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From SM to…

• LHC has tested and measured the 
properties of SM to a very good degree of 
precision:


satisfying but not exhaustive


• we also like to search for what is still 
unknown, beyond the SM


how are we looking 

for new Physics Phenomena?
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The last great discovery: the Higgs

Since ’12 the Higgs boson has been studied in full 
details: cross sections, mass, couplings, spin, CP
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⇣mh ≠125 GeV

Is it really the SM Higgs?

Everything looks consistent 
with B.E.H. predictions, so far
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2HDM  

models

H➛μμ

Can be the lightest of a 
crowded Higgs sector? 
(i.e. 2HDM, MSSM, etc.)
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Will the future tell us more?

⇠ Cross section 
uncertainties will be 
halved, though still 
some limited by 
statistics (combinations needed)
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⇡Couplings will be 
known at the few % level

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/


Pair produced Higgs

• Double Higgs production is already 
ongoing, but will be sensitive to SM 
anomalies with much higher statistics

�6ATL-PHYS-PUB-2018-053

3 ab-1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/


Always looking for more

We should seek all possible evidence for NP
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LHC: the Ideal Machine to Search for Heavy Resonances

�8

8 TeV DiJet Event! 2.2 TeV l+MET Event!



We’ve Done a Lot of Bump Hunts!
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Dileptons Dijets
7.1 Results of the search for resonant excesses 11
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Figure 2: Observed diphoton invariant mass spectra for the EBEB (left) and EBEE (right) cate-
gories. Also shown are the results of a likelihood fit to the background-only hypothesis. The
shaded region shows the one standard deviation uncertainty band associated with the fit, re-
flecting the statistical uncertainty of the data. The lower panels show the difference between
the data and fit, divided by the statistical uncertainty in the data points.

The test statistic used in the hypothesis tests are based on the profile likelihood ratio:

q(µ) = �2 log
L(µS + B|q̂µ)

L(µ̂S + B|q̂)
, (4)

where S and B are the probability density functions for the resonant diphoton signal produc-
tion process and the SM background, respectively; µ is the signal strength parameter, defined
as the ratio between the measured and expected signal cross sections; and q are the nuisance
parameters of the model used to account for the associated systematic uncertainties. The no-
tation x̂ indicates the best fit value of the parameter x, while x̂y denotes the best fit value of x,
conditionally on y.

The data are in agreement with the absence of any significant resonant excess of events. The
largest deviation observed is an approximately 2 standard deviation local excess at 1.2 TeV for
the wide-width hypothesis, and is similar for both the spin-0 and spin-2 signals.

To set upper limits on the resonant diphoton production rate, the modified frequentist method,
commonly known as CLs [52, 53], is used following the prescription described in Ref. [54].
Asymptotic formulas [55] are used in the calculations of limits.

Expected and observed upper limits at 95% confidence level (CL) on the production of scalar
and RS graviton resonances are shown in Fig. 3. Using leading order cross sections from
PYTHIA, RS gravitons with masses mX below 2.3, 4.1, and 4.6 TeV can be excluded for k̃ = 0.01,
0.1, and 0.2, respectively, corresponding to GX/mX = 1.4 ⇥ 10�4, 1.4 ⇥ 10�2, and 5.6 ⇥ 10�2,
respectively.

Limits can also be set, in a model independent fashion, on the cross sections for events in
the fiducial volume for the resonant pp ! gg process. The signal shape is modeled in the
same way as for the benchmark models, while the signal normalization accounts only for the
detector efficiency and not for any particular signal acceptance. The fiducial volume is defined
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But Bump-Hunts Are Running Out of Steam

• Probing really high masses: O(10 TeV) 

• More lumi brings marginal improvements 

• Can’t just reload searches: need new ideas
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examples Mass Lower limit

String resonance (jj) ~ 8 TeV

Excited quark (jj) ~ 6.5 TeV

Z’ (SSM) (ll) ~ 5 TeV

W’ (SSM) (lν) ~ 6 TeV

w/ 140 fb-1

20192015 2030?

Example:  

Dijet 

Projection



Example: Dijets Going to Lower Mass with ISR and Substructure

• Two high energy jets 

• No problems with trigger  
for M >~ 1.5 TeV 

• Can go down to ~ 0.5 TeV 
with trigger-level analysis 

• Need hard ISR to trigger 
(photon or gluon) 

• Mass ‘heavy enough’ 
for two resolved jets 

• Need hard ISR to trigger 
(photon or gluon) 

• Light mass: large boost 

• Large jet + substructure
�11

Francesco Pandolfi Collider Constraints on Dark Matter, 06.12.18

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)
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Example: Dijets Going to Lower Mass with ISR and Substructure
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Dark Matter, anyone?
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• At colliders we can only detect DM after producing that 
• It means we only probe the SM-DM mediator: 

• simplified models are guiding us in this search 

• exploiting complementarity of different signatures: 

• mono-X: X=jet, ɣ, Z, W, h 

• di-X: X=leptons, jets, h.f.-jets

Nice 

complementarity



Dark Matter Searches

• Complementary to DD experiments 
• caveats on the assumptions done in σ calculation

�14EXOT-2017-032

ETmiss + X

di-X

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/


Mono-X searches in the long run
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36 fb-1  
@ 13 TeV

3 ab-1

mono-jet

36 fb-1 
@ 13 TeV

mono-Z(ll)



Weirder signatures

Nature sometimes can be different
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Long-Lived Particles and Other Unconventional Signatures

• Many extensions of SM predict Long-lived (LL) or unconventional signatures 

• Typically complicated searches 

• No reliable BG modelling in MC 

• Deep understanding of detector needed
�17

Γ = g2 |A |2 Φ
M

coupling  
suppressed amplitude  

suppressed

phase space 
suppressed 

(eg compressed 
mass spectra)

Image: M. Borsato



Example: Displaced Jets
• Reconstruction of displaced vertices 

• in tracker (CMS) 
• in muon chambers (ATLAS) 

• Interpreted in various models (XX→(jj)(jj), GMSB SUSY, RPV SUSY…)

�18PRD 99, 032011 (2019)PRD 99, 052005 (2019)



New Opportunities Thanks to Precision Timing in Phase-2

�19

5.4. Physics impact examples 219

a calorimeter or in the MTD, for converted photons, and to infer from the time difference the5564

LLP lifetime.5565

For the first range of topologies (Section 5.4.2.1), the MTD allows the reconstruction of a peak-5566

ing mass variable, which introduces a qualitatively new capability for LLP searches. For the5567

second range of topologies (Section 5.4.2.2), the MTD allows the indirect measurement of the5568

LLP lifetime with significantly upgraded precision relative to the current detector.5569

5.4.2.1 Vertex time discrimination and mass reconstruction of SUSY particles5570

A gauge-mediated SUSY breaking (GMSB) scenario where the ec0
1 couples to the gravitino eG5571

via higher-dimension operators sensitive to the SUSY breaking scale provides a benchmark5572

scenario for this range of topologies. In such scenarios, the ec0
1, produced in top-squark pair5573

production withet ! t + ec0
1, ec0

1 ! Z + eG, and Z ! e+e�, may have a long lifetime [109]. The5574

decay diagram is shown in Fig. 5.26 (left).5575
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Figure 5.26: Diagram for top-squark pair production and decay (left), h and distribution of
the mass of ec0

1 (right) reconstructed from the final state kinematics for decays with M(et) =
1000 GeV and M(ec0

1) = 700 GeV. The mass distributions are shown for various values of the
ct of the ec0

1.

The events were generated with Pythia8 [110]. The masses of the top-squark and neutralino5576

were set to 1000 GeV and 700 GeV, respectively. The simulation of the detector response was5577

performed using the DELPHES [106] software with a description of the CMS upgraded de-5578

tector. A position resolution of 12 µm in each of the three spatial directions was assumed for5579

the primary vertex [13]. The secondary vertex position for the e+e� pair was reconstructed5580

assuming 30 µm track resolution in the transverse direction. And finally, the time resolution of5581

charged tracks at the displaced vertex was assumed to be 30 ps. Opposite sign leptons were5582

selected with pT > 20 GeV and invariant mass |91 � m``| < 10 GeV.5583

From the time difference between the production and the decay vertex, it is possible to measure5584

the velocity of the neutralino. Combining this information with the kinematics properties of the5585

visible decay products, the neutralino mass can be inferred, under the assumption of a massless5586

gravitino. The right panel of Fig. 5.26 shows the distribution of the reconstructed mass of the5587
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Figure 5.28: Left: Diagrams for a SUSY process that results in a diphoton final state through
gluino production at the LHC. Right: Sensitivity to GMSB ec0

1 ! eG + g signals expressed in
terms of neutralino lifetimes for 180 and 30 ps resolution, corresponding to the Phase-2 detector
with photon timing without MTD and with MTD, respectively.

vertex, at some distance from the beam line, and reaches the MTD detector, for converted pho-5614

tons, or the calorimeters at a later time than the prompt, relativistic particles produced at the5615

interaction point. The time of arrival of the photon at the detector can be used to discriminate5616

signal from background.5617

The time of flight of the photon inside the detector is the sum of the time of flight of the neu-5618

tralino before its decay and the time of flight of the photon itself, until it reaches the detector.5619

Since the neutralino is a massive particle the latter is clearly negligible with respect to the for-5620

mer. In order to be sensitive to short neutralino lifetimes of order 1 cm, the performance of the5621

measurement of the photon time of flight is a crucial ingredient of the analysis. Therefore, the5622

excellent resolution of the MTD apparatus can be exploited to determine with high accuracy5623

the time of flight of the neutralino, and similarly the photon, also in case of a short lifetime.5624

The MTD will serve to measure the time of the primary vertex and, for converted photons, the5625

time of arrival of the photon.5626

An analysis has been performed in order to evaluate the sensitivity power of a search for dis-5627

placed photons at CMS in the scenario where a 30 ps timing resolution is available from the5628

MTD, either to detect photons . The events were generated with Pythia8, exploring neutralino5629

lifetimes (ct) in the range 0.1–300 cm. The values of the L scale parameter were considered in5630

the range 100–500 TeV, which is relevant for this model to be consistent with the observation of5631

a 125 GeV Higgs boson [114]. The response of the detector was simulated using the DELPHES5632

program tuned to match the performance of the full CMS simulation with different assump-5633

tions for the time resolution. For the sake of simplicity, only converted photons with signal in5634

the MTD, corresponding to about 50% of the sample, were retained in this study.5635

A generator level study, with the time of flight smeared according to the expected resolution5636

was performed as well, since it allowed us to accumulate more events. In this case, all the5637

photons within the CMS ECAL acceptance and with energy above a ”trigger–like” threshold5638

were retained in the analysis. In either case, a cut-off selection at a time-of-flight greater than 3s5639

222 Chapter 5. Reconstruction, performance and physics impact

of the time resolution was applied and a zero background assumption is made in this “signal5640

region”. The signal efficiency of such a requirement is computed and translated, assuming the5641

theoretical cross-sections provided in Ref. [113], in an upper limit at 95% CL on the production5642

cross-section of the c̃0
1 ! G̃ + g process. The two simulations provide consistent results, for5643

the same amount of events.5644

Figure 5.28 (right) shows the analysis sensitivity in terms of the L scale (and therefore of the5645

neutralino mass) and lifetime for three different assumptions on the timing resolution. The5646

curves with 180 ps resolution, shown for both 300 and 1000 fb�1 are representative of the TOF5647

resolution of the upgraded CMS detector without the MTD, in which the TOF measurement5648

will be dominated by the time spread of the luminous region and the photon time will be5649

measured by the ECAL calorimeter with 30 ps precision. The vertex timing provided by the5650

MTD detector will bring the TOF resolution to about 30 ps. As visible in the figure, a full scope5651

upgrade of the CMS detector with photon and track timing will provide a dramatic increase5652

in sensitivity at short lifetimes and high masses, which could not be otherwise covered by a5653

simple increase of integrated luminosity.5654

5.4.3 Particle velocity reconstruction in the context of HSCP searches5655

The GMSB benchmark model used for this topology implies the production of a Heavy Stable5656

Charged Particle (HSCP) in the form of a stau t̃ with a very large lifetime crossing the full5657

detector. A more detailed description of the model can be found somewhere else [115]. The5658

MTD has a direct impact on this topology through the measurement the particle velocity, b,5659

using the path length and the time difference between the primary vertex and the particle hits5660

in the MTD. This quantity can be used to discriminate between signal and background SM5661

processes, where particles are produced with a velocity close to the speed of light, and the5662

resolution in the time measurement is the main factor distorting the measurement.5663
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Figure 5.29: Distribution of 1/b for DY+Jets events with and without the MTD and signal
events (left). ROC curve associated to the 1/b selection cut for the no MTD case and MTD case
(right).

Figure 5.29 (left) shows the 1/b distribution for DY+Jets events with and without the MTD,5664

and for signal events. Background events corresponding to the DY+Jets process have been5665

Long-lived neutral particles 
From 4D distance between PV 
and decay vertex → β(χ0) 
Full mass measurement from V0

Delayed photons 
Precise timing significantly 
expands small-τ sensitivity

Heavy stable charged particles 
Can measure 1/β from track only



SUSY Has Gotten a Beating from LHC… but it’s Still Alive
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Gluinos excluded up to M ~ 2 TeV

Stop excluded up to M ~ 1 TeV

EW SUSY limits somewhat lower

Also SUSY has a Long Lived sector



Some Say We’re ‘Just Starting’ with the Interesting Regions
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Stop-sbottom Searches
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for bottoms and 550 GeV for stops.
Islands in one search are apparently covered by other searches. 

We are just starting to explore the mass region suggested by the Higgs mass determination !

LHCP2019  
SUSY Plenary  
Theory Talk



SUSY Production at 13 TeV
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Different Production Modes of SUSY Particles
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Strong production: gluinos and squarks 
Largest cross section 
Inclusive searches 
Strong limits from Run-2

EW production of charginos 
Smaller cross section 
Dedicated searches (2L+MET, 3L+MET, L+H(bb)+MET, etc) 
Less stringent limits from Run-2

EW direct production of sleptons 
Smallest cross section 
Barely any sensitivity with Run-2

Different Production Modes of SUSY Particles

Example simplified model with indirect production of e⌧ :
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Inclusive Searches: Small Improvements from Increase in Statistics
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x100  
more data

Limit increase: 
only ~ 500 GeV



HL-LHC: First Real Sensitivity to Electroweak SUSY

• Most current limits are very weak: reach can be ~doubled with HL-LHC 

• Discovery potential for some mass regions (currently ~none) 
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Is this the end?

• Yes, it’s the end of the talk:

• though we know we missed a lot of nice 

searches


• No, it’s not the end of LHC search 
program:

• collecting more data will not do all the 

work

• we need to be clever and explore what 

still we miss/forgot to look for
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“you never know what you might need”

BACKUP
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Dark Photon Models with Kinetic Mixing
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Standard 
Model

Dark 
Sector

Mediator Aʹ

‘Dark Photon’
χ

ℒ ⊂
1
2

ϵ
cos θ

(∂μAν
D − ∂νAμ

D)(∂μBν − ∂νBμ) ε: kinetic mixing parameter

DM candidate

Dark photon: an additional U(1), connected to SM U(1) through kinetic mixing

×
Aʹγ

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

0.1 1 10 100
10-14
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mZD (GeV)
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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
⇤
! ZD`` is, to leading order in ✏,
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Prompt
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The ε Parameter

Not only way to introduce 

Dark Photons!  

See eg arXiv:1603.01377



• Looking for A′→µµ 

• Bump hunt in dimuon spectrum 
from M ~ 2mµ to 70 GeV  

• Excluding ε > 10-2-10-3  (depending on M)

LHCb Search for Dark Photons in Dimuon Channel

�28

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)
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CMS Search  

coming soon!



Look for any kind of DM, in any place

Spanned a large range of simplified model 
with different mediator assumptions

�29EXOT-2017-032

A-V mediator

2HDM+a(PS)

just a very small representative sample

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/


New physics searches overview (ATLAS)
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New physics searches overview (ATLAS)
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New physics searches overview (CMS)
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New physics searches overview (CMS)
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