag(s), respectively. (b) Relative A ⇥ " for di�erent b-tag
multiplicities with the same Z 0-2HDM model and selections. The A ⇥ " for 1 b-tagged and 2 b-tagged events are
normalised to the sum of events with either 0, 1 or 2 b-tagged jets (“All”), as obtained for each track jet choice
individually.

decay leptonically, using a combinatorial likelihood approach [70]. The VR track jets considered for the
calibration are required to have pT > 10 GeV and |⌘ | < 2.5.

Moreover, in order to mitigate the e�ect of applying an ambiguous b-tagging in events where two VR track
jets become concentric due to the pT-dependence of their sizes, a cut on the angular separation between
the two leading associated VR track jets �R(VR1,VR2) is applied.

The SFs are derived up to a pT of 250 GeV, above which the event statistics is limited. The uncertainty
in the SFs for the pT range below 250 GeV is dominated by uncertainties on the modelling of tt̄ events
in the simulation. At high pT, the SFs are fixed to those in the last explicitly calibrated bin, and an
additional high-pT uncertainty is assigned to account for e�ects on the b-tagging performance from
possible reconstruction imperfections in the simulation. This is adopted from the procedure applied for
calorimeter jets as described in Ref. [71]. Since this is a conservative estimate of the uncertainty, the
di�erence in the pT scale of calorimeter and track jets is not taken into account explicitly.

Similarly to the e�ciency for tagging jets originating from b-quarks, the rate of incorrectly tagging jets
originating from charm or light-flavour quarks as b-jets has to be calibrated. Since the e�ect of the mistag
uncertainties is subdominant, calibration results of these mistag e�ciencies based on calorimeter jets are
extrapolated to the case of track jets.

4.3 Leptons

The DM signature sought here does not contain any leptons. Hence, the presence of leptons is used to
veto events in the signal region and to select events for control samples. In the following, the selections

8

estimate of the Emiss
T significance S is used. This analysis employs a definition of S that takes into account

the expected resolution of the objects from which the Emiss
T is calculated as well as directional correlations.

Details of this object-based Emiss
T significance can be found in Ref. [26]. The performance of this variant

of S in terms of background rejection and signal e�ciency is studied using simulated event samples.
For the background, dijet events generated with P����� 8 using the A14 set of tuned parameters and the
NNPDF2.3 LO PDF set are used. The signal e�ciency is determined for a simulation with mZ0 = 400 GeV
and mA = 300 GeV, resulting in relatively low Emiss

T . The result is shown as the line with square markers
in Figure 3. Here, the e�ciencies for signal and background are estimated with respect to a selection that
requires a minimum angular separation between the Emiss

T vector and the leading jets in an event (for details
see Sec. 5). With this approach, more than 95% of dijet events can be rejected by introducing a requirement
of S > 16, while retaining a signal e�ciency close to 90%. For comparison, also the performance of a
requirement on an event-based Emiss

T significance definition (dashed line with circular markers) and on
Emiss

T itself (densely-dashed line with triangular markers) is shown in Figure 3, illustrating the significant
improvement obtained with the object-based definition employed in this search. For example, for signal
e�ciencies above 80%, the background rejection factor for the object-based significance is approximately
three to four times as high as for the event-based one.
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Figure 3: Performance of the object-based Emiss
T significance (line with square markers) in terms of the signal

e�ciency and background rejection as estimated from a signal simulation with mZ0 = 400 GeV and mA = 300 GeV
and a dijet simulation, respectively, in comparison to an alternative definition of the Emiss

T significance (dashed line
with circular markers) and Emiss

T itself (densely-dashed line with triangular markers). Selections on these three
variables are applied in addition to a requirement on the angular separation between the Emiss

T vector and the leading
jets in an event.

4.5 Overlap Removal

Ambiguities in the object identification which arise during reconstruction, i.e. when a reconstructed object
matches multiple object hypotheses, are resolved in several steps that give di�erent priority to the object
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Francesco PandolfiSearch for resonances in leptons and photons

❖Conceptually similar to diphoton search, sensitive also to S=1


❖Leptonic channel


•High resolution, low backgrounds, low signal BR


•Two categories: eeγ and µµγ


❖Hadronic channel 


•Lower resolution, higher backgrounds, higher signal BR


•Boosted Z: large-cone (0.8) jets, pruning, substructure (τ21)


•Three categories: b-tagged, and 2 bins in τ21

15

Search for (Zγ) Resonances

b-tagging based 
on pruned sub-jets

CMS-PAS-EXO-17-005

❖ Object-based MET significance


• Better performance for low-MET signals


• ‘Simple’ MET affected by mismeasurements


• Event-based significance worse for high-εS 

PRL 119 (2017) 181804
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Mono-H(bb) Results in 2HDM+Z’ Framework

❖ Setting limits in 2HDM+Z’ framework


• Excluding m(A) up to 660 GeV and m(Z’) up to 2.8 TeV


• High mass UL up to 3⨉ better than fixed-radius jets
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dashed line) within uncertainties (filled band). Observed limits from previous ATLAS results at
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Figure 9: Comparison of the expected upper limits on the signal strength µ for the analysis using variable-radius
(VR) track-jets (dashed line) against the previous iteration of the analysis performed with fixed-radius (FR) track-jets
(dash-dotted line) with two b-tagged jet and scaled to 79.8 fb�1, for fixed mA = 500 GeV and di�erent values of
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showing a significant improvement in the high mZ0 region.
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Maximal Yukawa with Mono-ttbar

❖ Spin-0 mediator with Higgs Yukawa couplings


• Maximal to top quarks


❖ A tt+MET search in seven categories

!16

1. Introduction 1

1 Introduction
Astrophysical observations provide evidence of the existence of non-luminous matter affecting
galaxies and other objects through gravitational interaction. While the nature of this dark mat-
ter (DM) is still unknown, a compelling candidate is the so-called weakly interacting massive
particle [1]. This new particle is predicted to have small but non-negligible interactions with
standard model (SM) particles, allowing for direct- and indirect-detection experiments, as well
as searches at collider experiments.

Among all the possible interactions between the SM and DM sectors, it is of particular inter-
est to investigate interactions mediated by a new scalar or pseudoscalar particle, as these can
be easily accommodated in models containing extended Higgs boson sectors [2–5]. Assuming
that the new physics scenario respects the principle of minimal flavor violation [6, 7], the in-
teractions of this new spin-0 mediator particle follow the same Yukawa coupling structure as
in the SM. Therefore, it would couple preferentially to heavy third-generation quarks. Several
theoretical studies of these types of models have been performed, where the third-generation
quark is either a top or bottom quark leading to the production of DM in association with a pair
of top (tt̄ + DM) or bottom (bb̄ + DM) quarks respectively [8–11]; the main production diagram
is shown in Fig. 1a.
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Figure 1: Main production diagrams for the associated production of dark matter with a top
quark pair (a) or a single top quark at the LHC: t-channel W boson production (b), and associ-
ated tW production (c).

Previous searches in these final states have been carried out by the ATLAS and CMS collabora-
tions at center-of-mass energies of 8 [12, 13] and at 13 [14–16] TeV. While the former results are
based on an effective field theory (EFT) approach, the latter ones are interpreted in the context
of simplified DM scenarios, where the mediator particle is explicitly modeled in the interaction.

The interpretations in these previous searches have thus far neglected the contribution from
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RTT: Top-Tagging with Kinematics and Substructure

❖ Resolved Top Tagger (RTT) for jet triplets


• Multivariate discriminant that combines 
kinematics and substructure


❖ Kinematics:


• Highest b-tag → b-jet


• Kinematic fit to MW for qq


• Kinematic fit to Mtop for bqq


❖ Then BDT discriminant with input variables:


• Quark/gluon likelihood


• b-tag discriminant


• Angle between W(qq) and b-jet

!17

W(qq)

q-jet

q-jetb-jet

4 2 CMS detector and event reconstruction

is implemented as a boosted decision tree using the TMVA framework [37], and is trained on
simulated `+ jets tt events using correct (incorrect) jet combinations as signal (background).

The performance of the RTT discriminant is characterized with data enriched in SM `+ jets tt
events containing four or more jets. At least one of these jets is required to be b-tagged. The
output discriminant for these events is plotted in Fig. 2. Each entry in the plot corresponds
to the jet triplet with the highest RTT score in the event. Data are modeled using simulated
`+ jets tt signal events, and simulated events for each of the primary backgrounds (dileptonic
tt, W + jets, single t). The simulation is split into three classes that correspond to correctly
tagged jet triplets and the two possibilities for mistagging, as explained below. Simulation
describes the data well. A jet triplet is considered as a tagged top quark decay when the RTT
discriminant value is greater than zero.
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Figure 2: The distribution of the RTT discriminant in data enriched in `+ jets tt events. Simu-
lated `+ jets tt events in which jets from the all-hadronic top quark decay are correctly chosen
are labeled “tt(1`) with matched jets”. Simulated `+ jets tt events in which an incorrect com-
bination of jets is chosen are labeled “tt(1`) combinatorial”. Events from processes that do
not contain a hadronically-decaying top quark, such as dileptonic tt, are labeled “other back-
ground”. The uncertainties shown in the ratios of data to simulation are statistical only. Jet
triplets in the all-hadronic tt + p

miss
T search are considered to be top quark tagged if their RTT

discriminant value is larger than zero.

There are three efficiencies associated with the RTT selection, which correspond to the three
classes of events in Fig. 2: ` + jets tt events in which the hadronically-decaying top quark is
correctly identified (“tt(1`) matched”), `+ jets tt events in which an incorrect combination of
jets is tagged (“tt(1`) combinatorial”), and events with no hadronically-decaying top quarks
that contain a mistagged jet triplet (“other background”). Dileptonic tt events are used to ex-
tract the nonhadronic mistag rate in data. Then, `+ jets tt events are used to extract the tagging
and mistagging efficiencies for hadronically-decaying top quarks through a fit to the trijet mass
distribution. Mass templates obtained from simulation are associated with each efficiency term
in the fit. The efficiency of the RTT > 0 selection for events determined to be tt(1`) matched,
tt(1`) combinatorial, or other background are 0.97 ± 0.03, 0.80 ± 0.05, and 0.69 ± 0.02, respec-
tively. Corresponding data-to-simulation scale factors are found to be consistent with unity.

The bb + p
miss
T search includes vetoes on hadronically-decaying t leptons, which are recon-

EPJC 77 (2017) 845
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Mono(tt) Interpreted in Simplified Models

❖ Limits on scalar (φ) and 
pseudoscalar (a) models


❖ With gq = 1 excluding:


• m(φ) < 160 GeV


• m(a) < 220 GeV


❖ With mDM = 1 GeV excluding 
gq ≳ 0.6-0.7 for low mmed
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scalar and pseudoscalar masses of 160 (240) and 220 (320) GeV, respectively, at 95% CL. The
observed exclusion is weaker than the expected because of tension in the fit between CRs and
SRs of the all-hadronic channel, although the difference is not significant as the observed result
lies only just outside the 68% probability interval. This arises because the a priori estimation
of the background in the CRs exceeds the number of events observed by a larger amount than
in the SRs. Consequently, the signal+background fit, in contrast to the background-only fit, re-
duces this tension between CRs and SRs by accommodating for some signal, which contributes
primarily to the SRs.
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Figure 2: The exclusion limits at 95% CL on the signal strength µ = s/sth computed as a
function of the mediator and dark matter mass, assuming a scalar (left) and pseudoscalar (right)
mediator. The mediator couplings are assumed to be gq = gc = 1. The dashed magenta lines
represent the 68% probability interval around the expected limit. The observed limit contour is
almost coincident with the boundary of the 68% probability interval.

The limits on µ are also expressed in terms of the mediator coupling strength to quarks in Fig. 3.
These results are obtained by fixing mc = 1 GeV and gc = 1, and then finding the value of gq
that corresponds to the upper limit on the cross section. This procedure is valid because the
kinematic properties of the signal do not vary appreciably with gq. The width-to-mass ratio is
around 4% for the gq and ma/f values considered.

In summary, a comprehensive search for dark matter particles produced in association with
a top quark pair yields no significant excess over the predicted background. The results pre-
sented in this Letter provide 30–60% better cross section limits compared to earlier searches
targeting the same signature [57–59]. The analysis offers stronger constraints than direct and
indirect experiments for dark matter masses of O(10 GeV) and below. Over much of the pa-
rameter space, the tt+cc signature has better sensitivity for spin-0 mediators than dark matter
production in association with a jet [14] – previously considered to be the most sensitive signa-
ture. For the pseudoscalar model, the tt+cc signature provides the most stringent cross section
constraints for mediator masses of around 200 GeV and below. The observed (expected) limits
exclude a pseudoscalar mediator with mass below 220 (320) GeV under the gq = gc = 1 bench-
mark scenario. The tt+cc signature provides the best sensitivity for the scalar mediator model
and is currently the only collider signature that is sufficiently sensitive to exclude regions of
parameter space with these values of the couplings. The observed exclusion of a mediator with
mass below 160 GeV (240 GeV expected) provides the most stringent constraint to date on this
model.
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Figure 2: The exclusion limits at 95% CL on the signal strength µ = s/sth computed as a
function of the mediator and dark matter mass, assuming a scalar (left) and pseudoscalar (right)
mediator. The mediator couplings are assumed to be gq = gc = 1. The dashed magenta lines
represent the 68% probability interval around the expected limit. The observed limit contour is
almost coincident with the boundary of the 68% probability interval.

The limits on µ are also expressed in terms of the mediator coupling strength to quarks in Fig. 3.
These results are obtained by fixing mc = 1 GeV and gc = 1, and then finding the value of gq
that corresponds to the upper limit on the cross section. This procedure is valid because the
kinematic properties of the signal do not vary appreciably with gq. The width-to-mass ratio is
around 4% for the gq and ma/f values considered.

In summary, a comprehensive search for dark matter particles produced in association with
a top quark pair yields no significant excess over the predicted background. The results pre-
sented in this Letter provide 30–60% better cross section limits compared to earlier searches
targeting the same signature [57–59]. The analysis offers stronger constraints than direct and
indirect experiments for dark matter masses of O(10 GeV) and below. Over much of the pa-
rameter space, the tt+cc signature has better sensitivity for spin-0 mediators than dark matter
production in association with a jet [14] – previously considered to be the most sensitive signa-
ture. For the pseudoscalar model, the tt+cc signature provides the most stringent cross section
constraints for mediator masses of around 200 GeV and below. The observed (expected) limits
exclude a pseudoscalar mediator with mass below 220 (320) GeV under the gq = gc = 1 bench-
mark scenario. The tt+cc signature provides the best sensitivity for the scalar mediator model
and is currently the only collider signature that is sufficiently sensitive to exclude regions of
parameter space with these values of the couplings. The observed exclusion of a mediator with
mass below 160 GeV (240 GeV expected) provides the most stringent constraint to date on this
model.
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Single-Top Search: Integrating Mono-ttbar

❖ Within same model other diagrams 
with only one top in final state


❖ Nine single-top categories added 
to Mono-ttbar search


• Six single-lepton (3 for e, 3 for µ)


• Three all-hadronic
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1. Introduction 1

1 Introduction
Astrophysical observations provide evidence of the existence of non-luminous matter affecting
galaxies and other objects through gravitational interaction. While the nature of this dark mat-
ter (DM) is still unknown, a compelling candidate is the so-called weakly interacting massive
particle [1]. This new particle is predicted to have small but non-negligible interactions with
standard model (SM) particles, allowing for direct- and indirect-detection experiments, as well
as searches at collider experiments.

Among all the possible interactions between the SM and DM sectors, it is of particular inter-
est to investigate interactions mediated by a new scalar or pseudoscalar particle, as these can
be easily accommodated in models containing extended Higgs boson sectors [2–5]. Assuming
that the new physics scenario respects the principle of minimal flavor violation [6, 7], the in-
teractions of this new spin-0 mediator particle follow the same Yukawa coupling structure as
in the SM. Therefore, it would couple preferentially to heavy third-generation quarks. Several
theoretical studies of these types of models have been performed, where the third-generation
quark is either a top or bottom quark leading to the production of DM in association with a pair
of top (tt̄ + DM) or bottom (bb̄ + DM) quarks respectively [8–11]; the main production diagram
is shown in Fig. 1a.
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Figure 1: Main production diagrams for the associated production of dark matter with a top
quark pair (a) or a single top quark at the LHC: t-channel W boson production (b), and associ-
ated tW production (c).

Previous searches in these final states have been carried out by the ATLAS and CMS collabora-
tions at center-of-mass energies of 8 [12, 13] and at 13 [14–16] TeV. While the former results are
based on an effective field theory (EFT) approach, the latter ones are interpreted in the context
of simplified DM scenarios, where the mediator particle is explicitly modeled in the interaction.

The interpretations in these previous searches have thus far neglected the contribution from
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Adding Single-Top Brings Large Improvements

❖ Adding single-top categories brings up to 2.5⨉ better limits for high Mmed


• At low Mmed σ(tt+DM) > σ(t+DM), but σ(t+DM) drops less rapidly with Mmed


• For given Mmed, single-top has slightly harder MET
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referred to here as tt̄, t + DM. The theory cross sections for both signal models are obtained at
LO. The limits are calculated using a modified frequentist approach with a test statistic based
on the profile likelihood in the asymptotic approximation and the CLs criterion [59–61]. We
test different mediator mass scenarios with mc= 1 GeV and gq = gc = 1 and the results are
shown in Fig. 6 for scalar (left) and pseudoscalar (right) models. The expected limit for the
t/t̄ + DM signal alone is depicted by the blue dash-dotted line, while the tt̄ + DM limit alone is
given by the red dash-dotted line. The observed limit on the sum of both signals is represented
by the black solid line, while the expected value is shown by the black dashed line with the
expected ± 1s and ±2s uncertainty bands in green and yellow, respectively.
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Figure 6: Expected and observed limits: The figures show the expected limits for the scalar (left)
and pseudoscalar (right) models. The expected limit for the t/t̄ + DM signal alone is depicted
by the blue dash-dotted line, while the tt̄ + DM limit alone is given by the red dash-dotted
line. The observed limit on the sum of both signals is shown by the black solid line, while the
expected value is shown by the black dashed line with the expected ± 1s and ±2s uncertainty
bands in green and yellow, respectively.

Tables 3 and 4 represent the final combined limits (AH + SL) for the t/t̄ + DM and tt̄ + DM pro-
cesses separately, and for the sum of the two tt̄, t + DM scenarios.

Overall, we exclude mediator masses below 290 and 300 GeV for the scalar and pseudoscalar
hypotheses, respectively.
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Summary of MET+X Limits in 2HDM+a Models

❖ Same limits plotted in two different planes
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An Important Consequence of Simplified Models

❖ Mediator can decay to visible (SM) particles


• Must decay to initial state


• Could also couple to other particles  
(eg leptons)


❖ Visible searches (bump hunts) for mediator

!22
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DiJet: Different Strategies for Different Masses

❖ High mass (M > 1.5 TeV)


• Resonance at rest, high energy jets


• No problems with trigger


❖ Intermediate mass (0.5 < M < 1.5 TeV)


• High rate: cannot write full event


• Analysis on reduced data format


❖ Low mass (0.2 < M < 0.5 TeV)


• Trigger on high-pT photon or gluon ISR


❖ Very low mass (M < 0.3 TeV)


• ISR + boosted dijet (large jet + substructure)

!23
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High-Mass Dijet Search: Setting Limits on gq

❖ Cross section σ ~ g4/Γtot  and  ΓDM = ΓDM( mDM/Mmed )


• Can set limits on gq:

!24
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Figure 6: Dijet mass spectra in the signal region (points) compared to a fitted parameterization
of the background (solid curve) and the one obtained from the control region (green squares).
For the displayed signal a cross section at the 95% CL observed exclusion limit is being used.
The lower panel shows the difference between the data and the fitted parametrization (red),
and the data and the prediction obtained from the control region (green) , divided by the sta-
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The ratio of the expected signal showed in the upper panel to the statistical uncertainty of the
data is also shown for three different resonance masses and signals models.
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Going to Lower Mass with Trigger-Level Objects

❖ Lower mass: higher QCD BG


• Rate too high for trigger


• Need reduced data format


❖ Solution: save HLT jet 4-momenta


• CMS: ‘Data scouting’


• ATLAS: ‘Trigger-Level Analysis’

!25

10

3 Search for narrow dijet resonances

3.1 Dijet mass spectra and background parameterizations

Figure 7 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width. The dijet mass spectrum for the high-
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Figure 7: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The horizontal
lines on the data points show the variable bin sizes. The lower panel in each plot shows the
difference between the data and the fitted parametrization, divided by the statistical uncer-
tainty of the data. Examples of predicted signals from narrow gluon-gluon, quark-gluon, and
quark-quark resonances are shown with cross sections equal to the observed upper limits at
95% CL.

mass search is fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s; and P0, P1, P2, and P3 are four free fit parameters. The chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [5–18, 53] to describe the data. For the low-mass search
we used the following parameterization, which includes one additional parameter P4, to fit the
dijet mass spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln2 (x)
. (2)

Equation (2) with five parameters gives c2/NDF = 20.3/20 when fit to the low-mass data,
which is better than the c2/NDF = 27.9/21 obtained using the four parameter functional form
in Eq. (1). An F-test with a size a = 0.05 [54] was used to confirm that no additional parameters
are needed to model these distributions, i.e. in the low-mass search including an additional
term P5 ln3 (x) in Eq.( 2) gave c2/NDF = 20.1/19, which corresponds to a smaller p-value than
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Figure 7: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The horizontal
lines on the data points show the variable bin sizes. The lower panel in each plot shows the
difference between the data and the fitted parametrization, divided by the statistical uncer-
tainty of the data. Examples of predicted signals from narrow gluon-gluon, quark-gluon, and
quark-quark resonances are shown with cross sections equal to the observed upper limits at
95% CL.

mass search is fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s; and P0, P1, P2, and P3 are four free fit parameters. The chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [5–18, 53] to describe the data. For the low-mass search
we used the following parameterization, which includes one additional parameter P4, to fit the
dijet mass spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln2 (x)
. (2)

Equation (2) with five parameters gives c2/NDF = 20.3/20 when fit to the low-mass data,
which is better than the c2/NDF = 27.9/21 obtained using the four parameter functional form
in Eq. (1). An F-test with a size a = 0.05 [54] was used to confirm that no additional parameters
are needed to model these distributions, i.e. in the low-mass search including an additional
term P5 ln3 (x) in Eq.( 2) gave c2/NDF = 20.1/19, which corresponds to a smaller p-value than
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Reduced data format
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Even Lower Mass: Triggering on ISR

❖ Use ISR to trigger photon or jet trigger paths: extend reach to lower mass


• ISR+(two jets): down to 200 GeV
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Figure 2: The reconstructed dijet mass distribution (filled points) for events containing (left) a photon with pT >
150 GeV and two jets with pT > 25 GeV and |y⇤12 | < 0.8 and (right) a jet with pT > 430 GeV and two additional
jets with pT > 25 GeV and satisfying the other selection criteria described in the text. The solid line depicts the fit
to Equation 1. Predictions for a lepto-phobic Z 0 of mass 350 GeV and coupling gq = 0.3 are shown above the fit,
normalized to 50 times the predicted cross-section to render it visible. The vertical lines indicate the most discrepant
intervals identified by the B���H����� algorithm. The lower panels show the bin-by-bin Gaussian significances
of the data with respect to the events predicted by the background fit. The significances are calculated using Poisson
statistics, considering only statistical uncertainties.

significances of the data with respect to the events predicted by the background fit. The significances are
calculated using Poisson statistics, considering only statistical uncertainties.

The statistical significance of any localised excess in each m j j distribution is quantified using the B���-
H����� algorithm [48, 49]. The algorithm compares the binned m j j distribution of the data to the fitted
background estimate, considering contiguous mass intervals throughout the search range, from intervals
with a width ranging from two bins to half of the full mass range. For each interval in the scan, it computes
the statistical significance of any excess found. The algorithm identifies the interval 861 GeV–917 GeV
for the X + � search and 482 GeV–523 GeV for the X + j search, indicated by the two vertical lines in
Figure 2, as the most discrepant intervals. The statistical significance of this outcome is evaluated using
the ensemble of possible outcomes across all intervals scanned by applying the algorithm to many pseudo-
data samples drawn randomly from the background fit. Without including systematic uncertainties, the
probability that fluctuations of the background model would produce an excess at least as significant as the
one observed in the data, anywhere in the distribution, is 0.67 for the X + � search and 0.60 for the X + j
search. Thus, there is no evidence of a contribution to the mass distribution from new phenomena.

In each search, a Bayesian method [5] is applied to the m j j data and simulation of signals for discrete
mass values of the benchmark signals described above, to set 95% credibility-level (CL) upper limits on
the cross-section times acceptance for the signals described above. The limits are obtained for a discrete
set of points in the gq–mZ0 plane. The signal mass range probed by the X + � search ranges from 250 to
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Figure 3: Top: distribution of large-R jet mass in the jet channel for mZ0 = 160 GeV (left) and 220 GeV (right). The
vertical dashed lines indicate the signal region (SR) surrounding the target Z 0 mass. The signal is generated with
gq = 0.5. Bottom: ratio of data to the estimated background. The background estimate is di�erent for each signal
mass hypothesis; more details are given in the text.

slope in the data and background distributions changes for a large-R jet mass around 225 GeV (100 GeV)
for Figure 3 (Figure 4), due to the boosted topology requirement, pJT > 2 ⇥ mJ . The beginning of this
e�ect is determined by the pJT requirements of 450 GeV and 200 GeV for the ISR jet and ISR � channels,
respectively. The observed distributions of the large-R jet mass are well reproduced by the estimated
background contributions.

A binned likelihood fit to the large-R jet mass distribution is performed in each mass-dependent signal
region in both the ISR jet and � channels, accounting for potential signal contamination in the control
region used to define the TF. The largest excess is observed in the ISR jet signal region centred at 150 GeV.
Performing a signal-plus-background fit with a Z 0 model assumption, the local significance in this region
is found to be 2.5�, corresponding to a global significance of 1.1�, where the look-elsewhere e�ect [51]
is calculated with respect to the entire mass window examined. The largest positive deviation from the
expected background in the ISR � channel is seen in the signal region centred at 140 GeV, with local
(global) significance of 2.2� (0.8�).

Upper limits are derived at 95% confidence level on the Z 0 production cross section times acceptance as
a function of the Z 0 mass between 100 and 220 GeV using profile-likelihood-ratio tests [52] with the CLs
method [53], shown in Figure 5.

The acceptance accounts for all selection criteria except for the requirement on ⌧DDT
21 ; it can vary signific-

antly for various theoretical models, yet can be well estimated without detailed detector simulation. For
the Z’ signal model considered in this paper, acceptance values vary from 0.10% to 0.06% in the ISR jet
channel and from 4.0% to 1.0% in the ISR � channel, in the mass range between 100 and 220 GeV. The

8

ISR + Two jets ISR + Boosted jet

• ISR+(boosted): down to 100 GeV

ATLAS-CONF-2016-070 and CERN-EP-2017-280 (accepted by PLB)
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Interplay of All Dijet Searches
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Placing Limits on the MDM-Mmed Plane

!28

Summary Plots: 
ATLAS and CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Placing Limits on the MDM-Mmed Plane

!28

Dijet limits extend  
to MDM > Mmed/2 

(and mostly insensitive to MDM)

MET+X searches  
limited to MDM < Mmed/2

Overabundance 
of cosmic DM

Summary Plots: 
ATLAS and CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Similar Approach with Dilepton Searches

❖ Adding lepton coupling seems ‘natural’


• But it’s an additional assumption


❖ If mediator couples with leptons:  
can use ee/µµ resonance searches


• Similar to dijet re-interpretation
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Figure 1. Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (mℓℓ)
after selection, for data and the SM background estimates as well as their ratio before and after
marginalisation. Selected Z ′

χ signals with a pole mass of 3, 4 and 5TeV are overlaid. The bin width
of the distributions is constant in log(mℓℓ) and the shaded band in the lower panels illustrates the
total systematic uncertainty, as explained in section 7. The data points are shown together with
their statistical uncertainty. Exact bin edges and contents are provided in table 8 and table 9 in
the appendix.

(MCMC) technique to compute the marginal posterior probability density of the parameter

of interest (so-called “marginalisation”). Limit values obtained using the experimental

data are quoted as observed limits, while median values of the limits obtained from a large

number of simulated experiments, where only SM background is present, are quoted as the

expected limits. The upper limits on σB are interpreted as lower limits on the Z ′ pole

mass using the relationship between the pole mass and the theoretical Z ′ cross-section.

In the context of the Minimal Z ′ model or CI scenarios, limits are set on the parameter

of interest. In the case of the Minimal Z ′ model the parameter of interest is γ′4. For a

CI the parameter of interest is set either to 1/Λ2 or to 1/Λ4 as this corresponds to the

scaling of the CI-SM interference contribution or the pure CI contribution respectively. In

both the Minimal Z ′ and the CI cases, the nominal Poisson expectation in each mℓℓ bin

is expressed as a function of the parameter of interest. As in the context of the Z ′ limit

setting, the Poisson mean is modified by shifts due to systematic uncertainties, but in both

the Minimal Z ′ and the CI cases, these shifts are non-linear functions of the parameter of

interest. A prior uniform in the parameter of interest is used for all limits.

Two complementary approaches are used in the search for a new-physics signal. The

first approach, which does not rely on a specific signal model and therefore is sensitive to a

wide range of new physics, uses the BumpHunter (BH) [54] utility. In this approach, all

– 15 –

JHEP 10 (2017) 182
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Exclusion Limits Are Very Sensitive to Couplings

!30

gq = 0.25, gl = 0 gq = 0.1, gl = 0.01

Higher gq  
↓ 

more efficient 
DM→SM annihilation 

↓ 
lower abundance

❖ Already with gl = 0.01 dilepton results dominant


❖ Lowering gq makes dijet results less stringent


• And increases overabundance regions
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What About Dark Energy?

❖ Supernovae Ia: universe expansion is accelerating


• Existence of a ‘fifth’ repulsive force


• New form of matter: dark energy


❖ Many new models, split in two categories:


• Modifications to general relativity


• Addition of new particles/fields


❖ Has been shown that two families of models have same phenomenology


• So we can focus on particle description

!31
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Adding Dark Energy Operators to the SM

❖ EFT approach


• Dark energy as scalar field φ


❖ Two leading operators added to SM Lagrangian:


❖ Corresponding to:

!32

Figure 1: Feynman diagrams corresponding to the tt̄ + E
miss
T (left) and mono-jet (right) final states. The red vertex

corresponds to the L1 operator and the blue vertex corresponds to L2.

2.2 Event generation

The Lagrangian (1) has been implemented in the M��G����5_�MC@NLO generator version 2.6.1 [31].
For the tt̄ + E

miss
T final state a sample corresponding to the process pp ! tt̄�� is generated, fixing the

Wilson coe�cient c1 = 1 and setting all other Wilson coe�cients to zero, while for the mono-jet final
state a sample corresponding to the process pp ! j�� is generated fixing c2 = 1 and setting all other
Wilson coe�cients to zero. In this way the upper limit on the cross-section can be expressed as a function
of a single parameter, M .

Matrix elements are calculated in the 4-flavour scheme at leading order (LO) in QCD, vetoing electroweak
contributions and considering only one insertion of a L1 or L2 operator in each diagram. The latter
guarantees that the amplitude scales as M

�4, for all values of M and therefore M is just a parameter that
controls the total cross-section, with the di�erential distributions for the signal process being independent
of M . The renormalisation and factorisation scales are set to µ = 1

2
Õ

i mT,i, where i runs over all particles
in the final state. The LO PDF set NNPDF 3.0 [32] with ↵s = 0.13 is used in the matrix element
calculation. The parton shower and hadronisation are simulated using P����� 8.212 [33] using the A14
set of tuned parameters [34] with the LO NNPDF 2.3 PDF set with ↵s = 0.13 [32].

In order to reproduce the correct equation of state for dark energy, scalar fields should have a very small
mass m� = O(H0) ⇠ 10�42 GeV [35]. The mass of the scalar DE field is fixed in the sample generation to
m� = 0.1 GeV [19]. The production cross-section and kinematics are in this case independent of m�.

For the tt̄�� sample an event selection is applied at truth level, selecting events with at least 1 lepton with
pT > 20 GeV and |⌘ | < 2.8 and E

miss
T > 60 GeV or requiring E

miss
T > 150 GeV. The e�ciency of this

selection is 87%. For the j�� sample an event selection requiring E
miss
T > 150 GeV is applied at truth

level. This selection is fully e�cient.

3 Event selection

The sensitivity of the search for DE in the tt̄+E
miss
T final state was estimated employing the event selections

used in the search for dark matter produced in association with a tt̄ pair [36] and in the search for stop
quarks [21, 37, 38]. The latter was found to yield better exclusion limits and is therefore used in the
following.

The tt̄ + E
miss
T final state can be split into three channels according to the decays of the W-bosons from

the top-quark decays: 0-lepton, where both W bosons decay hadronically, 1-lepton, where one of the

4

Figure 1: Feynman diagrams corresponding to the tt̄ + E
miss
T (left) and mono-jet (right) final states. The red vertex

corresponds to the L1 operator and the blue vertex corresponds to L2.

2.2 Event generation

The Lagrangian (1) has been implemented in the M��G����5_�MC@NLO generator version 2.6.1 [31].
For the tt̄ + E

miss
T final state a sample corresponding to the process pp ! tt̄�� is generated, fixing the

Wilson coe�cient c1 = 1 and setting all other Wilson coe�cients to zero, while for the mono-jet final
state a sample corresponding to the process pp ! j�� is generated fixing c2 = 1 and setting all other
Wilson coe�cients to zero. In this way the upper limit on the cross-section can be expressed as a function
of a single parameter, M .

Matrix elements are calculated in the 4-flavour scheme at leading order (LO) in QCD, vetoing electroweak
contributions and considering only one insertion of a L1 or L2 operator in each diagram. The latter
guarantees that the amplitude scales as M

�4, for all values of M and therefore M is just a parameter that
controls the total cross-section, with the di�erential distributions for the signal process being independent
of M . The renormalisation and factorisation scales are set to µ = 1

2
Õ

i mT,i, where i runs over all particles
in the final state. The LO PDF set NNPDF 3.0 [32] with ↵s = 0.13 is used in the matrix element
calculation. The parton shower and hadronisation are simulated using P����� 8.212 [33] using the A14
set of tuned parameters [34] with the LO NNPDF 2.3 PDF set with ↵s = 0.13 [32].

In order to reproduce the correct equation of state for dark energy, scalar fields should have a very small
mass m� = O(H0) ⇠ 10�42 GeV [35]. The mass of the scalar DE field is fixed in the sample generation to
m� = 0.1 GeV [19]. The production cross-section and kinematics are in this case independent of m�.

For the tt̄�� sample an event selection is applied at truth level, selecting events with at least 1 lepton with
pT > 20 GeV and |⌘ | < 2.8 and E

miss
T > 60 GeV or requiring E

miss
T > 150 GeV. The e�ciency of this

selection is 87%. For the j�� sample an event selection requiring E
miss
T > 150 GeV is applied at truth

level. This selection is fully e�cient.

3 Event selection

The sensitivity of the search for DE in the tt̄+E
miss
T final state was estimated employing the event selections

used in the search for dark matter produced in association with a tt̄ pair [36] and in the search for stop
quarks [21, 37, 38]. The latter was found to yield better exclusion limits and is therefore used in the
following.

The tt̄ + E
miss
T final state can be split into three channels according to the decays of the W-bosons from

the top-quark decays: 0-lepton, where both W bosons decay hadronically, 1-lepton, where one of the

4

ℒSM → ℒSM + ℒ1 + ℒ2 + …

ℒ1: ℒ2:

ttbar + MET Monojet

ℒi ~ (Mi)-4
Mi characteristic energy 
(suppression factor)
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Setting Limits on Dark Energy Operators

❖ Reinterpretation of tt+MET and monojet searches


❖ Setting limits on operator suppression factors
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Figure 3: Left: The m
�2

T2 distribution for the SM background predictions after the background-only fit to data in the
SRA_T0 region of the 0-lepton tt̄ + E

miss
T channel [21]. The DE signal for the L1 operator corresponding to the

observed lower limit on the suppression scale M = 309 GeV is overlaid. Right: The E
miss
T distribution for the SM

background predictions after the background-only fit to data in the mono-jet final state [22]. The DE signal for the
L2 operator corresponding to the observed lower limit on the suppression scale M = 1260 GeV is overlaid.

Channel Operator Lower limits on M [GeV]
Observed Expected +2� +1� �1� �2�

tt̄ + E
miss
T L1 309+19

�24 313 284 299 326 338

Mono-jet L2 1260+50
�60 1350 1200 1280 1400 1450

Table 3: Lower limits on the suppression scale M (in GeV) for the L1 operator from the 0-lepton tt̄ + E
miss
T search

and for the L2 operator from the mono-jet search. The errors on the observed limit correspond to the uncertainty
on the signal production cross-section. The limits quoted here are not rescaled to take into account the EFT validity
criterion.

7 Summary and conclusions

This note presented the first collider search for light scalar particles with conformal and disformal couplings
to SM matter. The results are obtained by a reinterpretation of the search for supersymmetric top partners
in the 0-lepton tt̄ + E

miss
T final state [21] and of the search for dark matter in the mono-jet final state [22]

using a dataset of 36.1 fb�1 of pp collisions, which was collected by the ATLAS experiment at
p

s = 13
TeV.

The results were interpreted in the context of an EFT model of scalar dark energy, setting constraints on
the production cross-section or equivalently on the EFT suppression scale of the conformal and disformal
couplings generated by the two lowest dimension operators of the theory.

The tt̄ + E
miss
T analysis yields the most stringent constraints on the conformal operator L1. As shown in

Fig. 5, the tt̄ + E
miss
T search is not yet sensitive to weakly coupled models, due to the high momentum

transfers involved in the production of the top quarks, which are close to the exclusion limit.

The mono-jet analysis yields the most stringent constraints on the disformal operator L2. Due to the
absence of heavy particles in the final state, the region of EFT validity for the mono-jet search is larger,
with the constraints extending to lower values of the e�ective coupling.
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These results improve upon the constraints on the disformal operator from astrophysical probes and non-
collider experiments by several orders of magnitude [48] and also represent a significant improvement
over the limits obtained by a similar re-interpretation of ATLAS and CMS results that made use of a
smaller dataset at

p
s = 8 TeV [19].
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The Big Wrap-Up: Visible and Invisible Searches
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The Big Wrap-Up: Visible and Invisible Searches
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gq = 0.25, gl = 0 gq = 0.1, gl = 0.01

Why stop at 1 GeV?  σ ~ mDM mnucl / (mDM + mnucl), breaks down for mDM ≪ mnucl
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What About Sub-GeV Mediators?

❖ Historically, sub-GeV mediators jurisdiction of ‘dark photon’ searches
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The Mixing Parameter ε

❖ Mixing parameter ε fixes strength of dark photon coupling


• m(Aʹ) ≪ m(Z): Aʹ interactions with SM fermions are γ-like with charge εQ


❖ Dark photon width and lifetime  
depend on ε and mAʹ


• ‘Prompt’ for ε > 10-4


• Can be (very) displaced 

❖ Need both prompt and displaced  
searches for full coverage

!36

4

• In this talk I will :


- Focus on massive dark photons (mass > 200 MeV)


- Focus on ZD→μμ decays 


• It is assumed that the dark sector is heavy w.r.t. the 
dark photon


• ZD decays exclusively to SM particles  

• It’s width does not depend on any dark sector 
interactions


• Width (and hence it’s lifetime) depends on ϵ, 
MZD

• Production of ZD may or may not depend on 
interactions with BSM particles

Dark Photon Decays
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Figure 2. Left: Leptonic branching fraction of ZD. Right: Decay length of ZD for different ✏. The dashed
lines indicate boundaries between qualitatively different experimental regimes: prompt decay for c⌧ . 1µm
and likely escape from an ATLAS-size detector for c⌧ & 20m.

where the running QCD coupling was computed at 3+ loop order using the RunDec Mathematica
package [103]. The resulting leptonic branching fraction and total width of the dark photon are shown
in Fig. 2. We will use these high-precision results throughout the paper, but, as the figure shows, the
LO expression for total width and leptonic branching fraction is an excellent approximation at higher
masses: the higher order corrections are 4% (1.5%) at mZD = 12 GeV (60 GeV). See Appendix A
for tables of these branching ratios.

The above interactions Eqs. (2.10) and (2.11) allow the decay h ! ZDZ
(⇤)

! 4`, shown in
Fig. 1 (left). The partial width for the exotic two-body decay h ! ZZD is
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The partial width for the three-body decay h ! ZDZ
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! ZD`` is, to leading order in ✏,
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LHCb Search for Aʹ Decaying to a Muon Pair

❖ Bump hunt in M(µµ) spectrum


• Sensitive down to mAʹ = 2mµ


• Both prompt and displaced


❖ No trigger! All events recorded


• With no selection on M(µµ)

!37

This Letter presents searches for both promptlike and
long-lived dark photons produced in pp collisions at a
center-of-mass energy of 13 TeV, using A0 → μþμ− decays
and a data sample corresponding to an integrated lumi-
nosity of 1.6fb−1 collected with the LHCb detector in
2016. The promptlike A0 search is performed from near the
dimuon threshold up to 70 GeV, above which the mðμþμ−Þ
spectrum is dominated by the Z boson. The long-lived A0

search is restricted to the mass range 214< mðA0Þ <
350 MeV, where the data sample potentially provides
sensitivity.
The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described in
detail in Refs. [53,54]. Simulated data samples, which are
used to validate the analysis, are produced using the
software described in Refs. [55–57]. The online event
selection is performed by a trigger [58], which consists of a
hardware stage using information from the calorimeter
and muon systems, followed by a software stage, which
performs a full event reconstruction. At the hardware stage,
events are required to have a muon with pT ≳ 1.8GeV,
where pT is the momentum transverse to the beam
direction, or a dimuon in which the product of the pT of
each muon is in excess of ð≈1.5 GeVÞ2. The long-lived A0

search also uses events selected at the hardware stage
independently of the A0 → μþμ− candidate. In the software
stage, A0 → μþμ− candidates are built from two oppositely
charged tracks that form a good quality vertex and satisfy
stringent muon-identification criteria. The muons are
required to have 2 < η < 4.5, pT > 0.5 ð1.0Þ GeV,
momentum p > 10 ð20Þ GeV, and be inconsistent (con-
sistent) with originating from the PV in the long-lived
(promptlike) A0 search. Finally, the A0 candidates are
required to satisfy pT > 1 GeV, 2 < η < 4.5, and have a
decay topology consistent with originating from the PV.
The promptlike A0 search is based on a data sample

where all online-reconstructed particles are stored, but most
lower-level information is discarded, greatly reducing the
event size. This data-storage strategy, made possible by
advances in the LHCb data-taking scheme introduced in
2015 [59,60], permits the recording of all events that
contain a promptlike dimuon candidate without placing
any requirements on mðμþμ−Þ. The mðμþμ−Þ spectrum
recorded by the trigger is provided in the Supplemental
Material [61].
Three main types of background contribute to the

promptlike A0 search: prompt γ$ → μþμ− production,
which is irreducible; resonant decays to μþμ−, whose
mass-peak regions are avoided in the search; and various
types of misreconstruction. The misreconstruction back-
ground consists of three dominant contributions: double
misidentification of prompt hadrons as muons, hh; a
misidentified prompt hadron combined with a muon
produced in a decay of a hadron containing a heavy-flavor
quark, Q, where the muon is misreconstructed as

promptlike, hμQ; and the misreconstruction of two muons
produced in Q-hadron decays, μQμQ. These backgrounds
are highly suppressed by the stringent muon-identification
and promptlike requirements applied in the trigger;
however, in the region ½mðϕÞ; mðϒÞ&, the misreconstructed
backgrounds overwhelm the signal-like γ$ → μþμ−

contribution.
For masses below (above) the ϕ meson mass, dark

photons are expected to be predominantly produced in
meson-decay (Drell-Yan) processes in pp collisions at
LHCb. A well-known signature of Drell-Yan production is
dimuons that are largely isolated, and a high-mass dark
photon would inherit this property. The signal sensitivity
is enhanced by applying a jet-based isolation requirement
for mðA0Þ > mðϕÞ, which improves the sensitivity by
up to a factor of 2 at low masses and by Oð10%Þ for
mðA0Þ > 10 GeV. Jet reconstruction is performed by
clustering charged and neutral particle-flow candidates
[62] using the anti-kT clustering algorithm [63] with
R ¼ 0.5 as implemented in FASTJET [64]. Muons with
pTðμÞ/pTðjetÞ < 0.7 are rejected, where the contribution to
pTðjetÞ from the other muon is excluded if both muons are
clustered in the same jet, as this is found to provide nearly
optimal sensitivity for all mðA0Þ > mðϕÞ. Figure 1 shows
the resulting promptlike mðμþμ−Þ spectrum using Δm bins
that are σ½mðμþμ−Þ&/2 wide, where σ½mðμþμ−Þ& is the mass
resolution which varies from about 0.7 MeV near threshold
to 0.7 GeV at mðμþμ−Þ ¼ 70 GeV.
The promptlike A0 search strategy involves determining

the observed A0 → μþμ− yields from fits to the mðμþμ−Þ
spectrum, and normalizing them using Eq. (1) to obtain
constraints on ε2. To determine nγ

$

ob½mðA0Þ& for use in
Eq. (1), binned extended maximum likelihood fits are
performed using the dimuon vertex-fit quality,
χ2VFðμþμ−Þ, and min½χ2IPðμ( Þ& distributions, where χ2IPðμÞ
is defined as the difference in χ2VFðPVÞ when the PV is
reconstructed with and without the muon track. The
χ2VFðμþμ−Þ and min½χ2IPðμ( Þ& fits are performed independ-
ently at each mass, with the mean of the nγ

$

ob½mðA0Þ& results
used as the nominal value and half the difference assigned
as a systematic uncertainty.
Both fit quantities are built from features that approx-

imately follow χ2 probability density functions (PDFs) with

FIG. 1. Promptlike mass spectrum, where the categorization
of the data as prompt μþμ−, μQμQ, and hhþ hμQ is determined
using the fits described in the text.

PHYSICAL REVIEW LETTERS 120, 061801 (2018)

061801-2
Much lower BG (main BG: γ→µµ conversions)

PRL 120 (2018) 061801 
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minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at mðJ/ψÞ and mðZÞ, where
prompt resonances are dominant (see Fig. 1). Small pT-
dependent corrections are applied to obtain the PDFs at all
other masses. These PDFs are validated near threshold, at
mðϕÞ, and at m(ϒð1SÞ), where the data predominantly
consist of prompt dimuons. The sum of the hh and hμQ
contributions, which each involve misidentified prompt
hadrons, is determined using same-sign μ# μ# candidates
that satisfy all of the promptlike criteria. A correction is
applied to the observed μ# μ# yield at each mass to account
for the difference in the production rates of πþ π− and
π# π# , since double misidentified πþ π− pairs are the
dominant source of the hh background. This correction,
which is derived using a promptlike dipion data sample
weighted by pT-dependent muon-misidentification proba-
bilities, is as large as a factor of 2 near mðρÞ but negligible
for mðμþ μ−Þ ≳ 2 GeV. The PDFs for the μQμQ back-
ground, which involves muon pairs produced in Q-hadron
decays that occur displaced from the PV, are obtained from
simulation. These muons are rarely produced at the same
spatial point unless the decay chain involves charmonium.
Example min½χ2IPðμ# Þ& fit results are provided in Ref. [61],
while Fig. 1 shows the resulting data categorizations.
Finally, the nγ

'

ob½mðA0Þ& yields are corrected for bin migra-
tion due to bremsstrahlung, and the small expected Bethe-
Heitler contribution is subtracted [52].
The promptlike mass spectrum is scanned in steps of

σ½mðμþ μ−Þ&/2 searching for A0 → μþ μ− contributions. At
each mass, a binned extended maximum likelihood fit is
performed using all promptlike candidates in a
# 12.5σ½mðμþ μ−Þ& window around mðA0Þ. The profile
likelihood is used to determine the p value and the
confidence interval for nA

0

ob½mðA0Þ&, from which an upper
limit at 90% confidence level (C.L.) is obtained. The signal
PDFs are determined using a combination of simulated
A0 → μþ μ− decays and the widths of the large resonance
peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and
assign its uncertainty. This method takes as input a large set
of potential background components, which here includes
all Legendre modes up to tenth order and dedicated terms
for known resonances, and then performs a data-driven
model-selection process whose uncertainty is included in
the profile likelihood following Ref. [66]. More details
about the fits, including discussion on peaking back-
grounds, are provided in Ref. [61]. The most significant
excess is 3.3σ at mðA0Þ ≈ 5.8 GeV, corresponding to a p
value of 38% after accounting for the trials factor due to the
number of promptlike signal hypotheses.
Regions of the ½mðA0Þ; ε2& parameter space where the

upper limit on nA
0

ob½mðA0Þ& is less than nA
0

ex½mðA0Þ; ε2& are
excluded at 90% C.L. Figure 2 shows that the constraints
placed on promptlike dark photons are comparable to the

best existing limits below 0.5 GeV, and are the most
stringent for 10.6 < mðA0Þ < 70 GeV. In the latter mass
range, a non-negligible model-dependent mixing with the Z
boson introduces additional kinetic-mixing parameters
altering Eq. (1); however, the expanded A0 model space
is highly constrained by precision electroweak measure-
ments. This search adopts the parameter values suggested
in Refs. [67,68]. The LHCb detector response is found to be
independent of which quark-annihilation process produces
the dark photon above 10 GeV, making it easy to recast the
results in Fig. 2 for other models.
For the long-lived dark photon search, the stringent

criteria applied in the trigger make contamination from
prompt muon candidates negligible. The dominant back-
ground contributions to the long-lived A0 search are as
follows: photon conversions to μþ μ− in the silicon-strip
vertex detector (the VELO) that surrounds the pp inter-
action region [69]; b-hadron decays where two muons are
produced in the decay chain; and the low-mass tail from
K0

S → πþ π− decays, where both pions are misidentified as
muons. Additional sources of background are negligible,
e.g., kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as
a muon.
Photon conversions in the VELO dominate the long-

lived data sample at low masses. A new method was
recently developed for identifying particles created in
secondary interactions with the VELO material. A high-
precision three-dimensional material map was produced
from a data sample of secondary hadronic interactions.
Using this material map, along with properties of the A0 →
μþ μ− decay vertex and muon tracks, a p value is assigned
to the photon-conversion hypothesis for each long-lived
A0 → μþ μ− candidate. A mass-dependent requirement is
applied to these p values that reduces the expected photon-
conversion yields to a negligible level.
A characteristic signature of muons produced in b-

hadron decays is the presence of additional displaced
tracks. Events are rejected if they are selected by the
inclusive Q-hadron software trigger [70] independently of
the presence of the A0 → μþ μ− candidate. Furthermore, two
boosted decision tree (BDT) classifiers, originally

FIG. 2. Regions of the ½mðA0Þ; ε2& parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
existing limits [27,38].
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developed for studying B0
ðsÞ → μþ μ− decays [71], are used

to identify other tracks in the event that are consistent with
having originated from the same b-hadron decay as the
signal muon candidates. The requirements placed on the
BDT responses, which are optimized using a data sample of
K0

S decays as a signal proxy, reject 70% of the b-hadron
background at a cost of about 10% loss in signal efficiency.
As in the promptlike A0 search, the normalization is

based on Eq. (1); however, in the long-lived A0 search,
ϵA

0

γ$ ½mðA0Þ; τðA0Þ& is not unity, in part because the efficiency
depends on the decay time, t. Furthermore, the looser
kinematic, muon-identification, and hardware-trigger
requirements applied to long-lived A0 → μþ μ− candidates,
cf. promptlike candidates, increase the efficiency by a
factor of 7 to 10, ignoring t-dependent effects. These
mðA0Þ-dependent factors are determined using a small
control data sample of dimuon candidates consistent with
originating from the PV, but otherwise satisfying the long-
lived criteria. A relative 10% systematic uncertainty is
assigned to the long-lived A0 → μþ μ− normalization due to
background contamination in the control sample.
The fact that the kinematics are identical for A0 → μþ μ−

and prompt γ$ → μþ μ− decays for mðA0Þ ¼ mðγ$Þ enables
the t dependence of the signal efficiency to be determined
using a data-driven approach. For each value of
½mðA0Þ; τðA0Þ&, prompt γ$ → μþ μ− candidates in the control
data sample near mðA0Þ are resampled many times as long-
lived A0 → μþ μ− decays, and all t-dependent properties,
e.g., min½χ2IPðμ( Þ&, are recalculated based on the resampled
decay-vertex locations. This approach is validated in
simulation by using prompt A0 → μþ μ− decays to predict
the properties of long-lived A0 → μþ μ− decays, and based
on these studies a 2% systematic uncertainty is assigned to
the signal efficiencies. The ϵA

0

γ$ ½mðA0Þ; τðA0Þ& values inte-
grated over t are provided in Ref. [61].
A scan is again performed in discrete steps of

σ½mðμþ μ−Þ&/2 looking for A0 → μþ μ− contributions; how-
ever, in this case, discrete steps in τðA0Þ are also considered.
Binned extended maximum likelihood fits are performed
using all long-lived candidates and the three-dimensional
feature space of mðμþ μ−Þ, t, and the consistency of the
decay topology as quantified in the decay-fit χ2DF, which
has three degrees of freedom (the data distribution is
provided in Ref. [61]). The expected conversion contribu-
tion is derived in each bin from the number of candidates
rejected by the conversion criterion. Two large control data
samples are used to develop and validate the modeling of
the b-hadron and K0

S contributions: candidates that fail
the b-hadron suppression requirements, and candidates
that fail but nearly satisfy the muon-identification require-
ments. The profile likelihood is used to obtain the p values
and confidence intervals on nA

0

ob½mðA0Þ; τðA0Þ&. The most
significant excess occurs at mðA0Þ ¼ 239 MeV and
τðA0Þ ¼ 0.86 ps, where the p value corresponds to 3.0σ.

Considering only the long-lived-search trials factor reduces
this to 2.0σ. More details about these fits are provided
in Ref. [61].
Under the assumption that A0 decays to invisible final

states are negligible, there is a fixed (and known) relation-
ship between τðA0Þ and ε2 at each mass [52]; therefore,
the upper limits on nA

0

ob½mðA0Þ; τðA0Þ& can be translated into
limits on nA

0

ob½mðA0Þ; ε2&. Regions of the ½mðA0Þ; ε2& param-
eter space where the upper limit on nA

0

ob½mðA0Þ; ε2& is less
than nA

0
ex½mðA0Þ; ε2& are excluded at 90% C.L. (see Fig. 3).

While only small regions of ½mðA0Þ; ε2& space are excluded,
a sizable portion of this parameter space will soon become
accessible as more data are collected.
In summary, searches are performed for both promptlike

and long-lived dark photons produced in pp collisions at a
center-of-mass energy of 13 TeV, using A0 → μþ μ− decays
and a data sample corresponding to an integrated lumi-
nosity of 1.6 fb−1 collected with the LHCb detector during
2016. The promptlike A0 search covers the mass range
from near the dimuon threshold up to 70 GeV, while the
long-lived A0 search is restricted to the low-mass region
214 < mðA0Þ < 350 MeV. No evidence for a signal is
found, and 90% C.L. exclusion regions are set on the
γ–A0 kinetic-mixing strength. The constraints placed on
promptlike dark photons are the most stringent to date for
the mass range 10.6 < mðA0Þ < 70 GeV, and are compa-
rable to the best existing limits for mðA0Þ < 0.5 GeV. The
search for long-lived dark photons is the first to achieve
sensitivity using a displaced-vertex signature.
These results demonstrate the unique sensitivity of the

LHCb experiment to dark photons, even using a data
sample collected with a trigger that is inefficient for
low-mass A0 → μþ μ− decays. Using knowledge gained
from this analysis, the software-trigger efficiency for

FIG. 3. Ratio of the observed upper limit on nA
0

ob½mðA0Þ; ε2& at
90% C.L. to its expected value, where regions less than unity are
excluded. There are no constraints from previous experiments in
this region.
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BaBar: New Results Six Years After Last Collision
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FIG. 4: Upper limit (90% CL) on the mixing strength ✏ as
a function of the dark photon mass. The values required to
explain the discrepancy between the calculated and measured
anomalous magnetic moment of the muon [39] are displayed
as a red line.
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Perspectives for Dark Photon Searches
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DARK PHOTON

• Kinetic mixing of Dark Photon and a virtual photon

• Clean experimental signature


– Prompt bump or displaced dimuon pair 


• Great potential with data collected in 2017

– dedicated low-mass triggers for increased sample

– Addition of di-electron final state

 27
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Search for Dark Photons / Results

!13

• The 2016 dimuon results are consistent with (better than) predictions for prompt (long-lived) dark 
photons as discussed in [1603.08926]. We implemented huge improvements in the 2017 triggers 
for low masses, so plan quick turn around on 2017 dimuon search - then onto electrons.

Dark Photons LHCb-PAPER-2017-038

Ilten, Soreq, Thaler, MW, Xue [1603.08926] 
scaled to 2016 data sample LUMI & trigger

The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses, so plan quick turn around on 2017 dimuon search — then onto electrons.

 12

Proves LHCb has unique potential to search for A’ using muons. Assuming we can make 
electrons work, we can cover all of the remaining low-mass parameter space (eventually).

PRL 120 (2018) 061801
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Interaction of Zd with SM fermions is similar to Z/ɣ (x-sec suppressed by ϵ2)

Assuming Zd decays only to SM, its width (lifetime) depends on ϵ


• Prompt regime : ϵ > 10-3

• Displaced regime : ϵ < 10-4   … O(1mm) cτ for sub-GeV dark photons

Salient Features

Dark Photon Search at LHCb

XSU(3)xSU(2)xU(1)

Standard Model U(1)Y U(1)D GD

Dark Sector

Higgsed:  WD, hD, …

`

OR

Confined: !D, "D, …

Figure 1: We consider a dark sector with non-Abelian gauge group GD, which is Higgsed
or confined at O(MeV − 10 GeV). We assume that GD contains a Higgsed Abelian factor
U(1)D, so that the dark sector interacts with Standard Model matter through kinetic mixing
of hypercharge with the U(1)D gauge boson A′, of mass in the same range. Either the Higgsed
or confined phases of GD necessarily include new states that can be produced through A′

interactions.

undiscovered in data collected by BaBar, BELLE, CLEO-c and KLOE. Reconstructing new
resonances in these events would reveal the dynamics of the dark sector.

Evidence for a low-mass dark sector is emerging from a surprising source: accumulating
hints from terrestrial and satellite dark matter experiments indicate that dark matter is not
an afterthought of the Standard Model’s hierarchy problem, but instead has rich dynamics of
its own. The local electron/positron excesses reported by HEAT [1], PAMELA [2, 3], PPB-
BETS [4], ATIC [5], and others [6, 7] are suggestive of weak-scale dark matter interacting
with a new light boson, for which the U(1)D is a natural candidate if its mass is O(GeV).
Dark-sector interactions can also generate the mass splittings among dark-matter states
suggested by other experiments [8, 9]. Dark matter scattering inelastically into an excited
state split by O(100 keV) can simultaneously explain the annual modulation signal reported
by DAMA/NaI [10] and DAMA/LIBRA [11] and the null results of other direct-detection
experiments [12, 13]. Likewise, the INTEGRAL 511 keV excess at the galactic center appears
consistent with the excitation of dark matter states, but requires a slightly larger splitting of
O(MeV) [14, 15].

The electron/positron excesses and the splittings suggested by the DAMA and INTE-
GRAL signals independently motivate an O(GeV)-mass dark sector. If any of these anoma-
lies are signals of dark matter, the new dynamics required to explain them can be discovered
at e+e− colliders. Among the anomalies, DAMA’s signal offers the most precise predictions
for e+e− collider physics: the scattering rate is sensitive to the strength of kinetic mixing
between the Standard Model and the dark sector, and gives reason to expect an observable
direct production cross-section for the dark sector.

Outline

In the remainder of this introduction, we further develop the motivation for a kinetically
mixed light dark sector, and briefly describe the resulting events in low-energy e+e− collisions.
In Section 1.1, we discuss the kinetic mixing that couples the Standard Model to the dark

2

q

q μ

2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are

L ⇢ �
1

4
B̂µ⌫ B̂

µ⌫
�

1

4
ẐDµ⌫ Ẑ

µ⌫
D +

1

2

✏

cos ✓
ẐDµ⌫ B̂

µ⌫ +
1

2
m

2
D,0 Ẑ

µ
D ẐDµ . (2.1)

Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is

V0(H,S) = �µ
2
|H|

2 + �|H|
4
� µ

2
S |S|

2 + �S |S|
4 + |S|

2
|H|

2
. (2.2)

Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass
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sensitivity from displaced dimuons
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