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Searching for new physics: why and what  

Monica D'Onofrio, EPS-HEP 2017, Venice 

Supersymmetry             
u  many variants and kind (MSSM, NMSSM, R-parity 

conservation or violation..)   
u  mostly heavy super-partners, prompt or long-lived, 

several Higgs bosons  

Standard Model: remarkably successful description of known phenomena, but 
requires new physics at the TeV scale – missing gravity, Dark Matter (DM), Dark 
Energy (DE), explanation for matter-antimatter asymmetry and more…  

“Exotics” 

Non minimal Higgs sector 
u  Exotics / Rare / Invisible decays  
u  Higgs as portal to DM 
u  Extended: Two-Higgs-Doublet-

Models, MSSM, NMSSM and more   
u  Charged Scalars   
u  Composite Higgs   

“Exotics”: referred to a large variety 
of theories and models  
u  Heavy vector bosons, vector-like 

quarks, excited quarks,  non-SUSY Dark-
Matter models, lepto-quarks, dark/
hidden sectors and more   

u  The unknown!  

11/07/2017 2 

More on theoretical aspects e.g. in N. Craig’s talk  
“SUSY and BSM Theory After LHC 2016 



 Searching for new physics: how and where   

Monica D'Onofrio, EPS-HEP 2017, Venice 

   The energy frontier: LHC 
}  It is the unique place where to look 

directly for new particles:  

}  offers the possibility to search for 
excesses in number of events in a 
plethora of kinematic regions and for 
resonances from new heavy particles  

}  allows to perform precision 
measurements of SM parameters à 
Each deviation could be an hint of 
new physics!   
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}  Other colliders/experiments give alternative opportunities, equally 
fundamental. Examples [some also in this talk]:  
}  Contact interactions (ep HERA), hidden sector particles (NA62), precision 

measurements leading to loop-induced deviations (g-2, EDM) 
}  More in other dedicated talks  



The LHC as NP machine 
With 13 TeV c.o.m energy, the LHC offers the best environment to 

search for a large variety of new physics models  
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CMS 

ALICE 

LHCb 

ATLAS 

7/8/13 TeV proton—proton collisions 
  ATLAS/CMS:   

5 & 25 fb-1 /exp 2011-12  @ 7 & 8 TeV 
36 fb-1 (2015-2016) & 4 fb-1 (2017) / exp @ 13 TeV 

LHCb: 3 fb-1 @ 8 TeV 
1.9 fb-1 (2015+2016) / 0.2 fb-1 (2017) @ 13 TeV 
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LHC Run 2  
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}  2016 Run 2 went very well  
}  Now collecting efficiently new data 

from 2017 collisions à ~ 6 fb-1 recorded  
}  Record peak instantaneous luminosity = 

14.6 x 1033 cm-2 s-1   

2017 



 Outline  
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A journey starting from what we have discovered: 
the Higgs boson! 
 

}  Highlights on methodologies  
}  New Physics in the Higgs sector: 

}  Invisible or exotics decays  
}  New BSM Higgses: heavy or charged   

}  Searches for SUSY as explanation for EWSB 
}  Strong and EWK production – with or without naturalness 

constraints   

}  Enlarging the landscape:  
}  Dark matter as WIMPs   
}  Heavy particles (resonant or non-resonant)  

}  Searches for long-lived particles  
}  Unconventional signatures, possibly arising in SUSY, Hidden 

Valleys and a variety of other BSM models  

}  Concluding remarks    
Higgs Boson 
discovery 2012 

2010 

You are here! 

“Patience is the virtue of the strong” 

2000 

1990 

1980 

1970 

1960 

Top quark 
discovery 1995 

Tau lepton discovery 1976 
J/psi discovery 1974 

W and Z bosons discovery 1983 

B-quark discovery 1977 

Partons observed in DIS and 
raise of the quark model 1969 

Tau neutrino discovery 2000 

DISCLAIMER: most of the results (representative) from 
ATLAS and CMS with highlights from LHCb, HERA and NA62  



 challenges: SM measurements  
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}  Wide variety of fundamental measurements of SM processes done or in progress  
}  Dedicated methods needed to constrain SM background in searches  

 à often performed in uncovered phase space regions    
}  Huge effort by theorists and experimentalists using 7,8 and 13 TeV data and new 

calculation methods to improve capability to simulate SM processes with MC generators 

Jay Howarth 10

Intro13 TeV e/µ + jets

Top pT modelling (Parton Level):

• Difference between pT(th) and pT(tl) p-values. 

• Many generators failing to describe high pT 

behaviour (comparisons/discussion to follow).

CMS-PAS-SMP-16-017 

CHRISTIAN GÜTSCHOW

PERSPECTIVES ON MULTI-BOSON + JETS PHYSICS

Fully leptonic ZZ+ jets: electroweak effects
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‹ SHERPA 2.2 + OPENLOOPS: 4`+ 0, 1j@NLO+2, 3j@LO (NNPDF3.0nnlo)

‹ + NLO electroweak corrections [Biedermann, Denner, Dittmaier, Hofer, Jäger, arXiv:1601.07787, arXiv:1611.05338]

ATL-PHYS-PUB-2017-005

ATLAS/CMS MC workshop, 03 May 2017 chris.g@cern.ch 5/32

ATLAS-PHYS-
PUB-2017-005 

W/Z+jets 

ttbar 

ZZ 

With more and more data 
available, accuracy of the 

predictions is crucial 

EWK NLO corrections 
Eur. Phys. J. C77 (2017) 361 



 challenges: SM background estimates  
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}  Usually, define control regions (CR) 
enriched in one background source  
}  Compromise between closeness to signal 

region (SR), data statistics and handling of 
systematic uncertainties  

}  Normalize estimates from simulation in 
these CRs  
}  Simultaneous fit of N regions for M 

background normalizations  

}  “Validation regions” used for cross check 
of the background estimate 

CONTENTS 2.2 Extrapolation and transfer factors

observable)1)
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ab
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)

Figure 1: A schematic view of an analysis strategy with multiple control, validation and signal regions. All
regions can have single- or multiple bins, as illustrated by the dashed lines. The extrapolation from the
control to the signal regions is verified in the validation regions that lie in the extrapolation phase space.

arrows on the figure.

To extract accurate and quantitative information from the data, particle physicists frequently use
a Probability Density Function (PDF) whose parameters are adjusted with a fitting procedure.
The fit to data is based on statistically independent CRs and SRs, which ensures that they can be
modeled by separate PDFs and combined into a simultaneous fit. A crucial point of the HistFitter
analysis strategy is the sharing of PDF parameters in all regions: CRs, SRs and VRs. This
procedure enables the use of information from each signal and background component, as well as
systematics uncertainties, consistently in all regions.

The analysis strategy flow is schematically shown in Fig. 2. Through the fit to data, the observed
event counts in CR(s) are used to coherently normalize background estimates in all regions, no-
tably the SR(s). If the dominant background processes are estimated with Monte Carlo (MC)
simulations, their initial predictions are scaled to observed levels in the corresponding CRs using
normalization factors computed in the fit. This results in so-called “normalized background pre-
dictions”. These are then used for extrapolation into the VRs and SRs, as discussed in the next
sub-section.

2.2 Extrapolation and transfer factors

An underlying assumption has been made in the previous sections, notably that extrapolations over
the kinematic variables used to di↵erentiate SR(s) from CR(s) are well modeled after fitting the
PDF to data in CR(s). Once the dominant background processes have been normalized in CR(s),
the corresponding modifications to the PDF can be extrapolated to the VR(s), which is (are)

6

arXiV: 1410.1280 

Ø  Uncertainties arise from data 
statistics in CR and from 
extrapolations CR à SR  

Ø  Very effective to reduce detector-
related systematics 

Ø  Theoretical uncertainties dominant 
in extreme phase-space:  
Ø  MC extrapolation  

ATLAS-CONF-2017-022 

Search: Jets+ET
Miss 

Bins in Meff=Σ pT
jets+ET

Miss 



 challenges: explore wide phase space 
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“Leave no stone unturned” 

}  Multi-dimensional bins 
considering various 
discriminating observables  

}  An example:  
}  Search for SUSY in all-hadronic final 

states (with ET
Miss) by CMS 

}  Consider SRs categorized with respect 
to Njets, Nbjets, HT = Σ pT

jets 

}  Each region with a certain HT range is 
further split in terms of MT2  

 

where (1) and (2) are jets or clusters of jets constructed 
in the two hemispheres  
à  Great complexity of the current 

searches – making full use of all 
data collected! 

à  Model-independent upper limits 
usually provided as well as 
interpretations in specific NP models 

https://arxiv.org/abs/1705.04650 

2 3 Event selection and Monte Carlo simulation

processes or anomalous noise in the calorimeter are rejected using dedicated filters [27, 28].
For events with at least two jets, we start with the pair having the largest dijet invariant mass
and iteratively cluster all selected jets using a hemisphere algorithm that minimizes the Lund
distance measure [29, 30] until two stable pseudo-jets are obtained. The resulting pseudo-jets
together with the ~pmiss

T are used to calculate the kinematic variable MT2 as:

MT2 = min
~p miss

T
X(1)+~p miss

T
X(2)=~p miss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (1)

where ~pmiss
T

X(i) (i = 1,2) are trial vectors obtained by decomposing ~pmiss
T , and M(i)

T are the trans-
verse masses obtained by pairing any of these trial vectors with one of the two pseudojets. The
minimization is performed over all trial momenta satisfying the ~pmiss

T constraint. The back-
ground from QCD multijet events (discussed in Sec. 4) is characterized by small values of MT2,
while larger MT2 values are obtained in processes with significant, genuine ~pmiss

T .

Table 1: Summary of reconstruction objects and event preselection. Here R is the distance
parameter of the anti-kT algorithm. For veto leptons and tracks, the transverse mass MT is
determined using the veto object and the ~pmiss

T , while psum
T denotes the sum of the transverse

momenta of all the PF candidates in a cone around the lepton or track. The size of the cone, in
units of DR ⌘

p
(Df)2 + (Dh)2 is given in the table. Further details of the lepton selection are

described in Ref. [6]. The ith highest-pT jet is denoted as ji.

Trigger
pmiss

T > 120 GeV and Hmiss
T > 120 GeV or

HT > 300 GeV and pmiss
T > 110 GeV or

HT > 900 GeV or jet pT > 450 GeV

Jet selection R = 0.4, pT > 30 GeV, |h| < 2.4

b tag selection pT > 20 GeV, |h| < 2.4

pmiss
T

pmiss
T > 250 GeV for HT < 1000 GeV, else pmiss

T > 30 GeV

Dfmin = Df
�

pmiss
T , j1,2,3,4

�
> 0.3

|~pmiss
T � ~Hmiss

T |/pmiss
T < 0.5

MT2 MT2 > 200 GeV for HT < 1500 GeV, else MT2 > 400 GeV

Veto muon pT > 10 GeV, |h| < 2.4, psum
T < 0.2 plep

T or

pT > 5 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.2 plep

T

Veto electron pT > 10 GeV, |h| < 2.4, psum
T < 0.1 plep

T or

pT > 5 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.2 plep

T

Veto track pT > 10 GeV, |h| < 2.4, MT < 100 GeV, psum
T < 0.1 ptrack

T

psum
T cone Veto e or µ: DR = min(0.2, max(10 GeV/plep

T , 0.05))

Veto track: DR = 0.3

Collision events are selected using triggers with requirements on HT, pmiss
T , Hmiss

T , and jet pT.
The combined trigger efficiency, as measured in a data sample of events with an isolated elec-
tron, is found to be >98% across the full kinematic range of the search. To suppress background



 challenges: complex reconstruction methods 
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}  Innovative techniques needed e.g. for “unconventional” 
signatures such as long-lived particles (LLP).  

}  Small-medium decay lengths à displaced vertex (DV) 

}  Heavy stable charged particles à 
anomalously high energy deposits in the 
silicon tracker and long time-of-flight 
measurements by the muon system 

dE/dx estimator @ CMS   

Re-tracking 
@ ATLAS   

@ LHCb: dedicated techniques for DV 
exploiting the unique characteristics of the 
detector – sensitivity to O(ps) lifetime 

Phys. Rev. D 94 (2016) 112004 

ATLAS-CONF-2017-026 



New physics in the Higgs-sector 

u  Decays: Rare/Exotics/Invisible 

u  Production of more Higgs in Extended Sectors 
u  Additional singlet à one more Higgs boson  
u  Additional doublets à 5 Higgs bosons (h, H, A, H±): 

2HDM/MSSM  
u  Additional singlet+doublet à 7 Higgs bosons (h1,2,3, 

a1,2, H±): NMSSM 
u  Additional triplets and/or charged (double charged) 

higges (Georgi-Machacek, MSSM ..) 

u  Exotic properties of the Higgs  
u  Composite Higgs, FCNC tàhq and more    

Is the Higgs observed at the LHC the standard model Higgs 
or the h from an extended sector? 

FPCP Prague –  5-9 June 2017Nikolaos Rompotis 5

BSM Higgs searches

● How to approach a BSM Higgs sector

● Extended Higgs sector: more than one Higgs boson

– Examples: singlet(s), 2HDM/MSSM, NMSSM (2 
doublets+singlet), Georgi-Machacek (1 doublet + 2 triplets)

– Charged scalars may be included as well

Example: 2HDM

● Exotic properties of the Higgs
– Examples: composite Higgs, Higgs 

decaying to dark matter,…
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¯̃
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Figure 1: Four topologies considered as representative LLP production mechanisms: PA non-
resonant direct double LLP production, PB single LLP production, PC double LLP production
from the decay of a Higgs-like boson, PD double LLP indirect production via squarks.

and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers. The online event selection is performed by a trigger [20], which
consists of a hardware stage based on information from the calorimeter and muon sys-
tems, followed by a software stage which runs a simplified version of the o✏ine event
reconstruction.

3 Event generation and detector simulation

Several sets of simulated events are used to design and optimize the signal selection and
to estimate the detection e�ciency. Proton-proton collisions are generated in Pythia 6
with a specific LHCb configuration [21], and with parton density functions taken from
CTEQ6L [22]. The LLP signal in this framework is represented by the lightest neutralino
�̃0

1

, with mass m
LLP

and lifetime ⌧
LLP

. It is allowed to decay into two quarks and a muon.
Decays to all quark pairs are assumed to have identical branching fractions except for
those involving a top quark, which are neglected.

Two separate detector simulations are used to produce signal models: a full simulation,
where the interaction of the generated particles with the detector is based on Geant4 [23],
and a fast simulation. In Geant4, the detector and its response are implemented as
described in Ref. [24]. In the fast simulation, which is used to cover a broader parameter
space of the theoretical models, the charged particles falling into the geometrical acceptance
of the detector are processed by the vertex reconstruction algorithm. The fast simulation is
validated by comparison with the full simulation. The distributions for mass, momentum
and transverse momentum of the reconstructed LLP and for the reconstructed vertex
position are in excellent agreement, as well as the muon momentum and its impact
parameter to the PV. The detection e�ciencies predicted by the full and the fast simulation
di↵er by less than 5%.

Two LLP production scenarios are considered. In the first, the signal samples are
generated assuming the full set of neutralino production processes available in Pythia.
In particular, nine models are fully simulated with the parameters given in the Appendix,
Table 4. Other points in the parameter space of the theoretical models are studied with
the fast simulation, covering the m

LLP

range 23–198 GeV/c2. These models are referred
to “LV” (for lepton number violation) followed by the LLP mass in GeV/c2 and lifetime
(e.g. LV98 10 ps). For the second scenario, the four production mechanisms depicted in

2



 Rare and Exotics Higgs decay 
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Searching for light Higgs bosons

● In next-to-MSSM or various extensions with singlets there 
are light Higgs bosons to which the 125-GeV Higgs can 
decay to

H  a⇥ 1 a1 

/µµ/ /bb⇤⇤ ��

/µµ/ /bb⇤⇤ ��
According to the mass of the light Higgs 
various decay channels are possible

CMS has recently submitted a search 
on 8 TeV data for 

H(125) → aa→ / µµ / µµbb���� ��  

arXiv:1701.02032

H  aa  µµ⇥ ⇥ ��

}  Hàaa decays of the discovered higgs into low-mass 
pseudoscalars (a). BR of a depends on assumptions  
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Searching for light Higgs bosons

● In next-to-MSSM or various extensions with singlets there 
are light Higgs bosons to which the 125-GeV Higgs can 
decay to

H  a⇥ 1 a1 

/µµ/ /bb⇤⇤ ��

/µµ/ /bb⇤⇤ ��
According to the mass of the light Higgs 
various decay channels are possible

CMS has recently submitted a search 
on 8 TeV data for 

H(125) → aa→ / µµ / µµbb���� ��  

arXiv:1701.02032

H  aa  µµ⇥ ⇥ ��

H à aa à 4b 

Constraints from analyses for all 
combinations (mostly from Run 1) 

Eur. Phys. J. C 76 (2016) 605 arXiv:1701.02032 

ATLAS-CONF-2017-057 

Very rare in SM:  
 
B(H → φγ) = 
(2.31±0.11)×10−6  
  
B(H → ργ) = 
(1.68±0.08)×10−5  

B (H → φγ) < 4.8 × 10−4  
B (H → ργ) < 8.8 × 10−4 

Reconstruct φγ → K+K−γ and ργ → π+π−γ 
Dedicated triggers, data-driven background 

}  Hàφγ and Hàργ 
sensitive to s-/ud-quark Yukawa couplings 

}  Hàµτ , Hàeτ, Hàeµ  
Lepton Flavor Violating decays (also very rare in SM) 

CMS-PAS-HIG-17-001  

B(Hàμτ)<0.25%	B(Hàeτ)<0.61% 
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Figure 1: Four topologies considered as representative LLP production mechanisms: PA non-
resonant direct double LLP production, PB single LLP production, PC double LLP production
from the decay of a Higgs-like boson, PD double LLP indirect production via squarks.

and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers. The online event selection is performed by a trigger [20], which
consists of a hardware stage based on information from the calorimeter and muon sys-
tems, followed by a software stage which runs a simplified version of the o✏ine event
reconstruction.

3 Event generation and detector simulation

Several sets of simulated events are used to design and optimize the signal selection and
to estimate the detection e�ciency. Proton-proton collisions are generated in Pythia 6
with a specific LHCb configuration [21], and with parton density functions taken from
CTEQ6L [22]. The LLP signal in this framework is represented by the lightest neutralino
�̃0

1

, with mass m
LLP

and lifetime ⌧
LLP

. It is allowed to decay into two quarks and a muon.
Decays to all quark pairs are assumed to have identical branching fractions except for
those involving a top quark, which are neglected.

Two separate detector simulations are used to produce signal models: a full simulation,
where the interaction of the generated particles with the detector is based on Geant4 [23],
and a fast simulation. In Geant4, the detector and its response are implemented as
described in Ref. [24]. In the fast simulation, which is used to cover a broader parameter
space of the theoretical models, the charged particles falling into the geometrical acceptance
of the detector are processed by the vertex reconstruction algorithm. The fast simulation is
validated by comparison with the full simulation. The distributions for mass, momentum
and transverse momentum of the reconstructed LLP and for the reconstructed vertex
position are in excellent agreement, as well as the muon momentum and its impact
parameter to the PV. The detection e�ciencies predicted by the full and the fast simulation
di↵er by less than 5%.

Two LLP production scenarios are considered. In the first, the signal samples are
generated assuming the full set of neutralino production processes available in Pythia.
In particular, nine models are fully simulated with the parameters given in the Appendix,
Table 4. Other points in the parameter space of the theoretical models are studied with
the fast simulation, covering the m

LLP

range 23–198 GeV/c2. These models are referred
to “LV” (for lepton number violation) followed by the LLP mass in GeV/c2 and lifetime
(e.g. LV98 10 ps). For the second scenario, the four production mechanisms depicted in
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Limits set on the production cross-section as a 
function of the long-lived particle mass and lifetime di-LLP  mass
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discarded. Finally, a drop of sensitivity is expected for LLPs with a lifetime close to the b251

hadron lifetimes, where the contamination from bb events becomes important, especially252

for low mass LLPs.253
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Figure 7: Expected (open dots with 1� and 2� bands) and observed (full dots) upper limits
at 95% confidence level, (a) – (c) shown for di↵erent masses of the Higgs-like particle, (d) and
(f) for di↵erent LLP lifetimes, and (e) as a function of the LLP mass. The values of the other
parameters are indicated on the plots. Results inferred from the fast simulation.
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Eur. Phys. J. C (2016) 76: 664  

 
}  Decays of Higgs-like particle in two LLP (h à χχ) 



Invisible Higgs decay 
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}  Invisibly decaying Higgs in SM: h à ZZ* à νννν 

}  Enriched if BSM higgs decay h à χχ, χ weakly interacting  
 

CMS: via gluon-fusion (ggH) and ISR-jet, vector-boson  
fusion (VBF) and with W/Z 

 

 
 

 
 

 

 

 
Three signatures:  
•  Jet+ET

Miss 
•  V(jj)+ET

Miss 
•  Z(ll/bb) ET

Miss  

JHEP 02 (2017) 135 
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DRAFT

1 Introduction18

The observation of the Higgs boson at the LHC [1, 2] not only signified the success of the Standard Model19

(SM), but also opened up an unprecedented territory to search for new physics. In the SM, the invisible20

decay (H ! Z Z ! ⌫⌫⌫⌫) of the Higgs boson has a branching fraction of BH!inv = 1.06 ⇥ 10�3 for21

mH = 125 GeV [3]. A larger BH!inv can exist in many extensions to the SM. For example, a Higgs22

boson can decay to light neutralinos [4, 5], graviscalars in extra-dimension models [6, 7], Majorons [8,23

9], neutrinos [10, 11], or dark matter (DM) through the Higgs portal model [12, 13]. Observation of any24

significant BH!inv will give a strong indication for physics beyond the SM (BSM).25

The existence of DM is supported by a large body of astrophysical measurements, however its nature still26

remains mysterious. One of the hypotheses assumes that DM is composed of weakly interacting massive27

particles (WIMPs) [14] that are nearly invisible to particle detectors. Experiments at the LHC can search28

for WIMPs produced in association with a detectable final state, and provide sensitive constraints on low29

mass WIMP production [15–17]. Moreover, models with a sizable BH!inv often involve a Higgs boson30

decaying into WIMPs, and thus, studying BH!inv gives a unique probe into DM through its coupling to31

the Higgs boson.32

The study of LEP data found no evidence of an invisibly decaying Higgs boson with mH < 112.1 GeV [18].33

Both the ATLAS and CMS collaborations have extended the study to a higher mass range and reported34

their search results in multiple final states [19–24]. Currently the most stringent upper limit on BH!inv is35

around 24% at the 95% confidence level (CL) [22, 24] with mH = 125 GeV. Under certain assumptions,36

constraints on BH!inv can be inferred from the visible decay channels, and an upper limit of 34% was37

found using LHC Run 1 data [25]. Similarly, DM has been searched for in a range of final states at the38

LHC [26–38], and no hints have been found to date.39

This paper reports a search for an invisibly decaying Higgs boson or WIMPs produced in association40

with a Z boson using 36.1 fb�1 of data collected by the ATLAS detector in 13 TeV pp collisions. The41

search is carried out in the final state with two isolated electrons or muons from a Z boson decay and large42

missing transverse momentum (Emiss
T ) due to an invisible Higgs decay or a WIMP pair (`` + Emiss

T ). If no43

obvious deviation from the SM prediction is found, the observed Emiss
T distribution is used to constrain44

the existence of new phenomena. An upper limit on BH!inv for mH = 125 GeV can be derived assuming45

the SM Z H production cross-section. In simplified DM models [16, 39], WIMP production is mediated46

by a BSM particle (mediator) with unconstrained coupling constants to quarks (gq) and WIMPs (g�).47

Assuming specific values of gq and g�, exclusion limits on the WIMP mass (m�) and the mediator mass48

(mmed) can be set. Since the LHC searches are more sensitive to WIMP production mediated by an49

axial-vector particle [15], only the axial-vector mediator is considered in this search. Searches using the50

`` + Emiss
T final state have been competitive among all the accessible channels, and this channel becomes51

relatively more important with increasing integrated luminosity [40].52

2 The ATLAS detector53

The ATLAS detector [41] is a large multi-purpose apparatus with a forward-backward symmetric cylindri-54

cal geometry1 and nearly 4⇡ coverage in solid angle. The collision point is surrounded by an inner tracking55

detector (ID) surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters,56

and a muon spectrometer (MS) with a toroidal magnetic field. The ID provides tracking for charged57
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Interpretation also in DM models with 
axial-vector mediator and fermionic WIMP  
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Figure 6. Observed and expected 95% CL limits on σ B(H → inv)/σ(SM) for individual combina-
tions of categories targeting qqH, VH, and ggH production, and the full combination assuming a
Higgs boson with a mass of 125GeV.

additional systematic uncertainty of 50% in the ggH production cross section of the Higgs

boson in association with two jets is included for the contribution of ggH production in the

VBF categories. This uncertainty is estimated by comparing the two-jet NLO generators

powheg 2.0+minlo [89] and amc@nlo [90] interfaced with herwig++ 2.3 [91]. Fur-

thermore, an uncertainty in the Higgs boson pT distribution in ggH production is included

in the monojet channels and estimated by varying the renormalisation and factorisation

scales [92]. This uncertainty is correlated between the 8 and 13TeV categories. Uncer-

tainties in the acceptance arising from uncertainties in the PDFs used to determine the

expected signal yields are evaluated independently for the different signal processes in each

event category and treated as additional normalisation nuisance parameters.

5.1 Upper limits on B(H → inv) assuming SM production

Observed and expected upper limits on σ B(H → inv)/σ(SM), where σ(SM) is the total

SM Higgs boson production cross section, are determined at the 95% CL and presented

in figure 6. The limits are obtained from the combination of all categories and from

sub-combinations of categories, which target one of the ggH, qqH, and VH production

mechanisms, corresponding to the analysis tags in table 2. The relative contributions

from the different production mechanisms in these results are fixed to their SM predictions

within the uncertainties. If the production cross sections take their SM values, the results

can be used to constrain the branching fraction of the Higgs boson to invisible particles.

Assuming SM production rates for the ggH, qqH, and VH modes, the combination yields

an observed (expected) upper limit of B(H → inv) < 0.24 (0.23) at the 95% CL.

– 20 –
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significant deviations from the SM predictions are observed and upper limits are placed on

the branching fraction for the Higgs boson decay to invisible particles. The combination

of all searches yields an observed (expected) upper limit on B(H → inv) of 0.24 (0.23) at

the 95% confidence level, assuming SM production of the Higgs boson. The combined 90%

confidence level limit of B(H → inv) < 0.20 has been interpreted in Higgs-portal models

and constraints are placed on the spin-independent DM-nucleon interaction cross section.

These limits provide stronger constraints than those from direct detection experiments for

DM masses below roughly 20 (5)GeV, assuming a fermion (scalar) DM particle, within the

context of Higgs-portal models.
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 heavy Higgs bosons  
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}  Several models predict additional, heavy Higgs boson  
}  A very comprehensive set of searches performed in Run 1 and being developed in Run 2 

}  hMSSM model (mA and tanβ) 

 
 

 

 

Hàhh 

A/H àττ,  
A/Hàbb, 
AàZh.. 

G. Barone July-17

A/H→ ττ̅

12

• Results interpreted as limits on MSSM and hMSSM models

‣ For hMSSM tanβ > 1.0 for mA=0.25 TeV and tanβ > 45 for mA=1 TeV excluded.

‣ For mhmod+ tanβ > 5.3 for mA=0.25 TeV and tanβ > 54 for mA=1 TeV excluded

✦ Presence of low mass neutralinos decrease A/H→ττ branching fraction 

More details of the Z’→ ττ̅ limits in Giacomo Artoni’s talk 
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  Updated bbγγ:	

HH: All final states studied!  
(see also Paolo’s talk yesterday) 

  Updated A/Hàττ:	

HàWW/ZZ 
New results released 
for ZZ àllll/llνν  

ATLAS-CONF-2017-058  



HàZγ	@	High	Mass	

Paul	Thompson		Search	for	non-standard,	rare	or	invisible	decays	of	the	Higgs	boson	with	the	ATLAS	detector	-	EPS2017	 17	

Heavy higgs bosons: more on resonances  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 16 

}  Heavy Higgs in γγ/Zγ – gluon-fusion or VBF production 

}  Heavy higgs (A/H) in ttbar 
}  Significant interference between gg→tt 

production and scalar/pseudoscalar A/H→tt  
}  treatment of interferences is key 
}  Resonant shape distorted à “peak-dip” structure   

}  increased understanding of modeling of top 
background fundamental 

Full reconstruction of the llγ 
system in several categories 
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Spin 0 or Spin 2 interpretation (and 
dedicated selections) à powerful 
constraints on various BSM models 

To appear 

@high mass 
 

@low mass 
(SM range)   

CERN-EP-2017-134 
[more results on heavy and charged Higgs in back-up] 



Supersymmetry 
The Higgs could indeed be the lightest of the SUSY-higges… 

 

* 

* Search for ~all of these, produced either directly or in cascades 
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A “typical” SUSY Spectrum"
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Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017
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Search for supersymmetric (SUSY) particles

Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u H0

d H+
u H−

d h0 H0 A0 H±

ũL ũR d̃L d̃R (same)

squarks 0 −1 s̃L s̃R c̃L c̃R (same)

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

ẽL ẽR ν̃e (same)

sleptons 0 −1 µ̃L µ̃R ν̃µ (same)

τ̃L τ̃R ν̃τ τ̃1 τ̃2 ν̃τ

neutralinos 1/2 −1 B̃0 W̃ 0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4

charginos 1/2 −1 W̃± H̃+
u H̃−

d C̃±
1 C̃±

2

gluino 1/2 −1 g̃ (same)

goldstino
(gravitino)

1/2
(3/2) −1 G̃ (same)

Table 8.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with
sfermion mixing for the first two families assumed to be negligible).

8.5 Summary: the MSSM sparticle spectrum

In the MSSM, there are 32 distinct masses corresponding to undiscovered particles, not including the
gravitino. Above, we have explained how the masses and mixing angles for these particles can be
computed, given an underlying model for the soft terms at some input scale. The mass eigenstates of
the MSSM are listed in Table 8.1, assuming only that the mixing of first- and second-family squarks and
sleptons is negligible. A complete set of Feynman rules for the interactions of these particles with each
other and with the Standard Model quarks, leptons, and gauge bosons can be found in refs. [31, 193].
Feynman rules based on two-component spinor notation have also been given in [49].

Specific models for the soft terms can predict the masses and the mixing angles angles for the MSSM
in terms of far fewer parameters. For example, in the MSUGRA models, the only free parameters not
already measured by experiment are m2

0, m1/2, A0, µ, and b. In GMSB models, the free parameters
include the scale Λ, the messenger mass scale Mmess, the integer number N5 of copies of the minimal
messengers, the goldstino decay constant ⟨F ⟩, and the Higgs mass parameters µ and b.

After RG evolving the soft terms down to the electroweak scale, one can demand that the scalar
potential gives correct electroweak symmetry breaking. This allows us to trade |µ| and b for one
parameter tan β, as in eqs. (8.1.9)-(8.1.8). So, to a reasonable approximation, the entire mass spectrum
in MSUGRA models is determined by only five unknown parameters: m2

0, m1/2, A0, tan β, and Arg(µ),
while in the simplest gauge-mediated supersymmetry breaking models one can pick parameters Λ,
Mmess, N5, ⟨F ⟩, tan β, and Arg(µ). Both frameworks are highly predictive. Of course, it is quite likely
that the essential physics of supersymmetry breaking is not captured by either of these two scenarios
in their minimal forms.

Figure 8.4 shows the RG running of scalar and gaugino masses in a sample model based on the
MSUGRA boundary conditions imposed at Q0 = 1.5× 1016 GeV. [The parameter values used for this
illustration were m0 = 300 GeV, m1/2 = −A0 = 1000 GeV, tan β = 15, and sign(µ)= +, but these
values were chosen more for their artistic value in Figure 8.4, and not as an attempt at realism. The
goal here is to understand the qualitative trends, rather than guess the correct numerical values.] The
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The undiscovered particles in the Minimal Supersymmetric 
Standard Model (MSSM)  [SUSY primer, S. Martin]

Pair production x-sections for various (decoupled) SUSY particles  
[NLO + NLL Tool, C. Borschensky et al]

Strong production  
(gluinos, squarks) 
 

EWK production 
(charginos, neutralinos, sleptons) 

 
Role of R-parity: impact on 
expected phenomenology  
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16
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For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
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 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-440 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-035760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.16 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

 

A VERY wide range of processes investigated 



1st and 2nd gen. squarks and gluinos 

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 18 

}  Squarks and gluinos often targeted by so-called “inclusive” analyses 
}  R-parity conserving (RPC) scenarios à signatures characterized by ET

MIss 

}  Lightest SUSY particles weakly interacting, at the end of sparticles decay chain  

}  Jets, ET
Miss, with or w/o leptons, with or w/o b-tagged jets  

}  Complex discriminant variables exploited to extract signal from SM bkg 
à HT, HT

Miss, Meff=HT+ET
Miss, ET

Miss/√HT, MHT = |neg. vector ∑ jets|, LT=pT
lepton+ET

Miss, MT2, 
MT, MJ = mass of large radius jets, mCT, Recursive Jigsaw, Δφ(j, ET

Miss).... 

1lepton
+jets+ET

Miss 

0, 1 or more leptons final states:  “a glance” 

0 lepton 
+Jets+ET

Miss 

SUSY-2016-12 

arXiv:1705.04673 



1st and 2nd gen. squarks and gluinos  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 19 

}  A spectacular number of regions scrutinized à a small subset  

arXiv:1704.07323 2l+jets+MET 

0l+jets+MET 0l + 7-11 jets 

Same-Sign/3L + jets + MET 

ATLAS-CONF-2017-033 

arXiv:1706.03731 



1st and 2nd gen. squarks and gluinos  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 20 

}  One of the most-wanted: gluinos decaying via top-
quarks – 2 TeV limits reached for low χ1

0 masses 

}  Limits on 1st and 2nd generation squarks also very 
stringent [~ 1 TeV for direct decays, one-type only] 
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CMS Preliminary

1
0χ∼ q→ q~,  q~q~ →pp Moriond 2017

 (13 TeV)-135.9 fb

q~one light 

)c~,s~,d~,u~ (R
q~+L

q~

Expected
Observed)miss

TSUS-16-033, 0-lep (H
)T2SUS-16-036, 0-lep (M

}  Searches interpreted in terms of exclusion limits on the mass of gluinos or squarks, 
considering a variety of hypothesis for their decay.  

Dedicated searches targeting SUSY 
scenarios with R-parity violation, e.g.: 

1704.08493 



third generation squarks  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 21 

}  Many sophisticated analyses targeting bottom and top squarks: 
}  theoretically, have a fundamental role (higgs mass radiative corrections, natural SUSY)  
}  experimentally, can be quite challenging à low production rate, several possible decay 

modes, depending on SUSY mass spectrum  
}  For top squarks: depend on decay. E.g. via top + LSP à 0l,1l,2l + b-jets + ET

Miss 

mW      mTop 

CMS-PAS-SUS-16-049 
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ATLAS NOTE
ATLAS-CONF-2017-020

22nd March 2017

Search for a Scalar Partner of the Top Quark in the Jets+Emiss

T

Final State at

p
s = 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search for direct pair production of a scalar partner to the top quark in events with four
or more jets plus missing transverse momentum is presented. An analysis of 36 fb�1 ofp

s = 13 TeV proton–proton collisions collected using the ATLAS detector at the LHC
yielded no significant excess over the Standard Model background expectation. To interpret
the results a supersymmetric model is used where the top squark is assumed to decay via
t̃ ! t (⇤) �̃0

1, where �̃0
1 denotes the lightest neutralino. Exclusion limits are placed in terms

of the top squark and neutralino masses. Assuming branching fractions of 100% to t �̃0
1, top

squark masses in the range 450�950 GeV are excluded for �̃0
1 masses below 160 GeV. In the

case where mt̃ ⇠ mt + m �̃0 top squark masses between 235�590 GeV are excluded.

© 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

0 leptons: Dedicated 
searches e.g. depending on 
possible “boost” of top 

For bottom squarks  
@CMS: dedicated search in 0L+2b+ET

Miss plus interpretation of more “inclusive” analyses (SRs with b-jets) 
@ATLAS: dedicated searches also for mixed-scenarios (0L+2b/1L+2b + ET

Miss) 
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third generation squarks  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 22 

}  For bottom squarks: Exclusion limits beyond 1 TeV / exp. 
}  Still < 600 GeV for compressed regions: Also for stop à charm + ET

Miss   

 

Other decay modes (e.g. via Higgs boson, via charginos) not shown.  
In RPV scenarios, top squarks excluded up to 1.2 TeV 

CMS-PAS-SUS-16-032 

ATLAS-CONF-2017-038 



 Electroweak SUSY 

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 23 

}  If colored sparticles have mass above 3-4 TeV scale, EWK 
sector could be the only one accessible  
}  Very low production rate, large dataset needed  

}  Exploit multi-lepton nature of final state events  
}  Depends on chargino/slepton/neutralino mass hierarchy 

}  Once again, explore a variety of SRs 
}  E.g.: 2, 3 or 4 leptons, all types included 

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017
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Blueprint of a typical SUSY search @ LHC
Signal buried in backgrounds

Trigger: online selection of events  
record ~1 kHz of the LHC 40 MHz pp crossing rate. 
SUSY EW analyses based on single or multiple lepton, ETmiss, 
or photon triggers. 

Separate signal from background: 
Wide tool set of discriminating variables, used to select 
sample(s) of events enriched in potential signal

Reconstructed object multiplicities, momenta, energies 
e.g. Njet/b-tag/ /ɣ, pT

Scale variables, event-wise variables 
e.g. HT=∑pT, ETmiss, meff=HT+ETmiss

co
m

pl
ex

ity

Angular variables 
e.g. min∆Φ(jet, ETmiss)

Mass variables 
e.g. mℓℓ, mT(ℓ, ETmiss)

Hypothesis based event variables  
e.g. mT2 mT2

rate
Bkg

signal
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DRAFT

�̃±1 and �̃0
2 are taken to be mass-degenerate, and so are first- and second-generation scalar partners of59

left-handed charged leptons and neutrinos. Intermediate slepton masses, when relevant, are chosen to be60

midway between the mass of the heavier electroweakinos and that of the �̃0
1, which is bino-like. For models61

exploring �̃+1 �̃
�
1 production, it is assumed that first- and second-generation sleptons are also light and thus62

accessible in the sparticle decay chains. Electroweakinos in �̃±1 �̃
0
2 production can each decay to final-state63

SM particles plus �̃0
1, either via intermediate left-handed charged slepton or sneutrino, with a branching64

ratio of 50% each, or via SM gauge bosons (W /Z). Decays of �̃±1 �̃
0
2 through intermediate sleptons and65

gauge bosons are considered separately here. In models with direct ˜̀ ˜̀ production, each slepton decays66

to lepton- �̃0
1 with 100% branching ratio. For the gauge-boson-mediated decays two distinct final states67

are considered: three-lepton events where both the W and Z boson decay leptonically; or events with68

two opposite-sign leptons and two-jets where the W boson decays hadronically and the Z boson decays69

leptonically. Tree-level diagrams of considered processes are shown Figure 1.70

(a) (b) (c)

(d) (e)

Figure 1: Diagrams of the physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 with ˜̀/⌫̃-mediated decays, (b) �̃±1 �̃

0
2

with ˜̀/⌫̃-mediated decays, (c) direct-slepton pair production, (d) �̃±1 �̃
0
2 with decays to 2-lepton plus 2-jet final states

via a hadronically decaying W boson and a leptonically decaying Z boson and (e) �̃±1 �̃
0
2 with three-lepton decays

via leptonically decaying W and Z bosons.

3 ATLAS detector71

The ATLAS experiment [18] is a multi-purpose particle detector with a forward-backward symmetric72

cylindrical geometry and nearly 4⇡ coverage in solid angle.2 The interaction point is surrounded by an73

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-

30th April 2017 – 09:08 5
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The comparisons between the expected and observed yields are presented in Fig. 4 for the
same-sign dilepton channel, in Figs. 6-9 for the trilepton channel and in Fig. 11 for search re-
gions with at least four leptons. Results for the aggregated search regions are presented in
Fig. 12 and Table 19.
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Figure 3: Distribution of the Emiss
T in events with 2 same-sign leptons and 0 jets (left) or 1 jet

(right).
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Table 13: Category B: Expected and observed yields in events with three e or µ that do not form
an OSSF pair. The uncertainty denotes the total uncertainty on the result.

MT (GeV) Emiss
T (GeV) M`` < 100 GeV M`` � 100 GeV

0 � 120 50 � 100 52 ± 11 47 5 ± 1 2
� 100 23 ± 5 19 1.8 ± 0.7 3

� 120 � 50 31 ± 7 20 4.1 ± 1.0 6
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an OSSF pair. The uncertainty denotes the total uncertainty on the result.
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Figure 7: Expected and observed yields comparison in events with one th: categories C (top)
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Figure 9: Expected and observed yields comparison in events one th: category E (top); and in
events with two th: category F (bottom).

20 8 Results

)τSignal Region E (3l,1

Ev
en

ts

1−10

1

10

210

310

τE: SS + 
data
tau-dom. 250/150
tau-dom. 600/1
WZ

τ/µnonprompt e/
Flips
ZZ/H
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

)τSignal Region E (3l,1
01 02 03 04 05 06 07 08 09 10 11 12

D
at

a/
pr

ed
.

0

1

2

3
stat. bkg. unc. total bkg. unc.

 (GeV)T2M

 (GeV)llM

< 100

> 
10

0

< 
60

60
 - 

10
0

off-Z

)τSignal Region F (3l,2

Ev
en

ts

1−10

1

10

210

310

ττ + µF: e/
data
tau-dom. 250/150
tau-dom. 600/1
WZ

τ/µnonprompt e/
ZZ/H
Conversions
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

)τSignal Region F (3l,2
01 02 03 04 05 06 07 08 09 10 11 12

D
at

a/
pr

ed
.

0

1

2

3
stat. bkg. unc. total bkg. unc.

 (GeV)T2M

 (GeV)llM

< 
10

0

> 
10

0

< 
10

0

high-mass

Figure 9: Expected and observed yields comparison in events one th: category E (top); and in
events with two th: category F (bottom).

22 8 Results

Signal Region (4l)

Ev
en

ts

-110

1

10

210

310

410
4l: G-K

data
 ZZ 100/1→χχ

WZ
τ/µnonprompt e/

ZZ/H
Conversions
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

Signal Region (4l)
G01 G02 G03 G04 G05 H01 H02 H03 H04 I01 I02 I03 I04 J01 J02 J03 J04 K01 K02 K03

Da
ta

/p
re

d.

0

1

2

3
stat. bkg. unc. total bkg. unc.

2 OSSF pairs
4 light leptons

0,1 OSSF pairs
4 light leptons

1 tau
3 light leptons

2 OSSF pairs
2 taus
2 light leptons

0,1 OSSF
2 taus
2 light lep

Figure 11: Expected and observed yields comparison in signal regions with at least four leptons
(categories G-K).

SS 2

3 0!h ≥1 SFOS pair

3 0!h 0 SFOS pair

OS ee/μμ + 1!h

OS eμ + 1!h ≥4

SS ee/μμ + 1!h

e/μ + 2!h

Total of 158 SRs, 
no significant excess

[SUS-16-039]CMS multilepton searches

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017 10

Wino → sleptons → LSP scenarios

�̃±
1

�̃0
2

˜̀/⌫̃
˜̀/⌫̃

p

p

⌫/`
`/⌫

�̃0
1

`/⌫
`/⌫

�̃0
1

Wino (N2, C1)

Sleptons

sp
ar

tic
le

 m
as

s

LSP (N1):  
bino

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

�̃±1 and �̃0
2 are taken to be mass-degenerate, and so are first- and second-generation scalar partners of59

left-handed charged leptons and neutrinos. Intermediate slepton masses, when relevant, are chosen to be60

midway between the mass of the heavier electroweakinos and that of the �̃0
1, which is bino-like. For models61

exploring �̃+1 �̃
�
1 production, it is assumed that first- and second-generation sleptons are also light and thus62

accessible in the sparticle decay chains. Electroweakinos in �̃±1 �̃
0
2 production can each decay to final-state63

SM particles plus �̃0
1, either via intermediate left-handed charged slepton or sneutrino, with a branching64

ratio of 50% each, or via SM gauge bosons (W /Z). Decays of �̃±1 �̃
0
2 through intermediate sleptons and65
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1 with 100% branching ratio. For the gauge-boson-mediated decays two distinct final states67

are considered: three-lepton events where both the W and Z boson decay leptonically; or events with68

two opposite-sign leptons and two-jets where the W boson decays hadronically and the Z boson decays69

leptonically. Tree-level diagrams of considered processes are shown Figure 1.70

(a) (b) (c)

(d) (e)

Figure 1: Diagrams of the physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 with ˜̀/⌫̃-mediated decays, (b) �̃±1 �̃

0
2

with ˜̀/⌫̃-mediated decays, (c) direct-slepton pair production, (d) �̃±1 �̃
0
2 with decays to 2-lepton plus 2-jet final states

via a hadronically decaying W boson and a leptonically decaying Z boson and (e) �̃±1 �̃
0
2 with three-lepton decays

via leptonically decaying W and Z bosons.

3 ATLAS detector71

The ATLAS experiment [18] is a multi-purpose particle detector with a forward-backward symmetric72

cylindrical geometry and nearly 4⇡ coverage in solid angle.2 The interaction point is surrounded by an73

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-

30th April 2017 – 09:08 5

CMS-SUSY-16-039 

4 leptons analyses mostly 
targeting RPV scenarios.  
Also: ATLAS-CONF-2016-075 
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Figure 10: Exclusion contours at the 95% CL in the plane of mec±
1

and mec0
1

for the models of
ec±

1 ec0
2 production (left) for the individual analyses and (right) for the combination of analyses.

The decay modes assumed for each contour are given in the legends.

125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379
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}  Powerful exclusions in decays via sleptons  
}  mass limits on selectron/smuon up to 500 GeV – not 

yet on staus! 

}  If kinematically forbidden, decays via WZ or WH (on-
shell or off-shell in compressed scenarios)  

à Challenging, dedicated analyses performed   
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CMS: compressed ℓℓ+MET

Special low-pT di-muon + ETmiss trigger, 
offline (el,μ) with pT>5 GeV

Select W(anything)Z(ℓℓ) + ETmiss + ISR jet

Main Backgrounds:
DY(!!→ℓℓ), dibosons,  
Fake & non-prompt leptons

[SUS-16-048]
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Figure 3: Left: Electroweakino search region for 125 < Emiss
T < 200 GeV (muon only channel)

for 33.2 fb�1; Middle: 200 < Emiss
T < 250 GeV (muon and electron channel) for 35.9 fb�1; Right:

Emiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).
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Exotics models  

Long-lived 
(SUSY or not) 
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Figure 4: Measured distributions of the Emiss
T (top-left), leading-jet pT (top-right), leading-jet |⌘| (bottom-left), and

jet multiplicity (bottom-right) for the Emiss
T > 250 GeV selection compared to the SM predictions. The latter are

normalized with normalization factors as determined by the global fit that considers exclusive Emiss
T regions. For

illustration purposes, the distributions of di↵erent ADD, SUSY, and WIMP scenarios are included. The error bands
in the ratios shown in the lower panels include both the statistical and systematic uncertainties in the background
predictions. Where appropriate, the last bin of the distribution contains overflows.

8.1 Model-independent exclusion limits

A likelihood fit is performed separately for each of the inclusive regions IM1–IM10. As a result, model-
independent observed and expected 95% confidence level (CL) upper limits on the visible cross section,
defined as the product of production cross section, acceptance and e�ciency � ⇥ A ⇥ ✏, are extracted,
taking into consideration the systematic uncertainties in the SM backgrounds and the uncertainty in the
integrated luminosity. The results are presented in Table 6. Values of � ⇥ A ⇥ ✏ above 531 fb (for IM1)
and above 1.6 fb (for IM10) are excluded at 95% CL.

8.2 Weakly-interacting massive particles

The results are translated into exclusion limits on the WIMP pair-production. Di↵erent simplified models
are considered with either the exchange of an axial-vector or a pseudoscalar mediator in the s-channel.
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Figure 2: The measured Emiss
T (left) and leading-jet pT (right) distributions in the W(! µ⌫)+jets (top), W(! e⌫)+jets

(middle), and Z/�⇤(! µ+µ�)+jets (bottom) control regions, for the Emiss
T > 250 GeV inclusive selection, compared

to the background predictions. The latter include the global normalization factors extracted from the fit. The error
bands in the ratios include the statistical and experimental uncertainties in the background predictions as determined
by the binned-likelihood fit to the data in the control regions. Where appropriate, the last bin of the distribution
contains overflows. The contributions from multijet and non-collision backgrounds are negligible and are not shown
in the figures.
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Intense program of searches at colliders: DM = ET
Miss + other “object”:  

}  photon + ET
Miss (mono-photon) 

 
 

 

}  jet + ET
Miss (mono-jet)  

ET
Miss–based signal regions. CRs for SM bkg à systematic uncertainties ~ few % 

CMS:  arXiv:1706.02581 
ATLAS:  arxiv:1704.03848 
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Figure 1: Left: Diagram for the pair-production of weakly interacting massive particles, with a leptophobic Z0-like
mediator A with axial-vector couplings exchanged in the s-channel. Middle: Generation of WIMPs via a t-channel
diagram. Right: A generic diagram for the pair-production of squarks with the decay mode q̃ ! q + �̃0

1. The
presence of a jet from initial-state radiation is indicated for both processes for illustration purposes.

for non-relativistic matter in the early universe [20] as measured by the Planck [21] and WMAP [22]56

satellites, if the mass is between a few GeV and one TeV and if it has electroweak-scale interaction cross57

sections. WIMPs may be pair-produced at the LHC provided their mass is less than half of the parton-58

parton center-of-mass energy,
p

ŝ. When accompanied by a jet of particles, for example from initial-state59

radiation (ISR), these events produce the signature of a jet and missing transverse momentum.60

As with the initial results obtained in this search channel at
p

s = 13 TeV [23], simplified models are61

used to interpret the results, providing a framework to characterise the new particles acting as mediators62

of the interaction between the SM and the Dark Sector [24–26]. The results from simplified models are63

comparable to those previously obtained [27] by using an e↵ective-field-theory approach [28] when the64

mediator mass considered is above 10 TeV [29].65

Results are presented for a DM model where Dirac fermion WIMPs are pair-produced from quarks via
s-channel exchange of a spin-1 mediator particle with axial-vector couplings. This leptophobic Z0-like
model is defined by four free parameters: the WIMP mass m�, the mediator mass mA, the flavor-universal
coupling to quarks (gq), and the coupling of the mediator to WIMPs (g�). Couplings to other SM particles
are not allowed. A miminal mediator width is defined by [26]

�min =
g2
�mA

12⇡
�3
�✓(mA � 2m�) +

X

q

3g2
qmA

12⇡
�3

q✓(mA � 2mq) , (1)

where ✓(x) denotes the Heaviside step function and � f =

r
1 � 4m2

f

m2
A

is the velocity of the fermion f with66

mass m f in the mediator rest frame. The quark sum runs over all flavors. The monojet signature in this67

model emerges from initial-state radiation of a gluon as shown in Fig. 1 (left). Similarly, a simplified68

model with a spin-0 pseudo-scalar mediator in the s-channel is considered.69

Results are also presented assuming the WIMPs are produced via t-channel interactions as shown in Fig. 1
(middle). As the LHC is insensitive to the chirality of the quarks we assume in this case that the spin-0
mediator couples as an S U(2) doublet to the left-handed quarks only. We also assume three generations
of mediator doublets, ⌘i, with degenerate masses, equal couplings, and minimal widths of the form:

�min(⌘i ! ūi�) =
g2

i

16⇡m3
⌘i

⇣
m2
⌘i
� m2

ui
� m2

�

⌘ r✓
m2
⌘i �
⇣
m2

ui + m2
�

⌘2◆ ✓
m2
⌘i �
⇣
m2

ui � m2
�

⌘2◆
(2)
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CR 
Variety of interpretations  
-  DM models 
-  SUSY stop in charm+MET 
-  Extra-Dimensions 

SR 

1 Introduction

Multiple theories of physics beyond the Standard Model (BSM) predict a high production rate of events
containing a photon with a high transverse energy (E�T) and large missing transverse momentum (Emiss

T ,
with magnitude Emiss

T ) referred to as � + Emiss
T events, in pp collisions. The search for energetic � + Emiss

T
events, whose rates have a low expected contribution from Standard Model (SM) processes, can thus
provide sensitivity to new physics models [1–5], also related to dark matter (DM). Although the existence
of DM is well established [6], its nature is yet unknown. One candidate is a weakly interacting massive
particle (WIMP, also denoted by �) that interacts with SM particles with a strength similar to the weak
interaction. If WIMPs interact with quarks via a mediator particle, pairs of WIMPs are produced in pp
collisions at su�ciently high energy. The ��̄ pair is invisible to the detector, but the radiation of an
initial-state photon in qq̄! ��̄ interactions [7] can produce detectable � + Emiss

T events.

E↵ective field theories (EFT) with various forms of interaction between the WIMPs and the SM particles
are a powerful model-independent approach for the interpretation of DM production in pp collisions [7].
However, the typical momentum transfer in pp collisions at the LHC can often exceed the cut-o↵ scale
below which the EFT approximation is valid. Simplified models that involve the explicit production of
the intermediate state, as shown in Figure 1 (left), avoid this limitation. This paper focuses on simpli-
fied models assuming Dirac-fermion DM candidates produced via an s-channel mediator with vector or
axial-vector interactions [8–10]. There are five free parameters in this model: the WIMP mass m�, the
mediator mass mmed, the width of the mediator �med, the coupling gq of the mediator to quarks, and the
coupling g� of the mediator to the dark-matter particle. In the limit of a large mediator mass, these sim-
plified models map onto the EFT operators, with the suppression scale1 M⇤ linked to mmed by the relation
M⇤ = mmed/

p
gqg� [11].

The paper also considers a specific dimension-7 EFT operator with direct couplings between DM and
electroweak (EW) bosons, for which there is neither a corresponding simplified model nor a simplified
model yielding similar kinematic distributions implemented in an event generator [10, 12]. The process
describing a contact interaction of type ����̄ is shown in Figure 1 (right). In this model, DM production
proceeds via qq̄ ! � ! ���̄, generating an energetic photon without requiring initial-state radiation.
There are four free parameters in this model: the EW coupling strengths k1 and k2 (which respectively
control the strength of the coupling to the SM U(1) and SU(2) gauge sectors), m�, and the suppression
scale M⇤.

�

�̄

med

q̄

q

�

q

q̄

�

�

�

�̄

Figure 1: Pair production of dark-matter particles (��̄) in association with a photon via an explicit s-channel medi-
ator (left), or via an e↵ective ����̄ vertex (right).

1 The suppression scale, also referred to as ⇤, is the e↵ective mass scale of particles that are integrated out in an EFT. The
non-renormalisable operators are suppressed by powers of 1/M⇤.
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Figure 8: Distribution of pmiss
T from SM backgrounds and data in the signal region after simul-

taneously fitting in the signal region and all control regions. Each bin shows the event yields
divided by the width of the bin. The stacked histograms show the individual SM background
distributions after the fit is performed. The blue solid line represents the sum of the SM back-
ground contributions normalized to their post-fit yields. The red solid line represents the sum
of the SM background contributions normalized to the theoretical prediction. The gray bands
indicate the post-fit uncertainty in the background, assuming no signal.

 Searches for WIMPs as Dark Matter   

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 27 

}  W/Z or Higgs + ET
Miss (mono-W/Z/H) 

 
 

 

}  top + ET
Miss  

ATLAS: PLB 763(2016) 251 
CMS: EXO-16-052 

1

1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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Figure 5: Distribution of Emiss
T from SM backgrounds and data in the signal region after simul-

taneously fitting in the signal region and all control regions. The stacked histograms show the
individual SM background distributions after the fit is performed. The blue solid line repre-
sents the sum of the SM background contributions normalized to the post-fit yield. The red
solid line represents the sum of the SM background contributions normalized to the theoretical
prediction. The gray bands indicate the post-fit uncertainty on the background, assuming no
signal.
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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Search for vector-like quarks and excited quarks at CMS | G. Rauco (University of Zurich)
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Single B, B → bH all hadronic
CMS-PAS-B2G-17-009

forward jet
• hadronic activity used to reduce QCD multijets  

‣ two different selections applied, to optimize sensitivity in the whole B mass spectrum 

• 2 categories based on the forward jets multiplicity
• data-driven background using signal depleted regions 
• searching for an bump in the invariant m(bH) distribution 
• several resonance width/mass scenarios investigated
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•  Many objects in decays (W,H,Z,t ..)  
•  Background techniques as for SUSY searches:   
à  complex discriminant variables 
à  dedicated CRs and VRs  
à exploitation of ‘boosted’ decay products 

}  Motivated by hierarchy problem, X = T, B quarks can be singly or pair-produced 

SINGLE PRODUCTION 

XàtH/Wb/tZ 

•  W and top 
“tagging” used 

1lepton+jets+MET topology 

PAIR PRODUCTION 

BàbH, Hàbb  
+ additional forward jets 
 

Multijet background fully data-driven 

Limits vary between 0.07 pb and 1.28 pb 
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flat prior. The systematic uncertainties are simultaneously fitted across signal and control re-
gions, allowing background normalizations to float to match data in the control regions. After
applying the full analysis selection described previously and combining all analysis categories
the observed (expected) limits are found to be 1.32 (1.23) TeV for a right-handed X5/3 and 1.30
(1.23) TeV for a left-handed X5/3 at 95% CL. The expected and the observed limits are shown
in Fig. 6, where the upper limits are compared to signal cross sections at NNLO with the PDF
and renormalization/factorization scale uncertainties shown as the band around the theoretical
predictions.
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Figure 6: 95% CL expected and observed limits for a left-handed (left) and right-handed (right)
X5/3 after combining all categories. The theoretical uncertainty on the signal cross section is
shown with a band around the theoretical prediction.

9 Summary
A search for the pair production of heavy partners of the top quark with an exotic charge 5/3
decaying into a W boson and a top quark is presented. The search uses data collected in 2016
in proton-proton collisions at a center-of-mass energy of 13 TeV with the CMS detector at the
CERN LHC, corresponding to an integrated luminosity of 35.9 fb�1. Final states considered
include an electron or a muon, missing transverse energy, and four or more jets. X5/3 masses
with right-handed (left-handed) couplings below 1.32 (1.30) TeV are excluded at 95% confi-
dence level.
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}  Sensitive to many BSM scenarios  
}  Heavy higgses (A/H) – as seen already, Extra-dimensions, new gauge bosons…  

}  Consider all relevant combinations of final state objects  
}  Dileptons, lepton+ET

Miss, dijets, γ+jets, dibosons (VV, Vγ, γγ), top+b, ditops .. 
à Sensitive to W’ and Z’  

M(ee) 

Z’: no significant deviations 
Data up to 3 TeV for e, µ, ~ 1 
TeV for τ	

ATLAS: arXiv:1706.04786 
CMS: arXiv: 1612.09274 

W’: no significant deviations 
Data up to 2.3 TeV for e, µ 	

MT 

ee,µµ	
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}  Sensitive to many BSM scenarios  
}  Heavy higgses (A/H) – as seen already, Extra-dimensions, new gauge bosons…  

}  Consider all relevant combinations of final state objects  
}  Dileptons, lepton+ET

Miss, dijets, γ+jets, dibosons (VV, Vγ, γγ), top+b, ditops .. 

 
 
Excited quarks:  
m < 5.3 TeV 
 
ADD - Quantum 
Black Holes:   
m < 7.1 TeV 
 
RS – Quantum 
black holes: 
m < 4.4 TeV  
 

Not only at high mass!   

Search for Z’ resonance in qqbar merged in 1 jet  

use jet substructure techniques allowing to remove 
soft wide-angle radiation in jets  
 
Sensitivity to Z’ in [50-300] GeV (model dependent) 

 jet mass 

to appear 

New also for CMS: CMS-PAS-EXO-17-002 

CMS-PAS-EXO-17-001 
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}  Sensitive to many BSM scenarios  
}  Heavy higgses (A/H) – as seen already, Extra-dimensions, new gauge bosons…  

}  Consider all relevant combinations of final state objects  
}  Dileptons, lepton+ET

Miss, dijets, γ+jets, dibosons (VV, Vγ, γγ), top+b, ditops .. 

Sensitive to many model of NP, all final states explored: à llqq, ννqq, lνqq, qqqq, llll … 

VV à llqq 

Several CRs and VRs per search, set to estimate SM background. 
   Exploit gluon-fusion and VBF-production  

To appear 

probe 2 – 3 TeV mass range in all cases! 

8 7 Systematic uncertainties
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Figure 3: Expected background shapes as a function of the transverse mass of the diboson can-
didate obtained using the a method in the low-purity (left) and high-purity category (right),
represented as colored histograms (light blue: vector boson in association with jets; yellow:
processes involving a top quark; blue: diboson production). As a reference, the expected dis-
tribution of a W0 with a mass of 3 TeV and cross section of 10 fb decaying into two Z bosons is
displayed. The data (black markers) are in agreement with the predictions.

simulated sample. It amounts to 5% and 4% for the low-purity and high-purity categories250

respectively. A separate contribution comes from the statistical uncertainty related to the num-251

ber of events in the data sidebands, and it is 5% and 15% for the low-purity and high-purity252

categories respectively.253

The uncertainties in the parameters describing the shape of the transverse mass distribution254

of the main background are obtained by propagating the uncertainties in each parameter in255

the data-simulation simultaneous fit. These parameters are then decorrelated with a linear256

transformation.257

The normalization of the secondary backgrounds and signal is affected by a 1% uncertainty in258

the trigger efficiency, calculated as described in Section 5.259

The impact of the uncertainties in the transverse momenta of the reconstructed bosons should260

be evaluated together, since ~pmiss
T is influenced by the pT corrections applied to all the hadronic261

objects present in the event. The uncertainties related to JES and JER have a negligible im-262

pact (less than 1%) on both the normalization and the shape of the signal and secondary back-263

grounds. The uncertainty in ~pmiss
T arising from unclustered energy deposits is also negligibly264

small. Uncertainties related to the soft-drop PUPPI jet mass corrections are considered, and265

they affect the signal and background yields by 1%.266

The uncertainty related to the t21 scale factors, as described in Section 5, has the largest impact267

on the final results. An additional source of uncertainty comes from extrapolation of the purity268

categorization efficiencies at higher transverse momenta of the jet (namely, over 200 GeV), by269

using an alternative showering scheme (HERWIG [38]) and amounts to 9–20% depending on270

the category.271

The uncertainty in the b tagging efficiency affecting the veto applied to AK4 jets impacts the272

signal normalization by 1%, the diboson normalization by less than 1%, and the top normaliza-273

tion by 2%.274

A minor source of uncertainty comes from the uncertainty of the total inelastic proton-proton275

VV à qqνν	

CMS PAS B2G-17-005 

CMS 2016 results:  
qqqq , 2l2nu , VH(bb), 2l2q ,  lnuqq 
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What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: almost degenerate next-LSP heavy 

messenger: Z', split SUSY 
}  hidden valley  

    Displaced objects:          VERTEX 

Signatures depend 
on the lifetime! 

Stopped objects:  muons 
Target: E.g. non-prompt gluinos 
Dedicated re-tracking, DV from LLP: massive  

Target: LLP that stop in the detector, decay to muons 
some time after they are produced (gluinos, multiply 
charged massive particles). 
 

Custom trigger: record events out-of-time with collisions. 
Dedicated algorithm for Delayed StandAlone muon tracks  
 
 
 

7

Muons from the signal have only one peak at a b�1 value of +1, as these muons are always
outgoing.
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Figure 5: DSA muon track b�1 for 2016 search sample data, cosmic muon MC simulation,
2000 GeV gluinos, and 600 GeV mchamps. The b�1 of the upper (left) and lower (right) hemi-
sphere DSA tracks is plotted. The events plotted pass a subset of the full analysis selection that
is designed to select good quality DSA muon tracks but does not reject the cosmic muon back-
ground (see Section 5). The grey bands indicate the statistical uncertainty in the simulation.
The histograms are normalized to unit area.

In addition to these two variables, we use a timing measurement from the RPCs that assigns
a bunch crossing (BX) to each hit. For each of the six layers of the RPCs, the hit is given a BX
assignment. A typical prompt muon created at the IP will have each of its RPC BX assign-
ments be zero; thus, its RPC BX pattern will be 0,0,0,0,0,0, if all the RPC layers gave good BX
measurements. The BX assignments of cosmic muons are especially useful in the lower hemi-
sphere of the detector, as the incoming cosmic muons will typically trigger the event and thus
be assigned BX values of zero in each RPC layer, but the outgoing cosmic muons will often be
assigned positive BX values. For example, a typical lower hemisphere cosmic muon BX pattern
will be 2,2,2,2,2,2 for the RPC layers with good timing measurements, ranging from the inner-
most to the outermost. For our signal, the RPC BX assignments for each muon will typically
each be zero. See Fig. 6 for a schematic diagram of the BX assignments for cosmic muons and
muons from the signal.

Given the BX assignments in each RPC layer for a muon, we can compute the average RPC
hit BX assignment multiplied by 25 ns as the RPC time for a track (tRPC) and use this as a
discriminating variable. See Fig. 7 for the distribution of tRPC in signal and background. The
typical muon from signal will have an tRPC of 0 ns for both upper and lower hemisphere DSA
muon tracks. On the other hand, a cosmic muon will typically have a lower hemisphere tRPC
of 25 or 50 ns and an upper hemisphere tRPC of 0 ns.

We can further exploit the TOF variables if we examine muons in the upper hemisphere and
lower hemisphere separately and devise TOF variables that are the difference between that of
the upper hemisphere muon and that of the lower hemisphere muon. These D TOF variables
are better at distinguishing between signal and background than if the upper and lower hemi-
sphere muons are treated independently. Furthermore, the D TOF variables have better data
to cosmic background MC simulation agreement than that of the individual upper and lower

6 4 Analysis Strategy and Techniques

 [ns]
DT

 Upper DSA Track t
100− 50− 0 50 100

Fr
ac

tio
n 

of
 E

nt
rie

s 
/ 5

.0
 n

s

4−10

2−10

1

210

410

Data
Cosmic Simulation

LSP
0
χ∼-µ+µ → 

2
0
χ∼, 

2

0
χ∼ qq→ g~

=500 GeV)
LSP

0
χ∼

=1250 GeV, M
2
0
χ∼

=2000 GeV, M
g~

 (M
 (|Q| = 2e, M = 600 GeV)±µ±µ →mchamp 

LSP
0
χ∼-µ+µ → 

2
0
χ∼, 

2

0
χ∼ qq→ g~

=500 GeV)
LSP

0
χ∼

=1250 GeV, M
2
0
χ∼

=2000 GeV, M
g~

 (M
 (|Q| = 2e, M = 600 GeV)±µ±µ →mchamp 

CMS Preliminary

 (13 TeV)-12016: 36.2 fb

 [ns]DT Lower DSA Track t
100− 50− 0 50 100

Fr
ac

tio
n 

of
 E

nt
rie

s 
/ 5

.0
 n

s

4−10

2−10

1

210

410

Data
Cosmic Simulation

LSP
0
χ∼-µ+µ → 

2
0
χ∼, 

2

0
χ∼ qq→ g~

=500 GeV)
LSP

0
χ∼

=1250 GeV, M
2
0
χ∼

=2000 GeV, M
g~

 (M
 (|Q| = 2e, M = 600 GeV)±µ±µ →mchamp 

LSP
0
χ∼-µ+µ → 

2
0
χ∼, 

2

0
χ∼ qq→ g~

=500 GeV)
LSP

0
χ∼

=1250 GeV, M
2
0
χ∼

=2000 GeV, M
g~

 (M
 (|Q| = 2e, M = 600 GeV)±µ±µ →mchamp 

CMS Preliminary

 (13 TeV)-12016: 36.2 fb

Figure 3: DSA muon track tDT for 2016 search sample data, cosmic muon MC simulation,
2000 GeV gluinos, and 600 GeV mchamps. tDT of the upper (left) and lower (right) hemisphere
DSA tracks is plotted. The events plotted pass a subset of the full analysis selection that is de-
signed to select good quality DSA muon tracks but does not reject the cosmic muon background
(see Section 5). The gluino and mchamp distributions are not exactly the same because the two
muons from the mchamp decay are back-to-back, but the two muons from the gluino decay are
not. The grey bands indicate the statistical uncertainty in the simulation. The histograms are
normalized to unit area.

Figure 4: A diagram showing the typical direction and thus, the sign of b of muons coming
from cosmic muon background (left) and signal (right). This is a simple schematic and does not
necessarily reflect how close the muons would come to the beamspot. Furthermore, the muons
from the signal are not necessarily back-to-back.

Major background: 
cosmic muons  

No events obs: probe lifetimes  100 ns à 10 days  
 

EXO-17-004 

ATLAS-CONF-2017-026 

No events obs. in SR: probe lifetimes O(ns) 
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What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: almost degenerate next-LSP heavy 

messenger: Z', split SUSY 
}  hidden valley  

    More on displaced Vertex (LHCb) 

Signatures depend 
on the lifetime! 

For candidates consistent with B+: 

In recent years, models with a Hidden Sector of particles [1,2] have gathered considerable
attention, primarily motivated by an absence of direct dark matter identification. This
class of theories postulates the existence of new particles that interact very weakly with
the particles of the Standard Model (SM). In this scenario, dark-sector particles would be
gauge-singlet states with respect to the SM gauge group, and only be able to communicate
with SM particles via weakly interacting mediators through one of four mechanisms: the
vector, axion, Higgs, and neutrino portals.

In the Higgs portal scenario, the new scalar particle, �, can mix with the SM Higgs
boson. An example of such a model is described in Refs. [3, 4]. In this theory, the Higgs
portal is mediated by a light particle, namely the inflaton, associated to the field that
generates the inflation of the early Universe. These models also help to solve the hierarchy
problem and can explain the baryon asymmetry in the Universe [5, 6]. The inflaton mass
and lifetime are weakly constrained; in particular, the mass can be below the B meson
mass, and the decay of B+ ! K+�, with � ! µ+µ�, is a candidate process in which to
look for such phenomena at LHCb. As illustrated in Figure 1, in this scenario the inflaton
couples via the Higgs boson to the top quark that at loop level mediates the B+ to K+

transition.

B+ K+

H

W�

�

b̄

u

µ+

µ�

s̄

u

t̄

Figure 1: Feynman diagram of the decay B+ ! K+�(µ+µ�), where the � interacts by mixing
with the Higgs and then decays to a pair of muons.

Current limits on the process have been set by the CHARM experiment [7] and, looking
for B0 ! K⇤0�(µ+µ�) decays, the LHCb experiment [8]. This Letter presents the search
for a hypothetical new scalar particle through the decay B+ ! K+�(µ+µ�) in the ranges
of mass 250 < m(�) < 4700 MeV/c2 and lifetime 0.1 < ⌧(�) < 1000 ps. The inclusion of
charge-conjugate decays is implied throughout this Letter. The data sample used in this
analysis corresponds to integrated luminosities of 1 and 2 fb�1 collected by the LHCb
detector in pp collisions at centre-of-mass energies of

p
s = 7 and 8 TeV, respectively.

The LHCb detector [9, 10] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector has a silicon-strip vertex detector as the first component of a
high-precision charged-particle tracking system for measuring momenta; two ring-imaging
Cherenkov detectors for distinguishing charged hadrons; a calorimeter system for identify-
ing photons, electrons, and hadrons; and a system for identifying muons. The online event
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Higgs-portal scenario  
à mediated by a light particle, the inflaton 
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analysis corresponds to integrated luminosities of 1 and 2 fb�1 collected by the LHCb
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Figure 5: Parameter space of the inflaton model described in Refs. [2–4]. The region excluded at
95% CL by this analysis is shown by the blue hatched area. The region excluded by the search
with the B0 ! K⇤0�(µ+µ�) decay [8] is indicated by the red hatched area. Direct experimental
constraints set by the CHARM experiment [7] and regions forbidden by theory or cosmological
constraints [4] are also shown.

⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching
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Parameter space of the inflation models: 
mixing angle vs mass 

Search for long-lived scalar particles
in B+ ! K+�(µ+µ�) decays

PRD 95(2017)071101] 

±2�(m�)
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 ..and many more searches for NP   
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Other heavy resonances and VLQ 
Excited quarks (all generations) 
Lepto-quarks (all generations)  

Right-handed neutrinos  
Quantum black holes and more… 
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Complementing direct searches: indirect 
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Precision measurements and their reinterpretations  

à high potential. Two “classic” examples 

}  W mass measurement (and top mass) 
}  Global Electroweak fits performed  
}  Understanding of remaining phase-space 

}  Sensitive to new physics in loops   

 

}  Bs à µµ : BR 	

data. The contamination from B0! µ+µ�, B! h+h0� and semileptonic decays above
5320MeV/c2 is small and not included in the fit. The e↵ect on the e↵ective lifetime from
the unequal production rate of B0

s

and B0

s

mesons [41] is negligible. A bias may also arise if

Aµ

+
µ

�

��

6= ±1, with the consequence that the underlying decay-time distribution is the sum
of two exponential distributions with the lifetimes of the light and heavy mass eigenstates.
In this case, as the selection e�ciency varies with the decay time, the returned value of
the lifetime from the fit is not exactly equal to the definition of the e↵ective lifetime even
if the decay-time acceptance function is correctly accounted for. This e↵ect has been
evaluated for the scenario where there are equal contributions from both eigenstates to the
decay. The result can also be biased if the background has a much longer mean lifetime
than B0

s

! µ+µ� decays; this is mitigated by an upper decay-time cut of 13.5 ps. Any
remaining bias is evaluated using the background decay-time distribution of the much
larger B0 ! K+⇡� data sample. All of these e↵ects are found to be small compared
to the statistical uncertainty and combine to give 0.05 ps, with the main contributions
arising from the fit accuracy and the decay-time acceptance (0.03 ps each). The mass
distribution of the selected B0

s

! µ+µ� candidates is shown in Fig. 2 (top). Figure 2
(bottom) shows the background-subtracted B0

s

! µ+µ� decay-time distribution with the
fit function superimposed. The fit results in ⌧(B0

s

! µ+µ�) = 2.04 ± 0.44 ± 0.05 ps,
where the first uncertainty is statistical and the second systematic. This measurement
is consistent with the Aµ

+
µ

�

��

= 1 (�1) hypothesis at the 1.0 (1.4) � level. Although the
current experimental uncertainty only allows a weak constraint to be set on the value of
the Aµ

+
µ

�

��

parameter in the physically allowed region, this result establishes the potential
of the e↵ective lifetime measurement in constraining New Physics scenarios with the
datasets that LHCb is expected to collect in the coming years [42].

In summary, a search for the rare decays B0

s

! µ+µ� and B0 ! µ+µ� is performed
in pp collision data corresponding to a total integrated luminosity of 4.4 fb�1. The
B0

s

! µ+µ� signal is seen with a significance of 7.8 standard deviations and provides the
first observation of this decay from a single experiment. The time-integrated B0

s

! µ+µ�

branching fraction is measured to be
�
3.0± 0.6+0.3

�0.2

�
⇥10�9, the most precise measurement

of this quantity to date. In addition, the first measurement of the B0

s

! µ+µ� e↵ective
lifetime, ⌧ (B0

s

! µ+µ�) = 2.04±0.44±0.05 ps, is presented. No evidence for a B0 ! µ+µ�

signal is found, and the upper limit B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 95% confidence level
is set. The results are in agreement with the SM predictions and tighten the existing
constraints on possible New Physics contributions to these decays.
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Consistent with SM expectations  
 

Indirectly constrains various BSM models e.g.  SUSY  

Large tan β with 
light pseudoscalar 
Higgs disfavoured  



complementing the LHC  
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Other experimental apparatus can be suitable to search for BSM physics from 
other – sometimes very different – corners.  

Quark radius and high-scale NP 
à  Sensitive to new physics at very high scale  
 
 
 
 

hidden sectors 
NA62 [@ the intensity frontier] 
}  Sensitivity for models as Heavy Neutral Lepton and  
dark photons (A’), and more already now (Run 2) 

}  Dark photons from π0 decays (1 γ + ET
Miss) 

}  Use decay K+ → 𝜋+𝜋0, 𝜋0 →γ A’ BR~20%  

fixed PDF parameters are too strong by about 10%. The limits are consistent with the

estimated experimental sensitivity, calculated as the median of the limit distribution for

the SM replicas, corresponding to a quark radius of 0.45 · 10−16 cm (for both positive and

negative R2
q). Cross-section deviations given by Eq. 2, corresponding to the presented

95% C.L. exclusion limits, are compared to the combined HERA high-Q2 NC and CC DIS

data in Figs. 3 and 4, respectively.

The 95% C.L. upper limit for the quark radius presented here is almost a factor of two

better than the previous ZEUS limit of 0.85 · 10−16 cm, based on the HERA I data [2].

The present result improves the limit set in ep scattering by the H1 collaboration [9]

(Rq < 0.65 · 10−16 cm) and is similar to the limit presented by the L3 collaboration (Rq <

0.42 ·10−16 cm), based on quark-pair production at LEP2 [10]. It is important to remember

that the possible BSM physics parameterised by the Rq at LEP and HERA can be very

different, so that the LEP and HERA limits are largely complementary. The limit on

negative R2
q values presented here is an improvement compared to the published ZEUS

limit of R2
q > −(1.06 · 10−16 cm)2.

6 Conclusions

The HERA combined measurement of inclusive deep inelastic cross sections in neutral

and charged current e±p scattering was used to set limits on possible deviations from the

Standard Model due to a finite radius of the quarks. The limit-setting procedure was based

on a simultaneous fit of PDF parameters and the quark radius. The resulting 95% C.L.

limits for the quark radius are

−(0.47 · 10−16 cm)2 < R2
q < (0.43 · 10−16 cm)2 .

This result is competitive with a determination from LEP2 and substantially improves

previous HERA limits.
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approach [5]. If the expected deviations are small, the SM predictions for the cross sections

are modified, approximately, to:

dσ

dQ2
=

dσSM

dQ2

(

1−
R2

e

6
Q2

)2 (

1−
R2

q

6
Q2

)2

, (2)

where R2
e and R2

q are the mean-square radii of the electron and the quark, respectively,

related to new BSM energy scales. In the present analysis, only the possible finite spatial

distribution of the quark was considered and the electron was assumed to be point-like

(R2
e ≡ 0). Both positive and negative values of R2

q were considered. Negative values of

R2
q can be obtained if a charge distribution is assumed which changes sign as a function

of the radius. The term “quark radius” is only one possible interpretation of BSM effects

parameterised as form factors.

The QCD analysis described in the previous section was extended by introducing R2
q as an

additional model parameter and modifying all e±p DIS cross-section predictions according

to Eq. 2. Values for R2
q were extracted using a χ2-minimisation procedure, where all PDF

parameters were also simultaneously fit; R2
q was treated as a test statistic to be used for

limit setting. The value of this test statistic for the data is R2 Data
q = −0.2 · 10−33 cm2.

The probability distributions for R2
q were determined as described in the next section.

4 Limit-setting procedure

The limit on the effective quark-radius squared, R2
q , is derived in a frequentist approach [8]

using the technique of replicas. Replicas are sets of cross-section values that are generated

by varying all cross sections randomly according to their known uncertainties. For the

analysis presented here, multiple replica sets were used, each covering cross-section values

on all points of the x,Q2 grid used in the QCD fit. For an assumed true value of the

quark-radius squared, R2 True
q , replica data sets were created by taking the reduced cross

sections calculated from the ZRqPDF fit and scaling them with the quark form factor,

Eq. 2, with R2
q = R2 True

q . This results in a set of cross-section values mi
0 for the assumed

true quark-radius squared, R2 True
q . The values of mi

0 were then varied randomly within

statistical and systematic uncertainties taken from the data, taking correlations into ac-

count. All uncertainties were assumed to follow a Gaussian distribution1. For each replica,

the generated value of the cross section at the point i, µi, was calculated as:

µi =
[

mi
0 +

√

δ2i,stat + δ2i,uncor · µ
i
0 · ri

]

·

(

1 +
∑

j

γi
j · rj

)

, (3)

1 It was verified that using a Poisson probability distribution for producing replicas at high Q2, where
the event samples are small, and using the χ2 minimisation for these data did not significantly change
the probability distributions for the fitted parameter values.

3

Many more opportunities / experimental results to be watch out closely for implication and  
complementarities with searches for new physics at the Energy frontier  

à g-2 at Fermilab, DM direct experiments, µ2e, µ3e, EDM experiments and more.. 
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Abstract

The high-precision HERA data allows searches up to TeV scales for Beyond the Stand-
ard Model contributions to electron–quark scattering. Combined measurements of
the inclusive deep inelastic cross sections in neutral and charged current ep scattering
corresponding to a luminosity of around 1 fb−1 have been used in this analysis. A
new approach to the beyond the Standard Model analysis of the inclusive ep data is
presented; simultaneous fits of parton distribution functions together with contribu-
tions of “new physics” processes were performed. Results are presented considering a
finite radius of quarks within the quark form-factor model. The resulting 95% C.L.
upper limit on the effective quark radius is 0.43 · 10−16 cm.
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Use the decay K+→ #+#0, #0 →γ A’ BR~20%
- Reconstruct K+, π+, one photon
- Constrain A’ using the π0 mass

Limit improves linearly with N(K+)
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conclusions 
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}  An immense program of searches for new physics at the LHC (the energy 
frontier) and beyond is being carried out  
}  At ATLAS, CMS and LHCb, making full use of the excellent data provided 

}  No significant excess seen in data  
}  Stringent limits and constrains on new physics scenarios  

}  More and more sophisticated (and ingenious!) techniques to make full use 
of data à experimentalists successfully explore extreme regions of phase 
space and a plethora of theories and models 

}  Possible also thanks to the reliable Monte Carlo simulation predictions and 
precise theoretical calculations à a key component of most searches    

}  This is less than 2% of the data LHC will provide  
}  Many searches must yet be completed and/or will take long time   
}  More data and ingenious theoretical guidance may lead to uncover the 

hidden nature of nature 
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List of ATLAS and CMS talks at this conference  
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BSM Higgs  
}  Searches for rare and exotic Higgs boson decays at CMS – Nabarun Dev 

}  Search for non-standard, rare or invisible decays of the Higgs bosono with the ATLAS detector – Paul Thompson   

}  Search of a high mass neutral Higgs boson in fermion final states with the ATLAS detector – Gaetano Barone  

}  Latest results on searches for MSSM Higgs Search and Beyond at CMS – Chayanit Asawatangtrakuldee  

}  Searches for a new Higgs-boson like low-mass resonance in the diphoton final state in pp collisions at 13 TeV in CMS – Linda Finco  

}  TBC Search for the decay of the Higgs boson into two nMSSM pseudo-scalar particles (ATLAS) – Michel Janus  

}  Searches for associated production of the Higgs boson with a single top at 13 TeV at CMS – Pallabi Das  

}  Charged Higgs boson searches with the ATLAS detector – Elin Bergeaas Kuutmann  

Dedicated SUSY Searches  
}  Searches for supersymmetry via strong production in fully hadronic final states at CMS – Miriam Schoenenberger  

}  Inclusive searches for squarks and gluinos in final states with no leptons with the ATLAS detector – Otilia Anamaria Ducu  

}  Searches for supersymmetry via strong production in events with one or more leptons at CMS – Christian Schomakers 

}  Inclusive searches for squarks and gluinos in final states with leptons with the ATLAS detector – Ximo Poveda Torres 

}  Search for compressed SUSY scenarios with the ATLAS detector – Julien Maurer 

}  Search for supersymmetry with compressed mass spectra or decays via Higgs bosons at CMS – Constantin Heidegger  

}  Searches for production of third generation squarks at CMS – Indara Suarez  

}  Searches for direct pair production of third generation squarks in final states with no leptons with ATLAS – Tommaso Lari  

}  Searches for direct pair production of third generation squarks in final states with leptons with the ATLAS detector – Priscilla Pani  

}  Searches for electroweak production of supersymmetric gauginos and sleptons with the ATLAS detector – Zinonas Zinonos  

}  Search for electroweak production of supersymmetry at CMS –Miaoyuan Liu  

}  Search for supersymmetry in events with photons at CMS – Marc Gabriel Weinberg  

}  Search for R-parity violating supersymmetry with the ATLAS detector – Sascha Mehlhase  
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Exotics Searches – resonances/non-resonant/general final states  
}  Search for a new spin-zero resonance in diboson channels at 13 TeV (CMS) – Alessio Magitteri  

}  Search for high mass bosonic resonances with the ATLAS detector – Leonardo Carminati  

}  Search for New Phenomena in Dijet Events with the ATLAS Detector at 13 TeV – Attilio Picazio  

}  Searches for new physics in dijet and multijet final states (CMS) – Federico Prelato  

}  Searches for non-resonant new phenomena in final states with leptons and photons (CMS) – Oscar Gonzales Lopez  

}  Searches for new phenomena in leptonic final states using the ATLAS detector – Giacomo Artoni  

}  Searches for new heavy resonances in final states with leptons and photons – Benjamin Radburn-Smith  

}  ATLAS Searches for VH and HH Resonances – Wade Cameron Fisher  

}  Search for diboson resonances decaying into W, Z and H bosons at CMS – Clemens Lange  

}  ATLAS Searches for VV/V+gamma Resonances – Kalliopi Iordanidou  

}  Search for vector-like quarks (ATLAS) – Olaf Nackenhorst  

}  Search for vector-like quarks and excited quarks at CMS – Giorgia Rauco  

}  Search for heavy resonances decaying to top quarks – Saverio D’Auria  

}  Search for new resonances coupling to third generation quarks at CMS – Johannes Haller  

}  TBC Searches for new physics in lepton+jets final states – Marc Stover  

}  Searches for new phenomena in final states involving leptons and jets using the ATLAS detector – Paolo Mastrandrea  

}  TBC Searches for Long-Lived particles and other non-conventional signatures – Todd Adams  

}  TBC Search for New Physics through the Reconstruction of Challenging and Long-Lived Sginatures with the ATLAS detector at 13 
TeV – Nora Emilia Petterson   

+ Dark Matter Searches  
+ Other results from HERA, LHCb, CDF  
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10 5 Background Estimation
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Figure 3: Top: the discriminant DZjj in the signal region for the spin-0 (left) and spin-2 (right)
cases, all categories summed. The points are the observed data, the stacked histograms are the
standard model simulated background, and the open histograms are simulated signal samples,
corresponding to narrow spin-0 resonances produced in gluon fusion (mX = 750 GeV) or vector-
boson fusion (mX = 900 GeV) in the left plot and a narrow bulk graviton (mX = 800 GeV) in the
right plot. Bottom: the discriminant D2jet in the signal region for the spin-0 case, all categories
summed, using the same notations. The bin at -1 corresponds to events with less than 2 extra
reconstructed jets, where D2jet cannot be computed.

5 Background Estimation
After the full event selection as described in the previous section, the data sample in the signal
region is dominated by SM background events. The majority of the background (> 90%) is
composed of events from Z+jets production, where standard jets associated to the Drell-Yan
process are misidentified as coming from a hadronic Z decay. Subdominant backgrounds com-
prise events from tt processes and from diboson electroweak production.

 heavy Higgs-like bosons: resonances 
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}  heavy Higgs à ZZ àllll/llνν produced via ggH or vector-boson fusion 

 
 

}  heavy Higgs à ZZ à 2l2q, again ggH and VBF   

 

SM background 
from CR (llvv) or 
using fit to data (4l) 

Spin-0, narrow width 
approximation (NWA) 

4.7 Final event selection and categorisation 9
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Figure 2: Resonance candidate mass MZZ in the signal region for the merged (left) and re-
solved (right) selections, for the untagged (top), b-tagged (middle) and VBF-tagged (bottom)
categories. The points are the observed data, the stacked histograms are the standard model
simulated background, and the open histograms are simulated signal samples, corresponding
to narrow spin-0 resonances produced in gluon fusion (mX = 750 GeV) or vector-boson fusion
(mX = 900 GeV). Events with MZZ > 2.4 TeV are included in the last bin. The dotted lines
are the standard model data-driven background estimation, discussed in Sec. 5. Bottom panels
show the pulls, defined as the difference of the data and the background estimation in each bin,
divided by the standard deviation of the data.

16 9 Conclusion

8 Results
The comparison between the two-dimensional (MZZ, DZjj) distribution observed in data and
the standard model background prediction is made to test for the presence of a new reso-
nance in the X ! ZZ channel. We set upper limits on the production cross section of such a
resonance by combining all the event categories – VBF-tagged, b-tagged and untagged – for
both lepton flavours and both merged and resolved topologies. We follow the modified fre-
quentist prescription described in Ref. [56, 57] (CLS method), and the test statistic chosen is
the profile likelihood modified for upper limits. Systematic uncertainties are treated as nui-
sance parameters and profiled using lognormal priors. Figure 4 shows the expected limits for
550 < mX < 2000 GeV, for the spin-0 and spin-2 hypotheses respectively; the usage of the
angular discriminant improves the expected limits by about 20% depending on mX.
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Figure 4: Expected limits (dashed black line) and observed limits (continuous black line) for
the cross-section of the process X ! ZZ, for a spin-0 resonance (left plot) and spin-2 resonance
(right plot) with 550 < mX < 2000 GeV. For the spin-0 resonance, the ratio between production
by gluon fusion and by vector boson fusion is treated as a nuisance parameter and profiled.

9 Conclusion
A search for diboson resonances in the mass range 550 GeV to 2000 GeV in the semileptonic
X ! ZZ ! `+`� + jets final state, where one Z boson decays hadronically, appearing as either
one or two jets in the detector, and the other Z decays to two leptons, has been presented. Data
corresponding to an integrated luminosity of 12.9 fb�1 of proton-proton collisions at centre-of-
mass energy of 13 TeV have been analysed. A set of limits on production cross section times
decay branching fraction of a scalar boson or spin-2 boson in the model with gravity propagat-
ing in the bulk of extra dimensions is obtained. The range of excluded cross-sections is 5.0 to
130 fb in the former hypothesis and 3.3 to 110 fb in the latter.

6 4 Object Reconstruction and Event Selection

of the X resonance and two jets and VBF are explored in this analysis. The full event kinemat-
ics is described by decay observables ~WX!2`2q or observables describing associated production
~WX+JJ.

The discriminant sensitive to the Z + J J kinematics is calculated as

DZjj =

"
1 +

PZjj(~WX!2`2q|MZZ)

PX!2`2q(~WX!2`2q|MZZ)

#�1

, (3)

where the denominator contains the probability for the signal and the numerator includes the
probability for the dominant Z+ J J background process, all calculated either with the JHUGEN
(signal) or MCFM (background) matrix elements within the MELA framework.

The discriminant sensitive to the VBF signal topology with two associated jets is calculated
as [20, 54]

D2jet =

"
1 +

PXJJ(~WX+JJ|MZZ)

PVBF(~WX+JJ|MZZ)

#�1

, (4)

where PVBF and PXJJ are probabilities obtained from the JHUGEN matrix elements for the VBF
process and gluon fusion (a combination of gg, qg, and qq0 parton collisions) in association
with two jets (X + 2 jets) within the MELA framework. This discriminant is equally efficient
in separating VBF from either gg ! X + 2 jets signal or gg or qq̄ ! 2`2q + 2 jets background
because jet correlations in these processes are distinct from the VBF process.

4.7 Final event selection and categorisation

The hadronic and leptonic Z boson candidates are combined in a resonance candidate. We
adopt the unified nomenclature MZZ to refer to the mass of the resonance candidate, with the
understanding that it refers to the dilepton + dijet mass M``jj after kinematic fitting in the re-
solved case, and to the dilepton + merged jet invariant mass M``J in the merged case. We
impose a requirement that MZZ is greater than 300 GeV. Events that pass all the selection re-
quirements and additionally have M(Zhad) in the range [70, 105] GeV form the signal region that
is expected to be enriched in new physics process events. On the other hand, events that have
M(Zhad) in the range [40, 70] GeV

S
[135, 180] GeV are retained for background estimation

and form the sideband region.

To increase the sensitivity to signal from scalar resonance decay, the analysis is implemented
with dedicated event categorisation for the VBF-signature, which requires two additional and
forward jets besides those reconstructing the hadronic Z boson candidate. Events are selected
into the VBF-tagged category by passing a selection on the D2jet matrix element discriminant.
Events not passing the VBF selection are further classified according to the number of b-tagged
jets selected as from hadronic Z decay: events where the hadronic Z boson candidate is com-
posed of two b-tagged jets (in the resolved case) or two b-tagged subjets (in the merged case)
form the b-tagged category; other events form the untagged category. All three categories are
used for the study of the spin-0 benchmark, while for the spin-2 benchmark only the untagged
and b-tagged categories are defined.

The final signal selection efficiencies for different categories are parameterised as function
of resonance candidate mass. The resolved selection efficiency reaches a maximum around
MZZ = 500 GeV; the merged selection becomes more efficient after around MZZ = 700 GeV.
Figure 1 shows the simulated efficiency for the full set of selection requirements, as function

Use dedicated techniques to separate signal 
and Z+jets bkg (MELA, DZjj or D2jet 
discriminant depending on category) 

CMS-PAS-HIG-16-034 
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Figure 4: Four-lepton invariant mass distribution in the `+`�`+`� search for (a) the ggF-enriched category and (b)
the VBF-enriched category. The backgrounds are determined following the description in Section 5.2 and the last
bin includes the overflow. The error bars on the data points indicate the statistical uncertainty, while the systematic
uncertainty on the prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data
over expectation.

Table 5: `+`�⌫⌫̄ search: Number of expected and observed events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process ggF-enriched categories VBF-enriched categorye+e� channel µ+µ� channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z ! ⌧⌧ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9
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Figure 5: Transverse invariant mass distribution in the `+`�⌫⌫̄ search for (a) the electron channel and (b) the muon
channel, including events from both the ggF-enriched and the VBF-enriched categories. The backgrounds are
determined following the description in Section 6.2 and the last bin includes the overflow. The error bars on the data
points indicate the statistical uncertainty and markers are drawn at the bin centre. The systematic uncertainty on the
prediction is shown by the hatched band. The bottom part of the figures shows the ratio of data over expectation.

with a local significance of 3.6 � estimated under the asymptotic approximation, assuming the signal
comes only from ggF production. The global significance is of 2.2 � and is calculated, for each excess
individually, under the NWA, in the range of 200 GeV< mH < 1200 GeV using pseudo-experiments.

The excess at 240 GeV is observed mostly in the 4e channel, while the one at 700 GeV is observed
in all channels and categories. No significant deviation with respect to the background expectation is
observed in the `+`�⌫⌫̄ final state analysis. The excess observed on the `+`�`+`� search at a mass around
700 GeV is excluded at 95% confidence level by the `+`�⌫⌫̄ search which is more sensitive in this mass
range. The excess at 240 GeV is not covered by the `+`�⌫⌫̄ search, the sensitivity of which starts from
300 GeV. When combining the results from the two final states, the largest deviation with respect to the
background expectation is observed around 700 GeV with a global significance of less than 1 � and a local
significance of about 2 �. The combined yield of the two final states leads to 1870 events observed in data
compared to 1643±164 (combined statistical and systematic uncertainty) for the background expectation.
This corresponds to a 1.3 � global excess in data. Since no significant excess is found, the results are
interpreted as upper limits on the production cross section of a spin-0 or spin-2 resonance.

8.3 Spin-0 resonance interpretation

Limits from the combination of the two searches in the context of a spin-0 resonance are described
below.
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Figure 6: The upper limits at 95% confidence level on the cross section times branching ratio for (a) the ggF
production mode(�ggF ⇥ BR(H ! Z Z )) and (b) for the VBF production mode (�VBF ⇥ BR(H ! Z Z )) in the
case of NWA. The green and yellow bands represent the ±1� and ±2� uncertainties on the expected limits. The
dashed coloured lines indicate the expected limits obtained from the individual searches.

8.3.1 NWA interpretation

Upper limits on the cross section times branching ratio (� ⇥ BR(H ! Z Z )) for a heavy resonance are
obtained as a function of mH with the CLs procedure [80] in the asymptotic approximation from the
combination of the two final states. It is assumed that an additional heavy scalar would be produced
predominantly via the ggF and VBF processes but that the ratio of the two production mechanisms is
unknown in the absence of a specific model. For this reason, fits for the ggF and VBF production
processes are done separately, and in each case the other process is allowed to float in the fit as an
additional nuisance parameter. Figure 6 presents the expected and observed limits at 95% confidence level
on � ⇥ BR(H ! Z Z ) of a narrow-width scalar for the ggF (left) and VBF (right) production modes,
as well as the expected limits from the `+`�`+`� and `+`�⌫⌫̄ searches. This result is valid for models in
which the width is less than 0.5% of mH . When combining both final states, the 95% CL upper limits
range from 0.68 pb at mH = 242 GeV to 11 fb at mH = 1200 GeV for the gluon fusion production mode
and from 0.41 pb at mH = 236 GeV to 13 fb at mH = 1200 GeV for the vector boson fusion production
mode. Compared with the results presented in Run 1 [14] where all four final states of Z Z decays were
combined, the exclusion region presented here is significantly extended, depending on the heavy scalar
mass tested.

8.3.2 LWA interpretation

In the case of the LWA, limits on the cross section for the ggF production mode times branching ratio
(�ggF ⇥ BR(H ! Z Z )) are set for di�erent widths of the heavy scalar. The interference between the
heavy scalar and the SM Higgs boson, H–h, as well as the heavy scalar and the gg ! Z Z continuum,
H–B, are modelled by either analytical functions or reweighting the signal-only events as explained in
Sections 5.3 and 6.3. Figures 7(a), 7(b), and 7(c) show the limits for a width of 1%, 5% and 10% of mH

respectively. The limits are set for masses of mH higher than 400 GeV.
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}  Allowed in several beyond the standard model theories 
such as Randall-Sundrum models, Higgs Doublet theories  
}  Hàµτ , Hàeτ, Hàeµ 

}  In Run 1, CMS observed a 2.4σ excess in the Hàµτ 
channel: B(Hàµτ) < 1.51% at 95% CL (~1σ ATLAS) 
}  No excess in Run 2  

}  Search for Hàµτ , Hàeτ considering leptonic or hadronic tau 
decays  CMS-PAS-HIG-17-001  

Important Signal Variable – Collinear Mass (Mcol) 

Approximate neutrino as collinear with the  
visible products of the tau decay 
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Collinear Mass reduces bias and improves 
 resolution versus visible Mass 

100

Performance for this analysis comparable to other techniques of 
estimating neutrino momentum such as SVFit and MMC  

N.Dev, University of Notre Dame 8 EPSHEP2017, Venice 

BDT output distributions 

H"eτh 
 

H"eτµ 
 

H"µτh 
 

H"µτe 
 N.Dev, University of Notre Dame 12 EPSHEP2017, Venice 

0-jet 

1-jet 

2-jet 
(low mjj) 

2-jet 
(high mjj) 

Search results 

!  No excess of data 
!  Best fit branching fraction:0.00±0.12 
!  Br(H"µτ)<0.25% at 95% CL 

!  Very small excess of data (1.6 σ) 
!  Best fit branching fraction:0.30±0.18 
!  Br(H"eτ)<0.61% at 95% CL 

N.Dev, University of Notre Dame 13 EPSHEP2017, Venice 



 heavy Higgs-like bosons: A/Hàττ  
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}  MSSM-like heavy higgs (A/H) produced via gluon-fusion or b/t associated 	

 

A/H à ττ: Higgs decays to ττ are favored for large parts of the parameter space 
(defined by mA and tanβ, ratio of Higgs vevs), especially for large tanβ  

}  mT(tot) used as discriminant 
}  B-tag and non-b-tag regions  FPCP Prague –  5-9 June 2017Nikolaos Rompotis 7

Searching for Heavy Higgs bosons

● Example of the neutral MSSM Higgs search

Production 
mechanisms 
motivate the 
definition “b-tag” and 
“no b-tag” (b-veto) 
categories

CMS-PAS-HIG-16-037 

ATLAS-CONF-2016-085

Results interpreted in MSSM scenarios or as cross-section x BR limits 

ATLAS-CONF-2017-050 

G. Barone July-17

A/H→ ττ̅
• Reconstruction of ττ̅ final states.
‣ Two τ decay modes are considered:

✦ All hadronic final state (τhadτhad) both τ decay hadronically. 
✦ Semileptonic final state (τlepτhad) one τ decays hadronically and one leptonically.

10

• Discriminant is total transverse mass:

‣ Missing energy challenges mττ.
‣ Backgrounds larger component in longitudinal axis.
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5.2 ⌧had⌧had channel277

Events in the ⌧had⌧had channel are recorded using single tau triggers with pT thresholds of 80, 125 or278

160 GeV, depending on the data-taking period. Events must contain at least two ⌧had-vis candidates279

with pT > 65 GeV and no electrons or muons. The leading-pT ⌧had-vis candidate must be geometrically280

matched to the object that fired the trigger and must exceed the trigger pT threshold by 5 GeV. The281

leading and sub-leading ⌧had-vis candidates must pass the “medium” and “loose” identification criteria,282

respectively. They must also have opposite electric charge and be back-to-back in the transverse plane:283

|��(⌧1, ⌧2) | > 2.7 rad.284

5.3 Event categories285

Events satisfying the selection criteria in the ⌧lep⌧had and ⌧had⌧had channels are categorised to exploit the286

di�erent production modes in the MSSM. Events containing at least one b-tagged jet enter the b-tag287

category, while events containing no b-tagged jets enter the b-veto category. The categorisation is not288

used for the Z 0 search.289

5.4 Ditau mass reconstruction290

The ditau mass reconstruction is important for achieving good separation between signal and background.291

However, its reconstruction is challenging due to the presence of neutrinos from the ⌧-lepton decays.292

Furthermore, the backgrounds tend to produce a higher mass along the longitudinal axis than in the293

transverse plane, diminishing the separation power. Therefore, the mass reconstruction used for both the294

⌧had⌧had and ⌧lep⌧had channels is the total transverse mass, defined as:295

mtot
T ⌘

q
(p⌧1

T + p⌧2
T + Emiss

T )2 � (p⌧1
T + p⌧2

T + Emiss
T )2

where p⌧1
T and p⌧2

T are the momenta of the visible tau decay products (including ⌧had and ⌧lep) projected296

into the transverse plane and Emiss
T is the missing transverse momentum.297

6 Background estimation298

The dominant background contribution in the ⌧lep⌧had channel arises from processes where the ⌧had-vis299

candidate originates from a quark- or gluon-initiated jet (henceforth called jet). This contribution is300

estimated using a data-driven fake-factor technique, described in Section 6.1. The events are divided301

into those where the selected lepton is correctly identified, predominantly from W+ jets (tt̄) production in302

the b-veto (b-tag) channel, and those where the selected lepton arises from a jet, predominantly multijet303

production. Backgrounds where both the ⌧had-vis and lepton candidates originate from electrons, muons or304

taus (real-lepton) arise from Z/�⇤ ! ⌧⌧ production in the b-veto category and tt̄ production in the b-tag305

category, with minor contributions from Z/�⇤ ! ``, diboson and single top-quark production. These306

contributions are estimated using simulation. Corrections are applied to the simulation to account for307

mismodelling of the trigger, reconstruction, identification and isolation e�ciencies, the electron to ⌧had-vis308

misidentification rate and the momentum scales and resolutions. To help constrain the normalisation309
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Neutral MSSM H→!!
Combined 4 most sensitive channels :  e", e!h, "!h, !h!h (!h = hadronic tau)

2 categorization for two production modes

Dominant backgrounds 

๏ Z→!!, Z→ll, W+jets, QCD and ttbar

Total transverse mass for signal extraction (new!)
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A/H→ ττ̅

12

• Results interpreted as limits on MSSM and hMSSM models

‣ For hMSSM tanβ > 1.0 for mA=0.25 TeV and tanβ > 45 for mA=1 TeV excluded.

‣ For mhmod+ tanβ > 5.3 for mA=0.25 TeV and tanβ > 54 for mA=1 TeV excluded

✦ Presence of low mass neutralinos decrease A/H→ττ branching fraction 

More details of the Z’→ ττ̅ limits in Giacomo Artoni’s talk 

ATLAS-CONF-2017-050
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XàHH production 
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}  Several searches from ATLAS and CMS.   

2 2 The CMS detector and simulation

In this document we report on a search for Higgs pair production, hh, and resonant Higgs pair
production, X ! hh, where one of the h decays as h ! bb, and the other as h ! VV ! lnln
(where V is either a W or a Z boson, and l is either an electron, a muon or a tau lepton, account-
ing for the contamination from leptonic tau lepton decays) using LHC proton-proton collision
data at

p
s = 13 TeV. The analysis focuses on the invariant mass distribution of the b-jet pair,

searching for a resonant-like excess compatible with the h boson mass, in combination with
an artificial neural network discriminant based on kinematic information. The dominant back-
ground is tt production, with smaller contributions from Drell-Yan and single top production.

h

g

g

h

h

�t ��

g

g

h

h�t

�t

Figure 1: Higgs pair production diagrams via gluon fusion in the SM.

2 The CMS detector and simulation

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [43].

The main background processes, in order of decreasing expected yields, are: tt, Drell-Yan, and
single top. Diboson production, ttV production, triboson production, as well as single SM
Higgs production with subsequent decays h ! VV and h ! bb, are also taken into account
in the analysis even if they do not contribute in a visible way. Other contributions, such as W
+ jets or QCD multijet events with jets misidentified as leptons, are negligible due to the tight
dilepton selection. The dominant contribution, especially in the e±µ⌥ selection, arises from
tt production yielding the same final state (2 b-jets, 2 leptons, and 2 neutrinos) when both W
bosons decay as W ! ln.

Background simulation samples have been generated using MADGRAPH 5 versions 2.2.2.0
and 2.3.2.2 [44], POWHEG 2 [45–49] and PYTHIA 8 [50, 51] version 8.205. The non-resonant
(resonant) signal samples have been generated using MADGRAPH 5 version 2.2.2.0 and de-
scribe events at leading order of gluon fusion production of two Higgs bosons (spin-0 or spin-2
narrow resonances decaying into two Higgs bosons). The mass of the Higgs bosons has been
fixed to 125 GeV. One of the Higgs bosons is required to decay into a pair of b-quarks, while
the second one is required to decay to final states containing two leptons and two neutrinos.
This implies that the signal samples contain both h ! Z(ll)Z(nn) and h ! W(ln)W(ln) decay
legs. The SM branching ratios are assumed, therefore the interference in between the two de-

SM 

5

irreducible (tt production), the DNNs exploit information related to object kinematics. The
variables provided as input to the DNNs exploit the presence in the signal of two Higgs bosons
decaying into two b-jets on the one hand, and two leptons and two neutrinos on the other
hand, which results in different kinematics for the di-lepton and di-jet systems between signal
and background processes. The set of variables used as input is: mll, DRll, DRjj, Dfll,jj, defined
as the Df between the di-jet and the di-lepton systems, pll

T, pjj
T, min

�
DRj,l

�
, and MT, defined as

MT =
q

2pll
TEmiss

T (1 � cos(Df(ll, Emiss
T ))).

The DNNs utilize the parameterised machine learning technique [61] in order to ensure optimal
sensitivity on the full range of signal hypotheses considered in these searches. In this approach,
one or more physics parameters describing the wider scope of the problem are provided as
input to the DNN, in addition to reconstructed quantities. The parameterised network is able
to perform as well as individual networks trained on specific hypotheses (parameter values)
while requiring only a single training, and provides a smooth interpolation to cases not seen
during the training phase.

Two parameterised DNNs are trained: one for the resonant and one for the non-resonant
search. In the case of the resonant search, the set of parameters are the mass of the reso-
nance, providing 13 values for the network training (mX = 260, 270, 300, 350, 400, 450, 500,
550, 600, 650, 750, 800, 900 GeV), and a discrete variable indicating the di-lepton flavour com-
bination: same flavour (e+e� and µ+µ�) or different flavour (e±µ⌥). For the non-resonant
search, the parameters are kl and kt, providing 32 combinations of those for the network train-
ing (kl = �20,�5, 0, 1, 2.4, 3.8, 5, 20 and kt = 0.5, 1, 1.75, 2.5), and the flavour variable as in the
resonant case.

The mjj distributions, and resonant and non-resonant DNN discriminants after selection cuts
are shown in Fig. 3 and Fig. 4 respectively. Given their discrimination power between signal
and background, both variables are used to enhance the sensitivity of the analysis. We define
three regions in mjj: two of them enriched in background, mjj < 75 GeV and mjj � 140 GeV,
and the other enriched in signal, mjj 2 [75, 140[. For each region, we use the DNN output as our
final discriminant, as shown in Fig. 5, where the three mjj regions are represented in a single
distribution.
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Figure 3: The mjj distribution for data and simulated events after requiring all selection cuts
in the ee (left), eµ and µe (middle), and µµ (right) channels. The various signal hypotheses
displayed have been scaled to a cross-section of 5 pb.
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}  Di-Higgs production is rare in the SM.  

}  An anomalously large rate (resonant or non-
resonant) can be evidence of NP (e.g. H à hh)   
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}  CMS uses transverse mass of WZ system to search for H± 1705.02942 

1

The discovery [1, 2] of a Higgs boson [3–8] at the CERN LHC marks an important milestone
in the exploration of the electroweak (EW) sector of the standard model (SM) [9–11]. Many
aspects of EW interactions at the energy scale of 1 TeV, however, remain to be explored. At
the LHC, the study of vector boson scattering (VBS) may reveal hints to extensions of the SM.
In particular, extended Higgs sectors with additional SU(2) doublets [12–15] or triplets [16–21]
introduce couplings of vector bosons to heavy neutral or charged Higgs bosons.

Searches for charged Higgs bosons (H±) at the LHC currently focus on the production and the
decay to fermions [22–30], well motivated by the minimal supersymmetric standard model [31].
In this model, the H±tb coupling is the strongest irrespective of the mass of the charged Higgs
boson (m(H±)) and tan b, the ratio of the vacuum expectation values (vevs) of the two Higgs
doublets. Couplings to vector bosons are however largely suppressed in these models.

Fermiophobic charged Higgs bosons appear in Higgs sectors extended by SU(2) triplets. Cou-
plings to W and Z bosons are introduced at tree level. A prominent example is the Georgi–
Machacek (GM) model [32], where real and complex Higgs triplets with high vevs are arranged
to preserve custodial symmetry. In such models, the charged Higgs bosons are produced via
vector boson fusion (VBF) and the couplings depend on m(H±) and the parameter sin qH, or
sH, where s2

H denotes the fraction of the W boson mass squared generated by the vev of the
triplets. The leading Feynman diagram for the production and decay is shown in Fig. 1.

q q0

W±

q q

Z
H±

W±

Z

Figure 1: Feynman diagram showing the production of charged Higgs bosons via VBF.

In this Letter, we discuss the search for charged Higgs bosons that are produced via VBF and
decay via couplings to W and Z bosons. The analysis is performed on a sample of proton-
proton collisions collected at

p
s = 13 TeV center-of-mass energy by the CMS experiment at the

LHC. The data sample corresponds to integrated luminosities of 2.3 and 12.9 fb�1 recorded dur-
ing the years 2015 and 2016, respectively. The search is performed using W and Z bosons decay-
ing into electrons and muons. The event selection requires two jets with large pseudorapidity
separation and high dijet mass to select a VBF topology. The data are compared to the predic-
tions of the GM model for a charged Higgs boson mass range of 200 < m(H±) < 1000 GeV.
In addition, an exclusion limit on the VBF production cross section times branching fraction
(B) for 200 < m(H±) < 2000 GeV is derived. A similar search was performed by the ATLAS
collaboration in proton-proton collisions at

p
s = 8 TeV in the semi-leptonic (WZ ! qq0``) final

state [33].

The signal samples are produced with MADGRAPH5 aMC@NLO v2.2.2 [34]. The WZ produc-
tion in association with two jets involving exclusively weak interactions at tree level is gener-
ated using MADGRAPH5 aMC@NLO and is referred to as EW WZ background. Two jet asso-
ciated WZ production with both the strong and electroweak interaction vertices at tree level is
simulated using POWHEG 2.0 [35–38] and is denoted as QCD WZ background. The Z+jets, Zg,

3

fourth lepton with pT > 10 GeV are rejected. Events are required to have at least two jets
with pT > 30 GeV, and |h| < 4.7. The VBF topology is exploited by requiring that the two
jets of highest pT have large dijet mass, mjj > 500 GeV, and large pseudorapidity separation,��Dhjj

�� > 2.5. To reconstruct a Z boson candidate a pair of same-flavor and opposite-charge
leptons is required to have a dilepton invariant mass within 15 GeV of the nominal Z boson
mass [59]. When there are two or more candidate pairs, the one with the mass closest to the
nominal Z boson mass is chosen. The remaining lepton is associated with the W boson decay,
and it is required to have pT > 20 GeV. The pmiss

T in the event is required to be larger than
30 GeV to select W boson decays. To reject the top-quark background, the event must not have
jets passing the b-tagging selection.

After these requirements, the signal efficiency is about 10–15%, depending on m(H±). For ex-
traction of the signal, the shape of the distribution of the transverse mass variable (mT) obtained
from the WZ system is used

mT(WZ) =
q
(ET(W) + ET(Z))2 � (~pT(W) + ~pT(Z))2,

where the ~pT(W) is reconstructed from the vectorial sum of ~pmiss
T and the lepton ~pT, and ET(W)

is calculated from the scalar sum of the lepton transverse energy and pmiss
T .

A combination of methods using control samples in the data and detailed simulation studies is
used to estimate background contributions. The following background categories are consid-
ered: WZ, ZZ ! 4`, VVV, Zg and processes with nonprompt leptons.

The QCD and EW WZ background constitutes about 80% of the total expected SM back-
ground yield. The normalization of the QCD WZ background is obtained from a background-
dominated sideband defined by the dijet variables outside of the search region where the ex-
pected signal yield is negligible: 100 GeV < mjj < 500 GeV and |Dhjj| < 2.5. In this phase-space
region, expected background contributions from ZZ ! 4`, VVV productions and nonprompt
leptons are subtracted from the number of events in data. The simulated sample of QCD WZ
processes is then normalized to match the observed number of events in this control region.
The estimated normalization of events is consistent with the SM prediction obtained using the
POWHEG NLO cross section calculation. The EW WZ background is obtained at leading-order
using the MADGRAPH5 aMC@NLO simulation and contributes about 30% to the overall WZ
background processes.

The ZZ ! 4`, VVV and Zg contributions are estimated from simulated samples, with correc-
tions to the lepton reconstruction, trigger and selection efficiencies, and momentum scale and
resolution measurements estimated from data control samples. The overall expected contri-
bution from these processes to the total background yield is about 10%, and the uncertainties
in the estimates are dominated by the statistical component introduced by the number of sim-
ulated events passing the event selection requirements. The ZZ ! 4` background is largely
reduced by the pmiss

T requirement and the veto on events containing an additional lepton. The
qq ! ZZ process is normalized to the next-to-next-to-leading order (NNLO) cross section pre-
diction with a K-factor of 1.1 [60] and gg ! ZZ at NLO with a K-factor of 1.7 [61].

The main contributions to nonprompt leptons are from Z+jets and top-quark (tt and tW) events,
where at least one of the jets or a constituent is misidentified as an isolated lepton. The domi-
nant background at the final-selection level is Z+jets. According to the simulation, fewer than
10% of the background events with at least one nonprompt lepton come from top quark pro-
cesses. Data control samples are used to estimate this background. Lepton candidates selected
with loose identification requirements are defined in a sample of events dominated by dijet

5

[0, 100, 200, 400, 600, 800, 1000, 1200, 1500, •)GeV (the last bin is an overflow bin) is shown in
Fig. 2. No event with mT(WZ) > 800 GeV is observed in the data and overall agreement be-
tween the data and SM background prediction is observed.

A combined fit of the predicted signal and background yields in bins of mT to the data is per-
formed to derive expected and observed exclusion limits on sVBF(H±)B(H± ! WZ) at 95%
confidence level using the CLs method [65–67]. The exclusion limits as a function of m(H±) as-
suming a small intrinsic width for H± are shown in Fig. 3 (left). Values for sVBF(H±)B(H± !
WZ) ranging from 573 fb at m(H±) = 200 GeV to 36 fb at m(H±) = 2000 GeV are excluded by
the data.

The model-independent exclusion limits are compared to the predicted cross sections at NNLO
in the GM model [64] in the sH-m(H±) plane. For the probed parameter space and mT distri-
bution used for signal extraction, the varying width as a function of sH is assumed to have
negligible impact on the result. The value of the branching fraction B(H± ! WZ) is assumed
to be one. In Fig. 3 (right), the excluded sH values as a function of m(H±) are shown. The blue
shaded region shows the parameter space for which the H± total width exceeds 10% of m(H±),
where the model is not applicable [64]. The observed limit excludes sH values greater than 0.45,
0.81 and 0.66 at m(H±) = 200, 400 and 1000 GeV, respectively.

Table 2: Yields of selected events in 2015 and 2016 data, together with the expected yields from
various background processes. The statistical and systematic uncertainties are shown. The
signal yields are shown for values of sH = 0.7.

Dataset 2015 2016
Data 9 62
WZ 7.5± 0.5 44.4± 2.5
ZZ 0.2± 0.1 1.6± 0.1
VVV 0.8± 0.1 5.5± 0.3
Zg 0.2± 0.1 1.0± 0.4
Nonprompt 1.3± 0.5 7.4± 2.0
Total bkg. 10.0± 0.8 59.9± 3.5

Signal (m(H±) = 700 GeV) 0.9± 0.1 4.7± 0.5

In summary, we present a search for charged Higgs bosons produced via vector boson fusion
and decaying into W and Z bosons in proton-proton collisions at

p
s = 13 TeV based on a

sample corresponding to an integrated luminosity of 15.2 fb�1. Events are required to have
three leptons (electrons or muons), two jets with large pseudorapidity separation and high
dijet mass, and missing transverse momentum. The number of events observed in the signal
region agrees with the standard model prediction. The first limits on sVBF(H±)B(H± ! WZ)
at

p
s = 13 TeV are obtained. The results are interpreted in the Georgi–Machacek model for

which the most stringent limits are derived.
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and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN;
CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF
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Figure 2: Transverse mass distributions after full selection, for data collected in 2015 (left) and
2016 (right). The background yield predictions correspond to the background-only hypoth-
esis fit result. The signal distribution is shown for m(H±) = 700 GeV and the cross-section
prediction in the GM model at sH = 0.7.
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Other searches for H±   
à in top+b or τν final states 
(from both ATLAS and CMS)  

}  ATLAS recently released the results for a search on H±± 

}  2, 3 and 4 lepton regions (electrons, muons) – use CRs for SM background and VRs  

ATLAS-CONF-2017-053 
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}  Bottom squark pair production: 
}  @CMS: dedicated search in 0L+2b+ET

Miss plus 
interpretation of inclusive analyses (SRs with b-jets) 

}  ATLAS performs dedicated searches also for mixed-
scenarios (0L+2b/1L+2b + ET

Miss) 

}  mCT used as discriminant in both cases 
}  Dedicated selections for “compressed” scenarios  

}  In several cases, constrains also top squark! 

Exclusion limits 
beyond 1 TeV / exp. 
 
Still < 600 GeV for 
compressed regions: Also 
for stop à charm + ET

Miss   

CMS-PAS-SUS-16-032 

ATLAS-CONF-2017-038 
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}  Several dedicated searches targeting SUSY 
scenarios with R-parity violation 
}  Possibly no (not much) ET

Miss à different strategies for 
SM background estimates. Examples: 

 

ATLAS: 1lepton + multi-jets (≥8-12) and (0, ≥3) bjets 
}  SRs binned in Njet, Nbjet  

Gluinos via Lepton/Baryon number- 
violating couplings into quarks  

SM background: ttbar, W/Z+jets estimated 
using parameterized extrapolations on 
observables at low jet multiplicity 

16 8 Results
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Figure 8: The post-fit Nb distributions in the 1-lepton signal region. Plots in the left column
require 500 < MJ < 800 GeV, while MJ > 800 GeV is required in the right column. The top row
shows the 6  Njet  7 signal region, and the bottom row shows the Njet � 8 signal region.
The uncertainty displayed in the ratio plot as error bars reflects data statistics only.

CMS: 0/1 lepton, multi-jets 
(>6-10), MJ and HT selections  

Constraints also on 
masses of top-squarks in 
RPV scenarios > 1.2 TeV 

1704.08493 

CMS-PAS-SUS-16-013 
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}  If colored sparticles have mass above 3-4 TeV scale, EWK 
sector could be the only one accessible  
}  Very low production rate, large dataset needed  

}  Exploit multi-lepton nature of final state events  
}  Depends on chargino/slepton/neutralino mass hierarchy 

}  If decays via sleptons are kinematically forbidded 
}  Final states with WZ, WH, HH, Wγ … depending on the model 

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017
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Figure 2: Distributions of Mbb̄ (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT, and

MCT distributions are shown after the 90 < Mbb̄ < 150 GeV requirement. Signal distributions
are also overlaid as open histograms for various mass points. The legend entries for signal give
the masses (mc̃±

1
, mc̃0

1
) and the amount by which the signal cross section has been scaled for

display purposes.

Small differences between the b tagging efficiencies measured in data and simulation [29] are
corrected using data-to-simulation scale factors to adjust the b tagging probability in simu-
lated events. A correction is also applied to account for differences between lepton selection
efficiencies (trigger, reconstruction, identification, and isolation) in data and simulation.

4 Backgrounds
The backgrounds for this search are classified into six categories, based on the available control
regions and strategies to estimate their contributions. The most important category is “Dilep-
ton top quark,” consisting mainly of tt̄ ! `` and also tW ! `` (where ` is a charged lepton).
The next four categories include processes with a single leptonically-decaying W boson. These
backgrounds are all effectively suppressed by the requirement on MT due to an endpoint at
the W boson mass. One of these categories is “W + light jets,” which here includes all flavors
except b-jets (explicitly, udscg). The next category is from a W boson produced in association
with b-jets, called W + HF for heavy flavor. Another category is WZ production, where the
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125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379

References380

[1] P. Ramond, “Dual theory for free fermions”, Phys. Rev. D 3 (1971) 2415,381

doi:10.1103/PhysRevD.3.2415.382

[2] Y. A. Golfand and E. P. Likhtman, “Extension of the algebra of Poincaré group generators383
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Combined search for electroweak production of charginos
and neutralinos in pp collisions at

p
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Abstract

A statistical combination of several searches for the electroweak production of
charginos and neutralinos is presented. All searches use 35.9 fb�1 of proton-proton
collisions at

p
s = 13 TeV recorded by CMS in 2016. In addition to previously per-

formed searches, an optimized analysis requiring three or more charged leptons (elec-
trons or muons) is presented, targeting the challenging scenario where the differ-
ence in mass between the two least massive neutralinos is approximately equal to
the mass of the Z boson. The results are interpreted in simplified models of super-
symmetric chargino-neutralino or neutralino pair production. When the lightest neu-
tralino is massless in the chargino-neutralino model, the combined result obtains an
observed (expected) limit at the 95% confidence level in the chargino mass of up to
650 (570) GeV in the most favorable scenario, improving upon the exclusion limits
from individual analyses by up to 40 GeV. If the mass difference between the two
least massive neutralinos is approximately equal to the mass of the Z boson in the
chargino-neutralino model, the optimized search for three or more leptons obtains
observed and expected exclusion limits of around 225 GeV in the second neutralino
mass and 125 GeV in the lightest neutalino mass, improving the observed limit by
as much as 60 GeV compared to the previously published result. In the neutralino
pair production model, the observed (expected) exclusion limits from the combined
result extends up to 650–750 (550–750) GeV depending on the branching fraction as-
sumed, extending the observed exclusion achieved by individual analyses by up to
200 GeV. The combined result additionally excludes some intermediate gaps in the
mass coverage of individual analyses.
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Figure 8: Distribution of pmiss
T from SM backgrounds and data in the signal region after simul-

taneously fitting in the signal region and all control regions. Each bin shows the event yields
divided by the width of the bin. The stacked histograms show the individual SM background
distributions after the fit is performed. The blue solid line represents the sum of the SM back-
ground contributions normalized to their post-fit yields. The red solid line represents the sum
of the SM background contributions normalized to the theoretical prediction. The gray bands
indicate the post-fit uncertainty in the background, assuming no signal.
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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Figure 5: Distribution of Emiss
T from SM backgrounds and data in the signal region after simul-

taneously fitting in the signal region and all control regions. The stacked histograms show the
individual SM background distributions after the fit is performed. The blue solid line repre-
sents the sum of the SM background contributions normalized to the post-fit yield. The red
solid line represents the sum of the SM background contributions normalized to the theoretical
prediction. The gray bands indicate the post-fit uncertainty on the background, assuming no
signal.
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.

t

V

g

ui

t

�̄

�

�

d̄j

d̄i

t

�

Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
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The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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Figure 2: The distribution of (a) S Emiss
T

, (b) p��T and (c) phard
T after the selection of diphoton candidates in

120 GeV < m�� < 130 GeV. Expected distributions are shown for a Z0B signal with mZ0B = 200 GeV and Dirac
fermion DM m� = 1 GeV; a Z0-2HDM signal with mZ0 = 1000 GeV, mA0 = 200 GeV and Dirac fermion DM
m� = 100 GeV; and a heavy-scalar model with mH = 275 GeV and scalar DM m� = 60 GeV. These overlaid signal
points are representative of the model kinematics. Only the quadratic sum of the MC statistical and experimental
systematic uncertainties in the total background is shown as the hatched bands, while the theoretical uncertainties in
the background normalization are not included. Overflow events are included in the rightmost bin. The asymmetric
error bars on data points come from Poissonian confidence intervals at 68% confidence level.
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1 Introduction

The discovery of a particle consistent with the Standard Model (SM) Higgs boson in 2012 by the AT-
LAS [1] and CMS [2] collaborations has opened up new possibilities in searches for physics beyond the
SM (BSM). Although strong astrophysical evidence [3, 4] implies the existence of dark matter (DM),
there is no evidence yet for non-gravitational interactions between DM and SM particles. The interaction
probability of DM particles, which are produced in SM particle collisions, with a detector is expected to
be tiny. Thus, many searches for DM at the Large Hadron Collider (LHC) involve missing transverse mo-
mentum (Emiss

T ) produced in association with detectable particles (X+Emiss
T final states). In other X+Emiss

T
searches in proton–proton (pp) collisions, X may represent a jet or a �/W/Z boson, which can be emitted
directly from a light quark as initial-state radiation through the usual SM gauge interactions. However,
SM Higgs boson radiation from initial-state partons is highly suppressed, so events with a final state
compatible with the production of a SM Higgs boson in association with Emiss

T can be sensitive probes
of the structure of the BSM physics responsible for producing DM. Therefore, the SM Higgs boson is
expected to be produced from a new interaction between DM and the SM particles [5]. Both the ATLAS
and CMS collaborations have previously searched for such topologies using 20.3 fb�1 of pp collision data
at
p

s = 8 TeV [6, 7], and 2.3–36.1 fb�1 of pp collision data at
p

s = 13 TeV [8–10], considering the SM
Higgs boson decay into a pair of photons or b-quarks in events with missing transverse momentum. This
paper presents an updated search for DM particles (�) associated with the SM Higgs boson (h) decay to
a pair of photons using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV during 2015 and 2016,

where both the integrated luminosity and the center-of-mass energy are significantly higher than in the
previously published ATLAS analysis [6].

Z 0

Z 0

q̄

q

�̄

�

h

(a)

Z 0

A0

q̄

q

�̄

�

h

(b)

H

g

g

�

�

h

(c)

Figure 1: The Feynman diagrams for the production of DM (�) in association with a SM Higgs boson (h) arising
from three theoretical models considered in this paper: (a) Z0B model, (b) Z0-2HDM model, (c) heavy-scalar model.

Three benchmark models are considered in this analysis. The leading-order (LO) Feynman diagrams
representing the production of h plus Emiss

T in two simplified models [11] are shown in Figures 1(a)
and 1(b). In the first model, a massive vector mediator Z0 emits a Higgs boson and subsequently decays
to a pair of Dirac fermionic DM candidates. A vector-boson mediator arises in many BSM theories
through a minimal extension to the gauge sector of the SM. In scenarios where the DM couples to the SM
only via the Z0 boson (i.e., the Z0B model [5] represented in Figure 1(a)), the associated U0(1) symmetry
ensures the stability of the DM particle. The baryon number B is associated with the gauge symmetry of
U(1)B, and an additional scalar particle (referred to as a baryonic Higgs boson) is introduced to break this
symmetry spontaneously and generate the Z0 boson mass (denoted by mZ0B). The second model (from a Z0-
two-Higgs doublet model (Z0-2HDM) [12], Figure 1(b)) involves the Z0 boson decaying to the SM Higgs
boson and an intermediate heavy-pseudoscalar boson A0, which then decays to a pair of Dirac fermionic
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Heavy scalar model 

Dark(Matter(Searches
• Many(ideas(for(how(dark(matter(
could(couple((weakly)(to(
ordinary(matter(
– Key4signature:4ETmiss

• Many(new(analyses(from(ATLAS(
and(CMS:
– Jet+ETmiss4(CMS)
– Photon+ETmiss (CMS4&4ATLAS)
– W/Z+ETmiss (CMS)
– H+ETmiss (ATLAS)
– Top4+ETmiss (CMS)

Large(effort(from(experiments(to(leave(no(stone(unturned

23

See'WG3'talks'by'C.'Fisher'&'C.'Laner Ogilvy'on'Tuesday

1706.03948 ATLAS-CONF-2017-028 
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}  Monojet event 



Vector-like quarks  
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Background techniques as for SUSY searches:   
à  complex discriminant variables 
à  dedicated CRs and VRs  
à exploitation of ‘boosted’ decay products  

PAIR PRODUCED 
Similarly, ATLAS exploits the 1lepton+jets+MET topology 
 

Good control of SM background  using CRs 
 

Limits up to 1.3 TeV for BR(TàWb)=100% 

}  X = T, B quarks à singly or pair-produced, many objects in decays (W,H,Z,t ..)  

T → W b 

B → W t 

To appear 

XàtH/Wb/tZ 



Vector-like quarks 
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}  m 



Long-lived  

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 55 

What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  

}  small mass-splittings: almost degenerate next-LSP 
heavy messenger: Z', split SUSY 

}  hidden valley  

    DISAPPEARING TRACKS 

Signatures depend 
on the lifetime! 

HEAVY STABLE PARTICLE  

anomalously high energy deposits in the 
silicon tracker and long time-of-flight 
measurements by the muon system.  

Exclusion limits in 300-1300 GeV range 
Depending on the nature of the LLP 

Phys. Rev. D 94 (2016) 112004 



 wide exploration of decay length  
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}  ATLAS summary example  



Long-lived  
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What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  

}  small mass-splittings: almost degenerate next-LSP 
heavy messenger: Z', split SUSY 

}  hidden valley  

    Stopped objects: 

Signatures depend 
on the lifetime! 

Search for LLP (gluinos, stops) that come to rest in the detector after losing kinetic energy 
Signature will be a randomly-timed, large energy deposit in the calorimeter 

Javier Montejo Berlingen
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Stopped long-lived particles, CMS
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• Search for long-lived particles (gluinos, stops) that come to rest in the detector 
after losing kinetic energy 

• Signature will be a randomly-timed, large energy deposit in the calorimeter 
• Select events with a jet trigger in empty crossings, at least two crossings away 

from collisions 
• Efficiency for the signal to stop in the detector and to be reconstructed obtained 

from simulation

EXO-16-004

NEW

2015 gluino 2015 stop 2016 gluino 2016 stop

#
stopping

5.4% 4.5% 5.4% 4.5%

#
reco

47.2% 35.5% 53.3% 39.9%

#
neutronCSC

98.0% 98.0% 94.4% 94.4%

#
muonChamber

97.7% 97.7% 87.7% 87.7%

#signal 2.5% 1.8% 2.3% 1.4 %

Javier Montejo Berlingen
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 > 70 GeVjetE
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 expected (median)t~ 
σ1± expected t~ 
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Stopped long-lived particles, CMS
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• No significant excess observed, limits are set as a function of mass and lifetime of the 
particle, spanning 13 orders of magnitude

NEW

EXO-16-004

Period Livetime (hrs) Noise Cosmics Halo Total Observed
2015 control - 0.3+2.4

�0.3 1.7 ± 0.6 0 - 2
2015 135 0.4+2.9

�0.4 2.6 ± 0.9 1.1 ± 0.1 4.1+3.0
�1.0 (the median is 6.2) 4

2016 control - 0+2.2
�0 2.5 ± 0.9 0 - 2

2016 586 0+9.8
�0 8.8 ± 3.1 2.6 ± 0.2 11.4+10.3

�3.1 (the median is 17.4) 13

Efficiency to stop in the detector 

CMS-PAS-EXO-16-004  



Long-lived  
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What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  

}  small mass-splittings: almost degenerate next-LSP 
heavy messenger: Z', split SUSY 

}  hidden valley  

    More on displaced Vertex (LHCb) 

Signatures depend 
on the lifetime! 

1705.07332 
displaced vertex with two associated jets 
m(LLP): 25-50 GeV,  
τLLP  ~ 2-500 ps 
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Figure 1: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2011 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.

evidence for so far unknown long-lived particles is observed and limits are set as a function
of mass and lifetime. These measurements complement other constraints on this production
model at the LHC [13, 15] by placing stronger constraints at small masses and lifetimes.
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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Assume an Higgs-boson like à 2 LLP 

7 and 8 TeV data 
Complement ATLAS and CMS 

searches at low masses and lifetimes  



Long-lived particles   
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What makes a particle long-lived: 
}  small couplings: RPV decays, dark sector coupling  

}  small mass-splittings: almost degenerate next-LSP 
heavy messenger: Z', split SUSY 

}  hidden valley  

    Displaced objects:          VERTEX 

Signatures depend 
on the lifetime! 

JETS 

Javier Montejo Berlingen

Displaced vertices, ATLAS

9

• Three main sources of background: 
• Hadronic interactions, can be suppressed building a material 

map from minimum bias events 
• Residual contamination estimated from fit to mDV 

distribution assuming an exponential distribution 

• Close-by decays of short-lived SM particles merged into a 
single vertex 
• Estimated merging randomly vertices from different events 
• Distribution normalized at > 1 mm to same-event merged 

vertices 

• Unrelated track crossing a SM particle decay or hadronic 
interaction 
• Add pseudo-tracks sampled from track template built in 

every radial region 
• Normalized in data comparing the 3-track and (2+1)-track 

templates to extract a crossing factor

ATLAS-CONF-2017-026

DV from LLP are massive.  
E.g.: non-prompt gluinos 

long-lived scalar neutral particles decaying to jets 
Dedicated tagging algorithm to identify displaced jets  
 

EXO-16-003 

Javier Montejo Berlingen

Displaced jets, CMS
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• Pair production of long-lived scalar neutral 
particles decaying to jets, or top squarks 
decaying to b+lepton through RPV coupling 

• Dedicated tagging algorithm to identify displaced 
jets based on  
• !jet: sum of track pT associated to jet over sum 

of track pT coming from PV 
• Θ2D: angle between track and direction to PV 
• IP2Dsig: significance of tracks' transverse 

impact parameter 

• Background is estimated by measuring and 
applying the misidentification rate in events with 
Ntag ≤ 1

EXO-16-003

Javier Montejo Berlingen

Displaced jets, CMS

11

• Pair production of long-lived scalar neutral 
particles decaying to jets, or top squarks 
decaying to b+lepton through RPV coupling 

• Dedicated tagging algorithm to identify displaced 
jets based on  
• !jet: sum of track pT associated to jet over sum 

of track pT coming from PV 
• Θ2D: angle between track and direction to PV 
• IP2Dsig: significance of tracks' transverse 

impact parameter 

• Background is estimated by measuring and 
applying the misidentification rate in events with 
Ntag ≤ 1

EXO-16-003

1 event obs. in 
one category 
  
Not significant 



Summary dijet searches  
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}  Dijet searches sensitive to several BSM 
models  

}  Coupling-mediator mass plane from dijet 
searches using 2015+2016 data. 



dijet 
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}  Angular correlations 

dijet
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Figure 3: The 95% CL observed (blue) and expected (light blue) excluded regions in the plane
of dark matter mass vs. mediator mass, for a (top) vector mediator and an (bottom) axial-vector
mediator for a DM benchmark model with gDM = 1.0 and gq = 1.0 are compared to constraints
from the cosmological relic density of DM (light gray) determined from astrophysical measure-
ments and MADDM version 2.0.6 [65, 66].

6 Summary

Normalized dijet angular distributions have been measured with the CMS detector over a wide
range of dijet invariant masses. The distributions are found to be in agreement with predictions
of perturbative quantum chromodynamics and are used to set lower limits on the contact in-
teraction scale for a variety of quark compositeness models, extra spatial dimensions, quantum
black hole production, and simplified models of a quark and dark matter interactions. For the
first time, a lower limit at the 95% confidence level of gq > 1 on the universal quark coupling
of a dark matter mediator with masses between 2.5 and 5.0 TeV for (axial-)vector mediators is
set in a region that is not accessible through dijet resonance searches. The lower limits for the

DM mass vs. mediator mass: 
•  vector mediator  
•  benchmark model with gDM = 1.0 and gq = 1.0  
•  compared to constraints from cosmological relic 

density of DM determined from astrophysical 
measurements and MADDM version 2.0.6 

CMS PAS EXO-16-046 
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}  qqqq: https://cds.cern.ch/record/2256663?ln=en 

}  2l2nu: https://cds.cern.ch/record/2264700?ln=en 

}  VH: https://arxiv.org/abs/1707.01303 

}  2l2q: https://cds.cern.ch/record/2242955?ln=en [partial 2016 statistics] 

}  lnuqq: https://cds.cern.ch/record/2205880?ln=en [partial 2016 statistics] 

}  HH (4b): https://cds.cern.ch/record/2264684?ln=en 

}  X53X53 (same-sign dileptons): https://cds.cern.ch/record/2256747?ln=en 

}  X53X53 (lepton+jets): https://cds.cern.ch/record/2264686?ln=en 

}  TT->WbWb: https://cds.cern.ch/record/2264685?ln=en 

}  single production: additional full 2016 result in the tZ channel:  
https://cds.cern.ch/record/2256762?ln=en 



LHCb highlights 

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 63 

}  Exceptionally charming particle: doubly charmed particle 
}  Ξcc

++, a baryon  

This discovery opens a new field 
of particle physics research. 
 
à An entire family of doubly 
charmed baryons related to the 
Ξcc

++ is predicted!  


