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We got data

• Fantastic increase in sensitivity w.r.t. LHC run1 
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We also got pileup

We are at twice the LHC design luminosity 
(and design pileup)
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This is from a special fill with <µ>=100

Two Z candidates from different vertices !



…but we can handle that 
• Detectors, trigger, and computing are 

dealing well with the LHC 
performances


• In some cases, thanks to upgrades (for 
example, the ATLAS Pixel readout has 
been upgraded during run2 to cope 
with the high bandwidth) 


• Combined Performance groups are 
constantly improving performances 
with smarter algorithms 


• This talk focuses on physics results 
but these wouldn’t have been 
possible without the lower level 
work on detector and 
reconstruction software
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JETM-2017-009

CMS-PAS-JME-16-004

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-009/


Is the best behind us ? 

• With constant collision energy and constant luminosity, it takes increasingly 
more time to improve the reach with just more data


• Better prospects for low mass weakly coupled particles than heavy stuff. 
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system mass 100 GeV 1 TeV 4 TeV

run1 => run2 115% 87% 70%

run2=> run3 26% 19% 13%

run3 => run5 90% 50% 24%

Increase in the mass reach of runX over runY, as a function of the mass reach of runX.
Numbers given for gluon fusion production. 

Calculated with collider-reach.web.cern.ch 



not really…

• most searches have exploited only a quarter of the anticipated 
run2 data 


• reconstruction and analysis techniques are getting better


• emphasis is shifting from "analyze the new data as soon as 
possible" to “develop a smarter analysis". Not all searches are 
statistically limited 


• new signatures : we have not looked everywhere. We only need 
one positive result.
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where is the new physics ?
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ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

21   Other physics beyond the Standard Model 941

Some additional cuts have been applied on the transverse momentum of the lepton, in order to
further enhance the signal and reduce the background. The event rates and the corresponding
statistical significances strongly depend on the coupling ofW’ to theWZ pair. In the following, a
SM-like situation will be referred to when the coupling of W’ to the WZ pair is equal to the
Standard Model coupling of W to WZ reduced by a factor (m(W)/m(W’))2: the corresponding
cross section will be further denoted by (σΒ)SM. Table 21-12 shows the event rates for the signal
and background in the three lepton final state; to the total background includes the contribution
from top pair events

In order to accommodate different couplings from other possible models, the limiting value of
the W’WZ coupling, corresponding to a significance of 5σ after 300 fb-1 has been determined.
The cross section associated with this discovery limit will be further denoted by (σΒ)limit. In
Figure 21-31, the ratio of the cross section leading to a 5σ significance to the cross section calcu-
lated with SM-like coupling for the W’ boson is plotted as a function of m(W’), in the range be-
tween 500 GeV and 3 TeV. .

Figure 21-28 Discovery potential for a new Z’ neutral
boson with 100 fb-1 as a function of the Z’ mass and
the ratio of its coupling strength to that of a Standard
Model Z.

Figure 21-29 Expected transverse mass distribution
for W’ → eν decays above the dominant W → eν back-
ground, with m(W’) = 4 TeV and for an integrated lumi-
nosity of 100 fb-1.

Table 21-12 Event rates for the signal and background for 300 fb-1

mW’ = 500 GeV σSM = 0.232 pb
mT > 275 GeV BWZ BZZ  Btotal
    no cut     25446     5368      535     28736 *     150.1

mZ

 pT l,ν > 50 GeV

pT Z > 200 GeV

     7884      341       16       357     417.4

mW’ = 1000 GeV σSM = 1.506 10-2 pb

* Including tt background

Wʹ WZ→ S B⁄

3Γ+−

ATLAS Physics TDR, 1999

ATLAS-CONF-2018-017 JHEP 03 (2018) 076

13.8. Inclusive analyses with opposite sign dileptons 423

)2) (GeV/c-l+M(l
0 20 40 60 80 100 120 140 160 180 200

nu
m

be
r o

f l
ep

to
n 

pa
irs

0

5

10

15

20

25

30

35

40

45
CMS

1 fb-1LM1

ttbar

Figure 13.8: Invariant mass distribution of µ+µ� + e+e� and µ±e⌥ pairs at LM1 for 1 fb�1

luminosity. The contribution from the tt̄ background is also shown.

The tt̄ and WW+jets backgrounds are also strongly reduced by the flavour subtraction. The
resulting dilepton invariant mass distribution is fitted using a triangular function smeared
(for resolution effects) with a Gaussian to extract the end-point related to the kinematics of
the decay �̃0

2 ! l̃Rl! l+l��̃0
1. The value obtained from 1 fb�1 of integrated luminosity is:

Mmax
ll = 80.42± 0.48 GeV/c2 (13.19)

to be compared to the expected value of 81.04 GeV/c2 for the masses m(�̃0
1) = 95, m(�̃0

2) = 180
and m(l̃R) = 119 GeV/c2. The signal-to-background ratio at point LM1 is 4.1, the total sig-
nal efficiency is 1.6% and the background composition is 69% of total ttbar, 11.6% of total
WW+jets, 10% Z+jets, 3% DY, 2% Zbb, 1% ttbb, 1% ZZ+jets, fractions the others. The total
efficiency for the QCD background is too low to be directly calculated, and is then estimated
through a factorisation, considering separately the effects due to the single selection cuts.
Although the number of surviving QCD events is expected to be negligible, a residual QCD
background is still possible, which will be measured using the real data. A statistical signifi-
cance of 5 sigma, calculated using ScP defined in Appendix A.1, is achieved with 14 pb�1 of
integrated luminosity. At this luminosity 12.8 signal events are expected with 3.1 Standard
Model background events. Therefore this signature is a strong probe for early discovery of
low mass supersymmetry.

Systematic uncertainties have been evaluated under the assumption that control data are
used for the Standard Model processes. Hence no uncertainties on the theory cross sections,

CMS Physics TDR, 2006

Fitted signal, with 2.3 (1.5) local 
(global) significance

https://cds.cern.ch/record/942733/files/Final_printing.pdf


now we have many searches…  
(far more than I can talk about)
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There are O(100) papers on direct BSM searches 
from ATLAS and CMS each in each iteration (i.e. 
without counting updates with more luminosity)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic 
http://cms-results.web.cern.ch/cms-results/public-results/publications/



so I need to choose
• Supersymmetry : still a major option to address 

naturalness and Dark Matter and I like it 


• Dark Matter related searches (monoX and resonances) : 
motivated by Dark Matter and naturalness (which suggest 
weak scale Dark Matter)


• Vector Like Quarks and W’/Z’ (addressing naturalness 
though Higgs compositeness) 


• leptoquarks (motivated by flavor anomalies)



Supersymmetry



why SUSY is cool ? 

• Electroweak symmetry 
breaking predicted and natural


• Dark Matter candidate


• Unification of forces


• SUSY gives a very rich variety 
of signatures and associated 
searches 
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Theory

I “Unnatural” fine-tuning of m
2
H

) presence of scalar top partner
would cancel quadratic radiative
corrections and protect m
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H

I No gauge coupling unification in
the Standard Model
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+ = 0

Only works if stop not much heavier than top and Higgs !

Bullet Cluster (astro-ph/0608407)

(Planck: 1502.01589)

I Strong evidence for Dark Matter
from astronomy and observational
cosmology

I What is it made up of?
We don’t know.

I Can we produce it at the LHC?

Minimal Supersymmetric Standard Model (MSSM) ATLAS (A Toroidal LHC ApparatuS) 
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Process:              [2] 
!  R-parity, PR=(-1)3(B-L)+2S, conservation is assumed  
!  The lightest supersymmetric particle (LSP) is stable 
!  The lightest neutralino is the  LSP  
!  Final state characterized by: 

"  at least four jets; 
"  large missing transverse energy 

t̃1 ! t(⇤)�̃0
1

Two different analysis strategies targeting respectively: 
"  High top-squark masses ~ 1000 GeV: 

#  the dominant Standard Model process is              in association with jets initiated by 
heavy-flavor quarks; 

#  the reconstruction of the two top candidates is performed by applying the anti-kt 
clustering algorithm to the R=0.4 jets using reclustered distance parameters of R=0.8 
and R=1.2; 

#  Two R=1.2 reclustered jets are required; 
#  the events are divided into three categories based on  the resulting reclustered jet 

masses                 : 
•  events with 2 top candidates, 
•  events with one top and a W candidate, 
•  events with only one top candidate. 

"                         : 
#  signal topology very similar to Standard Model (SM)     production; 
#  the presence of an high-momentum ISR is required to boost the di-top squark system in 

the transverse plane. 
#  signal regions are separated into windows based on ranges of                                   .   

Z ! ⌫⌫̄

m(t̃1) ⇡ m(t) +m(�̃0
1)

tt̄

RISR ⌘ Emiss
T

pISR
T

⇡ m�̃0
1

mt̃

No significant excess has been observed. 

mi=0,1

jet,R=1.2

Top candidate if                        . mi=0,1

jet,R=1.2
> 120 GeV

Processes:                   [3] t̃1 ! t�̃0
2/t̃2 ! h/Zt̃1

!  R-parity conservation is assumed  
!  The lightest supersymmetric particle (LSP) is stable 
!  The lightest neutralino is the  LSP  
!  Signal models: 

"    
 
 
 

"    
 
 

"    
 
 

!  Final state characterized by: 
"  large missing transverse energy 
"  b-jets 

t̃1 ! t�̃0
2

,! Z�̃0
1 (BR=0.5)

,! h�̃0
1 (BR=0.5)

t̃2 ! Zt̃1

,! t�̃0
1

t̃2 ! ht̃1

,! t�̃0
1

�M(t̃2, t̃1) = 180 GeV

Two different analysis strategies targeting the scenarios where: 
 
"  Z boson is produced: 

#   at least three leptons (electrons or muons); 
#   at least one same-flavour opposite-sign lepton pair 

whose invariant mass is compatible with the Z boson 
(                                ); 

#   at least one b-tagged jet. 
 

 

"  Higgs boson is produced:  
#  one or two leptons (electrons or muons); 
#  at least 4 b-tagged jets; 
#  the pair of b-tagged jets with the smallest angular 

distance is required to have an invariant mass 
consistent with the Higgs boson mass 
(                                 ). 

|mll �mZ | < 15 GeV

|mbb �mh| < 15 GeV

No significant excess has been observed. 

Processes:         [4] t̃1 ! q̄j q̄k

!  R-parity is not conserved    
!  The lightest supersymmetric particle (LSP) is unstable 
!  The lightest top squark is the  LSP  
!  Baryon number is not conserved  
!  Final state characterized by: 

"  four jets forming two pairs, originating 
from a pair of equal mass resonance. 

The two jets pairs are identified by minimizing  the following 
quantity: 
 
 
 
where     is the angular distance between the  two jets for 
the ith pair.  

Discriminant variables: 
"  average mass, mavg, of the two resonance 

candidates; 
"  mass asymmetry between the two resonance 

candidates |m1-m2|/(m1+m2);  
"  cosine of the angle formed by the two resonances 

and the beamline in their centre of mass frame  

X

i=1,2

|�Ri � 1|

�Ri

Two different analysis strategies:  
"  inclusive selection:  

#  at least 4 jets 
 
 
 

 
"  b-tagged selection:  

#  at least  4 jets 
#  At least 2 b-tagged jet 

No significant excess has been observed. 

Fermions-Bosons Symmetry [1]: 
"  bosonic SUSY partner for each chiral component of 

the SM fermions (squarks, sleptons); 
"  Fermionic SUSY partner for each SM boson (gauginos); 
"  2 Higgs doublets are introduced, together with their 

SUSY partners (Higgsinos). 

Spontaneous symmetry breaking leads to particles mixing: 
$  4 neutral mass eigenstates, neutralinos, are obtained from neutral Higgsinos and gauginos mixing 

(                                     ); 
$  2 charged eigenstates, charginos, are obtained from charged Higgsinos and gauginos mixing 
    (                             ); 
$  Elements from (        ), (         ) and  (         ) mix to obtain: 

•                          ;        
•                   ; 
•                         . 

�̃0
i=1,2,3,4[m�̃0

1
< m�̃0

2
< m�̃0

3
< m�̃0

4
]

t̃L, t̃R b̃L, b̃R ⌧̃L, ⌧̃R

⌧̃i=1,2[m⌧̃1 < m⌧̃2 ]
b̃i=1,2[mb̃1

< mb̃2
]

t̃i=1,2[mt̃1 < mt̃2 ]

 SUSY particles mass and mixing angles 
are free parameters for the theory 

Arranged with cylindrical  
symmetry and hermetic coverage.  

~Emiss
t = �(

X
P e
t +

X
Pµ
t +

X
P ⌧
t +

X
P �
t +

X
P jets
t +

X
P soft
t )

Missing transverse momentum (   ) 
coming from undetected particles 
(neutrinos or other undetectable 
neutral SUSY particles, like 
neutralinos), used for Missing 
Transverse Energy (         ) definition.  ~Emiss

t

~Pt

All results here shown are obtained using the full dataset 2015+2016 
from LHC p-p collisions at √s = 13 TeV 

�̃±
i=1,2[m�̃±

1
< m�̃±

2
]

Theory

I “Unnatural” fine-tuning of m
2
H

) presence of scalar top partner
would cancel quadratic radiative
corrections and protect m

2
H

I No gauge coupling unification in
the Standard Model

Only a coincidence ? 

• Requires R-parity 
conservation 

• Constraints from relic 
density and direct 
detection limits



Natural mass spectra

• Naturalness motivates 
searches of gluinos, third 
generation squarks, light 
higgsino-like LSP


• In principle one can compute fine-tuning 
from sparticle masses, but there are 
caveats (like masses not being 
independent parameters but generated by 
the unknown symmetry breaking 
mechanism) 


• How much fine tuning are you prepared to 
accept ?  
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H̃

t̃L

b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃

L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

Mean apparent sizes (2% tuning): 
Moon 31.5’ 
Sun  32.1’ 
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t̃2

b̃L

Closeness to Higgs

g̃

h̃0
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Would I prefer a factor of 3 lower?

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Bottom-up natural spectrum

Fig. from L.Hall’s talk
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L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
2 

So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 

 mH
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Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 



gluino searches

• Colour octet, high cross section


• Relatively mild dependence of limits 
on decay mode.  


• Limits will only improve slowly 
(factor 10 cross section between 
2.0 and 2.5  TeV) 

!13 * using formulas from Papucci et al., arXiv:1110.6926. Caveats apply !

FINE TUNING < 20*

PRD 96, 0322003



top squark searches
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FINE TUNING < 20* 

boosted top, large MET

ISR + tt +MET

ISR+MET, soft leptons, soft b-jets

Summary plot assuming direct 
decay to the lightest neutralino

For CMS equivalent see https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSUS/T2tt_limits_summary_cms_Moriond17.pdf

* using formulas from Papucci et al., arXiv:1110.6926. Caveats apply !



top squark, less simplified
• stop limits gets weaker for more complex (realistic?) decays


• Searches were optimized on simplified models and only interpreted in the more 
complex ones 
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the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

green curve : tR production 
blue and red : tL/bL production Several EWKinos (higgsino-bino mix) in a few tenths of GeV

Still it seems difficult to have a stop below 400 GeV. Do we have any holes in low mass coverage ? 

ATLAS stop higgsino ATLAS stop well tempered

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Stop_higgsino/ATLAS_SUSY_Stop_higgsino.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_Stop_binohiggsino/ATLAS_SUSY_Stop_binohiggsino.png


compressed stops

• Small Δm motivated by Dark Matter (stop-bino 
coannihilation)  


• Signature is ISR+bb+MET and ISR+cc+MET, relatively 
strong limits set by CMS


• Mixtures of 4-body and charm decay modes might be less 
constrained ?
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arXiv:1805.05784

stop to b f f’ N1

stop to b f f’ N1 via C1

stop to c N1

Phys Lett B 778, 263



electroweak simplified
• bino LSP, wino NLSP is the benchmark signal model. 


• Very tight limits if sleptons are between bino and wino. 
Otherwise : 


• C1 N2 => N1 W N1 Z 


• C1 N2 => N1 W N1 h


• C1 C1 => W N1 W N1 (more difficult, weaker limits than from 
either C1N2 final state) 


• The figures are a statistical combination of relevant 
searches, interpreted in each model. It’s nice to see that the 
50-50% BR case has a similar sensitivity (expected limit) 
than the pure higgs decay ! 


• Is m(LSP) < 100 GeV and m(NLSP) < 500 GeV excluded ?  
Only for wino cross sections… 

!17

JHEP 03 (2018) 160



robust limits ? 
• Let’s take µ=300 GeV, M1=50 GeV (heavy winos). More natural than the wino 

NLSP model (neither is a good choice for relic density) 


• N2C1 + N3C1 cross section is 180 fb (the wino cross section is 386 fb) 


• N2(N3) decays mostly to ZN1 (hN1) so WZ+MET and WH+MET final states are 
roughly equally likely 


• The CMS cross section limit is about 200 fb, so this mass is well inside the 
wino exclusion contour, but an higgsino-like N2,N3,C1 triplet is allowed 

!18

σ(h)

σ(W)

FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.

9

Han et al. 
arXiv:1309.5966

~

~



higgsino searches
• If an higgsino-like N1 is the LSP and 

everything else is heavy, a mass-
degenerate triplet of states is left - the 
ultimate challenge !


• Since the higgsino mass m drives fine 
tuning it’s a very motivated scenario 


• First limits from ATLAS and CMS now 
available 


• Still a gap for 0.3 < ΔM < 2 GeV 
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Soft leptons+jet+MET 
pT(e/µ) down to 4.5(4) GeV 
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Figure 6: Comparison of observed and expected event yields in the validation regions after the background-only fit.
Background processes containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’. The category
‘Others’ contains rare backgrounds from triboson, Higgs boson, and the remaining top-quark production processes
listed in Table 1. Uncertainties in the background estimates include both the statistical and systematic uncertainties,
where �tot denotes the total uncertainty.

background-only fit, are µ
Z(⇤)/�⇤!⌧⌧ = 0.72 ± 0.13 and µtop = 1.02 ± 0.09, whose uncertainties include

statistical and systematic contributions combined.

The accuracy of the background predictions is tested in the VRs discussed in Section 6. As illustrated
in Figure 6, the background predictions in the VRs are in good agreement with the observed data yields
(deviations < 1.5�). Figure 7 shows distributions of the data and the expected backgrounds for a selection
of VRs and kinematic variables including the m`` distribution in VR-VV and the m100

T2 distribution in
VR-SS. Data and background predictions are compatible within uncertainties.

Figure 8 shows kinematic distributions of the data and the expected backgrounds for the inclusive SRs.
No significant excesses of the data above the expected background are observed.

The observed and predicted event yields from the background-only fit are used to set model-independent
upper limits on processes beyond the SM by including one inclusive SR at a time in a simultaneous fit with
the CRs. Using the CLs prescription [123], a hypothesis test is performed to set upper limits at the 95%
confidence level (CL) on the observed (expected) number of signal events S95

obs (exp) in each SR. Dividing
S95

obs by the integrated luminosity of 36.1 fb�1 defines the upper limits on the visible cross-sections h✏�i95
obs.

These results are shown in Table 5. To quantify the probability under the background-only hypothesis to
produce event yields greater than or equal to the observed data the discovery p-values are given as well.

17

ATLAS higgsino summary plot 

CMS compressed higgsino : PLB 782, 440 
CMS disappearing track : arXiv:180407321  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/ATLAS_SUSY_EWSummary_higgsino/ATLAS_SUSY_EWSummary_higgsino.png


g-2 and sleptons

Direct slepton limits not yet covering


• mass differences 20 < ΔM(l,N1) < 50 GeV


• beware of simplified model assumptions !  The N1 l 
decay might easily compete with C1 v => N1 v+soft 


• still need to probe direct stau production
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Figure 6. Two-dimensional projections of the global likelihood function for the pMSSM11 in the
(m�̃±

1
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1
) planes (upper panels) and the (MA, tan �) planes (lower panels), including the (g � 2)µ

constraint (left panels) and dropping it (right panels).

ingly, when this constraint is not applied a priori
(green lines), whilst a very small SUSY contri-
bution to (g � 2)µ is preferred, a wide range of
values of (g � 2)µ are found to be allowed at the
��

2⇠ 2 level and the experimental value can be
accommodated at the 1.5-� level. Although the
other data certainly do not favour a large SUSY
contribution to (g � 2)µ, neither do they exclude
it.

4.2. Sparticle Masses

Squarks and gluinos
The profile likelihood functions for squarks and
gluinos are shown in Fig. 8. The left panel is
for mq̃, where we see that when the 13-TeV
LHC data and (g � 2)µ constraint are included
(solid blue line), there is a monotonic decrease
in �

2 as mq̃ increases, with mq̃ & 1.9 TeV at
the 95% CL (horizontal dotted line). This con-
straint is much stronger than that obtained with
8-TeV data alone (dashed blue and green lines):

Chargino coannihilation  
(sleptons below 750 GeV)

Slepton coannihilation  
(nearly degenerate slepton  
and bino like neutralino)
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Figure 8: Observed and expected exclusion limits on SUSY simplified models for (a) chargino-pair production,
(b) slepton-pair production, (c) chargino–neutralino production with slepton-mediated decays, and (d) chargino–
neutralino production with decays via W/Z bosons. The observed (solid thick red line) and expected (thin dashed
blue line) exclusion contours are indicated. The shaded band corresponds to the ±1� variations in the expected
limit, including all uncertainties except theoretical uncertainties in the signal cross-section. The dotted lines around
the observed limit illustrate the change in the observed limit as the nominal signal cross-section is scaled up and
down by the theoretical uncertainty. All limits are computed at 95% confidence level. The observed limits obtained
from ATLAS in Run 1 are also shown [23].
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Light charginos and sleptons ?
arXiv:1803.02762



Supersymmetric Higgs sector
Higgs decays to SUSY particles can be large in 
some regions of parameter space (see for example 
R.K. Barman et al., arXiv:1607.00676)

!21

PRL 119, 191803

hMSSM summary plot

H(ττ)

Zh
, h

h,
 W

W
, Z

Z

H(tt) dominant 
difficult !

ATLAS search targeting H(tt) [resonance with interference]

CMS search with SS leptons targeting 4-top production
EPJ C77, 578

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/ATLAS_HIGGS5101_BSM_hMSSM_tanb_vs_mA_Summary_LargeRange/ATLAS_HIGGS5101_BSM_hMSSM_tanb_vs_mA_Summary_LargeRange.png


SUSY - summary
• gluino searches : good coverage, ~2 TeV limits for light LSP, will improve by a few 

hundred GeV by the end of run3


• stop searches : rich phenomenology, masses in 400-1000 GeV still possible for non 
trivial decay chains. 


• EWKinos : light non compressed spectrum still possible with higgsino cross section, 
but will be probed with current data. Compressed EWKinos and direct slepton 
searches also well motivated. 



Dark Matter



Dark Matter searches
• Looking for Dark Matter particles recoiling 

from SM objects => mono-X


• Mostly using simplified models with a 
mediator


• Plenty of parameters : at least mediator 
mass, spin/parity and couplings to SM 
and DM, and DM mass 


• mono-jet is the more powerful channel for 
simplest diagrams


• full theory can be more complicated (with 
additional particles, etc.),  mono-X signatures 
can arise from decay of heavy particles


• qq => mediator => qq diagram : link with 
resonance searches

!24

Spin-1 Mediator

 5

• Probed through several ISR based MET+X searches 
• Look for MET + a high pT photon, Z or jet
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Fig. 1 Pair production of
dark-matter particles (χχ̄ ) in
association with a photon via an
explicit s-channel mediator
(left), or via an effective γ γχχ̄
vertex (right)
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duction of the intermediate state, as shown in Fig. 1 (left),
avoid this limitation. This paper focuses on simplified 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 mχ , the mediator mass mmed, the width of the media-
tor #med, the coupling gq of the mediator to quarks, and the
coupling gχ of the mediator to the dark-matter particle. In
the limit of a large mediator mass, these simplified models
map onto the EFT operators, with the suppression scale1 M∗
linked to mmed by the relation M∗ = mmed/

√gqgχ [11].
The paper also considers a specific dimension-7 EFT oper-

ator 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 genera-
tor [10,12]. The process describing a contact interaction of
type γ γχχ̄ is shown in Fig. 1 (right). In this model, DM pro-
duction proceeds via qq̄→ γ → γχχ̄ , generating an ener-
getic 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),
mχ , and the suppression scale M∗.

Many BSM models [13,14 ] introduce new bosons through
either an extension of the Higgs sector or additional gauge
fields. In some of those, the bosons are predicted to decay
into electroweak gauge bosons: the analysis presented here
also searches for such a resonance decaying into Zγ , which
would lead to an excess of energetic γ +Emiss

T events when
the Z boson subsequently decays to neutrinos.

The ATLAS and CMS collaborations have reported lim-
its in various models based on searches for an excess of
γ + Emiss

T events using pp collisions at centre-of-mass ener-
gies of

√
s = 7 and 8 TeV (LHC Run 1) and with the first

LHC Run-2 data collected in 2015 at a centre-of-mass energy
of 13 TeV [15–19]. A χχ̄ pair can also be produced in asso-
ciation with other objects leading to different X+Emiss

T sig-
natures, where X can be a jet, a W boson, a Z boson or a
Higgs boson. DM searches are hence performed in a vari-

1 The suppression scale, also referred to as $, is the effective mass scale
of particles that are integrated out in an EFT. The non-renormalisable
operators are suppressed by powers of 1/M∗.

ety of complementary final states [20–24 ]. The γ + Emiss
T

final state has the advantage of a clean signature providing
a good complementarity with respect to the other X+Emiss

T
processes. Moreover it also offers the unique possibility to
probe for DM models in which the photon does not come
from initial-state radiation. This paper reports the results of
a search for dark matter and for a BSM Zγ resonance in
γ + Emiss

T events in pp collisions at a centre-of-mass energy
of

√
s = 13 TeV using the Run-2 data collected in 2015 and

2016, corresponding to an integrated luminosity of 36.1 fb−1.
As described in Sect. 5, this search follows a strategy similar
to that implemented in Ref. [17], but with multiple signal
regions optimised to take advantage of the tenfold increase
in integrated luminosity.

The paper is organised as follows. A brief description
of the ATLAS detector is given in Sect. 2. The signal and
background Monte Carlo (MC) simulation samples used are
described in Sect. 3. The reconstruction of physics objects
is explained in Sect. 4 , and the event selection is described
in Sect. 5. Estimation of the SM backgrounds is outlined in
Sect. 6. The results are described in Sect. 7 and the systematic
uncertainties are given in Sect. 8. The interpretation of results
in terms of models of pair production of dark-matter candi-
dates and of BSM production of a high-mass Zγ resonance
is described in Sect. 9. A summary is given in Sect. 10.

2 The ATLAS detector

The ATLAS detector [25] is a multipurpose particle physics
apparatus with a forward–backward symmetric cylindrical
geometry and near 4 π coverage in solid angle.2 The inner
tracking detector (ID), covering the pseudorapidity range
|η| < 2.5, consists of a silicon pixel detector including the
insertable B-layer [26,27], which was added around a new,
smaller-radius beam-pipe before the start of Run 2; a silicon
microstrip detector; and, for |η| < 2.0, a straw-tube transi-

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-axis points upward. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar θ angle
as η = −ln [tan(θ/2)].
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As described in Sect. 5, this search follows a strategy similar
to that implemented in Ref. [17], but with multiple signal
regions optimised to take advantage of the tenfold increase
in integrated luminosity.

The paper is organised as follows. A brief description
of the ATLAS detector is given in Sect. 2. The signal and
background Monte Carlo (MC) simulation samples used are
described in Sect. 3. The reconstruction of physics objects
is explained in Sect. 4 , and the event selection is described
in Sect. 5. Estimation of the SM backgrounds is outlined in
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geometry and near 4 π coverage in solid angle.2 The inner
tracking detector (ID), covering the pseudorapidity range
|η| < 2.5, consists of a silicon pixel detector including the
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Figure 1. (a) Diagram for the pair-production of weakly interacting massive particles χ, with a
mediator ZA with axial-vector couplings exchanged in the s-channel. (b)(c)(d) Example of diagrams
for the pair-production of weakly interacting massive particles χ via a coloured scalar mediator η.
(e) A generic diagram for the pair-production of squarks with the decay mode q̃ → q + χ̃0

1. The
presence of a gluon from initial-state radiation resulting in a jet is indicated for illustration purposes.

mediators, leading to a different phenomenology. A set of representative diagrams relevant

for a monojet final state are collected in figures 1(b)–1(d). A model with simplified as-

sumptions is defined by the following three parameters: mχ, a single mediator mass (mη),

and a flavour-universal coupling to quarks and WIMPs (gqχ ≡ g). The mediator is also

assumed to couple only to the first two generations of quarks, with minimal decay widths

of the form:
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g2
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η
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)
√(
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2
)(

m2
η − (mq −mχ)

2
)
,

where, to ensure that the DM particle is stable and the mediator width is always defined,

m2
χ +m2

q < m2
η and 4m2

χ/m
2
η <
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1−m2

q/m
2
η +m2

χ/m
2
η

)2
are required.

Supersymmetry is a theory of physics beyond the SM which naturally solves the hier-

archy problem and provides candidates for dark matter [20–28]. SUSY introduces a new

supersymmetric partner (sparticle) for each particle in the SM. Specifically, a new scalar

– 3 –
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contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the initial state radiation are more central than in the VBF process.
The free parameter of this model is the branching ratio BH!inv.. The cross sections for the di�erent Higgs
boson production modes are taken to be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) an
additional heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. In the first model, the so-called dark-fermion model, the
intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as well as the lighter DM candidate
fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a free parameter of the model, in
addition to the DM candidate mass m�1 , mediator mass mZ0, as well as the Z 0 couplings to �1 �2 (gDM)
and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined by the choice of the mass
and coupling parameter values, assuming that the only allowed decay modes are �2 ! Z 0 �1, Z 0 ! qq̄
and Z 0 ! �2 �1. Under these assumptions the decay widths are small compared to the experimental di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for the dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined
by the values of the mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks
or radiate an hD boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.

4

Mono-Z’(qq)

DM produced with hadronically decaying heavy boson

and generate the Z0 boson mass (denoted by mZ0
B
). The

second model [from a Z0-two-Higgs doublet model
(Z0-2HDM) [13], Fig. 1(b)] involves the Z0 boson decaying
to the SM Higgs boson and an intermediate heavy pseudo-
scalar boson A0, which then decays to a pair of Dirac
fermionic DM particles. The minimum decay widths of
the mediators are assumed for both the Z0

B and Z0-2HDM
models to be the sum of the partial widths for all decays into
DM and quarks that are kinematically accessible [12].
Alongside those simplified models recommended in
Ref. [12], a third model [referred to as the heavy-scalar
model [14], Fig. 1(c)] introduces a heavy scalar boson H
produced primarily via gluon-gluon fusion (ggF)with amass
in the range 2mh < mH < 2mtop, in which mh and mtop

represent the masses of the SM Higgs boson and top quark,
respectively. The upper bound onmH is introduced to avoid a
large branching fraction for H → tt̄, which would saturate
the entire H width leading to aH → hχχ branching fraction
close to zero. The lower bound onmH is required to be more
than twice ofmh to ensure the SM Higgs boson is produced
on shell. An effective quartic coupling between h,H, and χ is
considered, where the DM χ is assumed to be a scalar
particle. The decay branching fraction of H to h and two χ
particles is assumed to be 100% for this model, to simplify
the interpretations. The DMmass (mχ) is taken to be roughly
half of the SMHiggs-bosonmass to ensure on-shell decay of
H → hχχ, and to suppress invisible decay modes of h, as
described in Ref. [15]. While no assumptions are made here
as to the nature ofH, it can be viewed as a part of a 2HDMþ
χ scenariowhereHmay be considered as theCP-even heavy
scalar boson [14].
This paper is organized as follows. Section II gives a

brief description of the ATLAS detector. Section III
describes the data set and the signal and background
Monte Carlo (MC) simulation samples used. Section IV
explains the event reconstruction, while Sec. Voutlines the
optimization of the event selection and categorization.
Section VI summarizes the signal and background model-
ing. Section VII discusses the experimental and theoretical
systematic uncertainties that affect the results. Section VIII
presents the results and their interpretations, and finally a
summary of the results is given in Sec. IX.

II. ATLAS DETECTOR

The ATLAS detector [16,17] is a multipurpose
particle physics detector with approximately forward-
backward symmetric cylindrical geometry.1 The inner
detector (ID) tracking system covers jηj < 2.5 and
consists of a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker (TRT). The ID
allows a precise reconstruction of charged-particle
trajectories and of decay vertices of long-lived particles.
The ID is surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field. A
high-granularity lead/liquid-argon (LAr) sampling calo-
rimeter measures the energy and the position of electro-
magnetic showers in the central (jηj < 1.475) and
endcap (1.375 < jηj < 3.2) regions. It includes a pre-
sampler (for jηj < 1.8) and three sampling layers up to
jηj < 2.5. The longitudinal and lateral segmentation of
the calorimeter allows a measurement of the shower
direction without assuming that the photon originates
from a specific point along the beam line. LAr sampling
calorimeters with copper and tungsten absorbers are also
used to measure hadronic showers in the endcap
(1.5 < jηj < 3.2) and forward (3.1 < jηj < 4.9) regions,
while a steel/scintillator-tile calorimeter measures had-
ronic showers in the central region (jηj < 1.7). The
muon spectrometer surrounds the calorimeters and con-
sists of three large superconducting air-core toroid
magnets, each with eight coils, a system of precision
tracking chambers (jηj < 2.7), and fast tracking cham-
bers for triggering (jηj < 2.4). Reconstructed events are
selected by a two-level trigger system. The first-level
trigger is hardware based, while the second-level trigger
is implemented in software [18].

(a) (b) (c)

FIG. 1. The Feynman diagrams for the production of DM (χ) in association with a SM Higgs boson (h) arising from three theoretical
models considered in this paper: (a) Z0

B model, (b) Z0-2HDM model, (c) heavy-scalar model.

1ATLASuses a right-handed coordinate systemwith its origin at
the nominal interaction point (IP) in the center of the detector and
the z axis along the beam pipe. The x axis points from the IP to the
center of the LHC ring, and the y axis points upward. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle θ as η ¼ − ln½tanðθ=2Þ&.
The photon transverse energy is ET ¼ E= coshðηÞ, where E is its
energy.

M. AABOUD et al. PHYSICAL REVIEW D 96, 112004 (2017)

112004-2

Mono-V(qq)
contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the initial state radiation are more central than in the VBF process.
The free parameter of this model is the branching ratio BH!inv.. The cross sections for the di�erent Higgs
boson production modes are taken to be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) an
additional heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. In the first model, the so-called dark-fermion model, the
intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as well as the lighter DM candidate
fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a free parameter of the model, in
addition to the DM candidate mass m�1 , mediator mass mZ0, as well as the Z 0 couplings to �1 �2 (gDM)
and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined by the choice of the mass
and coupling parameter values, assuming that the only allowed decay modes are �2 ! Z 0 �1, Z 0 ! qq̄
and Z 0 ! �2 �1. Under these assumptions the decay widths are small compared to the experimental di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for the dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined
by the values of the mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks
or radiate an hD boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.
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• Look for events with large MET (~200 GeV), and


• Hadronic decays of X(=H, V, Z’) into two resolved jets or a single fat-jet


• Use jet substructure techniques to identify 2-prongs in a fat jet

ATLAS (H→bb): 
- PRL 119, 181804 (2017)
CMS (H→bb) : 
- CMS-B2G-17-004

ATLAS : 
- ATLAS-CONF-2018-005
CMS : 
- PRD 97 (2018) 092005

ATLAS : 
- ATLAS-CONF-2018-005ATLAS CMS

mono-jet JHEP 01 (2018) 126 PRD 97, 092005

mono-γ EPJ C77, 293 JHEP10 (2017) 073

mono-V PLB 776, 318 [ll]

ATLAS-CONF-2018-005 [had]

PRD 97, 092005 [had]

EPJ C52, xxx [ll]

mono-H PRL 119, 181804 [bb]

PRD 96, 112004 [γγ] arXiv:1806.04771 [bb,ττ]

tt+MET arXiv:1711.11520

EPJ C78, 18 JHEP 06 (2018) 027

Full 2015+2016 data



monojet search
• Signature is an excess at large 

MET


• Main background is Z(νν)+jets, 
constrained with Z(ll)+jets and 
W(lν)+jets


• Limited by systematics over 
much of the MET range (~2% at 
low MET)


• It’s an example of a precision 
search, future sensitivity will 
depend on control of 
systematics 

!25

JHEP 01 (2018) 126



simplified model limits

!26

no sensitivity to 
 off-shell DM production

choice of parameters other than mass 
gq gDM = 0.25

vertical lines = no dependence on mDM 
until close to diagonal

pseudo scalar mediator case 
more difficult

JHEP 01 (2018) 126 JHEP 01 (2018) 126



di-jet resonant search

Various techniques (and triggers!) are used to  probe the mass range from 50 to 4000 GeV


Sensitivity to gq between 0.05 and 0.2 depending on mass (for leptophobic scenario)

!27
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 [GeV]Z'M
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qg'

5% = Z'M / Z'Γ

10% = Z'M / Z'Γ

30% = Z'M / Z'Γ

50% = Z'M / Z'Γ

100% = Z'M / Z'Γ

qq→Z'

95% CL exclusions

Observed

Expected

~100% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[EXO-16-046] χDijet 

~30% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1806.00843]Broad Dijet 

~10% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1806.00843]Dijet 

, 8 TeV-119.7 fb
[arXiv:1604.08907]Dijet 

, 13 TeV-135.9 fb
[arXiv:1710.00159]Boosted Dijet 

, 8 TeV-119.7 fb
[arXiv:1802.06149]Dijet b-tagged 

CMS Preliminary LHCP 2018
ATLAS Dark Matter coupling summary 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_DarkMatterCoupling_Summary/ATLAS_DarkMatterCoupling_Summary.png


mono-X vs di-jet

• if the mediator couples to lepton, strong limits from ee/µµ resonant search


• Otherwise, dijet resonance search complementary to mono-jet

!28



Since three different couplings are involved, ll, jj, and mono-jet are really complementary ! 

!29



heavy flavour
• scalar mediators Yukawa couplings enhances top final 

states


• The last result from CMS combines 0,1,2 lepton 
channels 

!30

CMS-PAS-EXO-16

Spin-0 Mediator
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• Interaction between spin-0 mediator and quarks required to have the SM Yukawa 
structure (Minimal Flavor Violation)


• Coupling to quarks proportional to the quark mass (like the SM Higgs boson)


• Spin-0 mediator couples preferentially to the top quark

ATLAS : 
- arXiv:1711.11520 
- EPJC (2018) 78:18 
CMS : 
- PRD 97, 032009 (2018) 
- CMS-EXO-16-049

Monojet

ATLAS : 
- JHEP 01 (2018) 126

CMS : 
- PRD 97 (2018) 092005
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Fig. 1 Representative diagrams at the lowest order for spin-0 media-
tor associated production with top and bottom quarks: a colour-neutral
spin-0 mediator associated production with bottom quarks b̄b+φ/a; b

colour-neutral spin-0 mediator associated production with top quarks t t̄
+φ/a; c colour-charged scalar mediator model decaying into a bottom
quark and a DM particle b-FDM

different kinematics of the events under study, those searches
are not optimal for the DM models considered in this paper.
The search in the channel where one W boson decays into
hadrons and one W boson decays into leptons (semileptonic
t t̄ decays) is presented together with the searches for top
squarks in the same channel [20]. Signatures with bottom
quarks in the final state are denoted b̄b+ φ/a in the fol-
lowing. Representative diagrams for tree-level production of
these models are shown in Fig. 1a, b. Processes with similar
kinematic properties might also occur in two-Higgs-doublet
models [21]. Following the notation of Ref. [14], the model
has four parameters: the mass of the mediator mφ or ma,
the DM mass mχ , the DM–mediator coupling gχ , and the
flavour-universal SM–mediator coupling gq. The mediator
width is assumed to be the minimal width, which is the one
calculated from the masses and couplings assumed by the
model [13]. The mediator can decay into SM particles or into
DM particles. This search is sensitive to decays of the medi-
ator into a pair of DM particles. Off-shell DM production
is also taken into account. The effective production cross-
section of DM particles at pp colliders is a function of the
production cross-section of the mediator, depending on gq,
and on the branching ratio for the mediator to decay into a
pair of DM particles, which is a function of gq and gχ [13].
The cross-section for DM production is therefore propor-
tional to the squared product of the couplings (gq ·gχ )2, and
an additional assumption of gq= gχ = gis made to reduce
the number of parameters. Since the cross-section of annihi-
lation and scattering from nucleons has the same functional
dependence on the couplings, the same assumption is made
when the results are compared to non-collider experiments.

The second category of models considered in this search is
the case of colour-charged scalar mediators [22]. The model
assumes bottom-flavoured dark matter (b-FDM) and was pro-
posed to explain the excess of gamma rays from the galactic
centre observed by the Fermi Gamma-ray Space Telescope,

if this excess is to be interpreted as a signal for DM anni-
hilation [23], while alternative conjectures without DM are
also discussed [24]. A representative diagram for the pro-
duction of this signal is shown in Fig. 1c. In this model, a
new scalar field, φb, mediates the interaction between DM
and quarks. Dark matter is assumed to be the lightest Dirac
fermion that belongs to a flavour-triplet coupling to right-
handed, down-type quarks. The cosmological DM is the third
component of the triplet and couples preferentially to bottom
quarks. It explains the galactic-centre excess if a DM mass
around 35 GeV is assumed. The other Dirac fermions in the
flavour-triplet are heavy and couple weakly, and are therefore
neglected. Theb-FDM model has three parameters: the medi-
ator and the DM masses (m(φb) andm(χ), respectively), and
the coupling strength between the mediator and the DM par-
ticle, λb[22]. For each pair of mass values considered, λbis
set to the value, generally larger than one, predicting a DM
relic density compatible with the astrophysical observations
as detailed in Ref. [22]. Strong-interaction pair production
of φb, which does not depend on the coupling, is equivalent
to the pair production of the lightest supersymmetric part-
ner of the bottom quark (bottom squark, b̃1) assuming that
it decays exclusively into a bottom quark and the lightest
neutralino (χ̃0

1 ). Exclusion limits on m(b̃1), which depend
on m(χ̃

0
1 ), are set in dedicated searches by the ATLAS and

CMS collaborations [25,26]. The target of this search is the
single production mode represented in Fig. 1(c), which can
dominate the production rate of the φbmediator due to the
relatively large values assumed for λb. The parameter space
considered corresponds to φbmasses of a few hundred GeV.
A search by the ATLAS Collaboration with the

√
s = 8 TeV

LHC Run-1 dataset has already excluded m(φb) < 600 GeV
for m(χ) = 35 GeV [27].

Four experimental signatures are considered in this paper.
The first two signatures consist of event topologies with large
missing transverse momentum and either one or two bot-

123

v

tt+DM 291 Page 2 of 32 Eur. Phys. J. C   (2018) 78:291 

Fig. 1 Feynman diagrams
illustrative of the processes
beyond the SM considered in
this paper: (upper left) DM
production in a simplified model
with a spin-1 mediator Z′;
(upper right) DM production in
a simplified model with a spin-0
mediator φ; (lower
left) production of a Higgs
boson in association with Z
boson with subsequent decay of
the Higgs boson into invisible
particles; (lower
right) unparticle or graviton
production. The diagrams were
drawn using the
TikZ- Feynman package [11]
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axial-vector coupling is obtained by making the replace-
ment γ µ → γ 5γ µ. In the case of a spin-0 mediator φ,
the couplings between mediator and quarks are assumed
to be Yukawa-like, with gq acting as a multiplicative mod-
ifier for the SM Yukawa coupling yq =

√
2mq/v (where

v = 246 GeV is the SM Higgs field vacuum expectation
value), leading to the Lagrangian:

Lscalar = gDMφχχ + gq
φ√
2

∑

q

yqqq.

The Lagrangian with pseudoscalar couplings is obtained by
inserting a factor of iγ 5 into each of the two terms (i.e.,
χ̄χ → i χ̄γ 5χ and q̄q → i q̄γ 5q). Example diagrams of
DM production via spin-1 and spin-0 mediators are shown
in Fig. 1 (upper left and right, respectively).

A primary focus of the LHC physics program after the
discovery of a Higgs boson (H) [12–14] by the ATLAS and
CMS Collaborations is the study of the properties of this
new particle. The observation of a sizable branching frac-
tion of the Higgs boson to invisible states [15–17] would
be a strong sign of BSM physics. Supersymmetric (SUSY)
models embodying R-parity conservation contain a stable
neutral lightest SUSY particle (LSP), e.g., the lightest neu-
tralino [18], leading to the possibility of decays of the Higgs
boson into pairs of LSPs. Certain models with extra spa-
tial dimensions predict graviscalars that could mix with the
Higgs boson [19]. As a consequence, the Higgs boson could
oscillate to a graviscalar and disappear from the SM brane.
The signature would be equivalent to an invisible decay of the
Higgs boson. There could also be contributions from Higgs
boson decays into graviscalars [20]. With the same effect as
the simplified DM models presented earlier, “Higgs portal”

models [21–23] construct a generic connection between SM
and DM particles via a Higgs boson mediator. This analysis
considers decays into invisible particles of an SM-like Higgs
boson produced in association with a Z boson, as shown in
Fig. 1 (lower left).

Another popular BSM paradigm considered here is the
Arkani-Hamed–Dimopoulos–Dvali (ADD) model with large
extra spatial dimensions [24–26], which is motivated by
the hierarchy problem, i.e., the disparity between the elec-
troweak unification scale (MEW ∼ 1 TeV) and the Planck
scale (MPl ∼ 1016 TeV). This model predicts graviton (G)
production via the process qq → Z+G. The graviton escapes
detection, leading to a mono-Z signature (Fig. 1, lower right).
In the ADD model, the apparent Planck scale in four space-
time dimensions is given by M2

Pl ≈ Mn+2
D Rn, where MD is

the true Planck scale of the full n+4 dimensional space-time
and R is the compactification radius of the extra dimensions.
Assuming MD is of the same order as MEW, the observed
large value of MPl points to an R of order 1 mm to 1 fm for
2 to 7 extra dimensions. The consequence of the large com-
pactification scale is that the mass spectrum of the Kaluza–
Klein graviton states becomes nearly continuous, resulting
in a broad Z boson transverse momentum (pT) spectrum.

The final BSM model considered in this analysis is
the phenomenologically interesting concept of unparticles,
which appear in the low-energy limit of conformal field
theories. In the high-energy regime, a new, scale invariant
Banks–Zaks field with a nontrivial infrared fixed point is
introduced [27]. The interaction between the SM and Banks–
Zaks sectors is mediated by particles of large mass scale
MU, below which the interaction is suppressed and can be
treated via an effective field theory (EFT). The low-energy
regime will include unparticles, which have phase space fac-
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illustrative of the processes
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production in a simplified model
with a spin-1 mediator Z′;
(upper right) DM production in
a simplified model with a spin-0
mediator φ; (lower
left) production of a Higgs
boson in association with Z
boson with subsequent decay of
the Higgs boson into invisible
particles; (lower
right) unparticle or graviton
production. The diagrams were
drawn using the
TikZ- Feynman package [11]
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ment γ µ → γ 5γ µ. In the case of a spin-0 mediator φ,
the couplings between mediator and quarks are assumed
to be Yukawa-like, with gq acting as a multiplicative mod-
ifier for the SM Yukawa coupling yq =
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2mq/v (where

v = 246 GeV is the SM Higgs field vacuum expectation
value), leading to the Lagrangian:
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The Lagrangian with pseudoscalar couplings is obtained by
inserting a factor of iγ 5 into each of the two terms (i.e.,
χ̄χ → i χ̄γ 5χ and q̄q → i q̄γ 5q). Example diagrams of
DM production via spin-1 and spin-0 mediators are shown
in Fig. 1 (upper left and right, respectively).

A primary focus of the LHC physics program after the
discovery of a Higgs boson (H) [12–14] by the ATLAS and
CMS Collaborations is the study of the properties of this
new particle. The observation of a sizable branching frac-
tion of the Higgs boson to invisible states [15–17] would
be a strong sign of BSM physics. Supersymmetric (SUSY)
models embodying R-parity conservation contain a stable
neutral lightest SUSY particle (LSP), e.g., the lightest neu-
tralino [18], leading to the possibility of decays of the Higgs
boson into pairs of LSPs. Certain models with extra spa-
tial dimensions predict graviscalars that could mix with the
Higgs boson [19]. As a consequence, the Higgs boson could
oscillate to a graviscalar and disappear from the SM brane.
The signature would be equivalent to an invisible decay of the
Higgs boson. There could also be contributions from Higgs
boson decays into graviscalars [20]. With the same effect as
the simplified DM models presented earlier, “Higgs portal”

models [21–23] construct a generic connection between SM
and DM particles via a Higgs boson mediator. This analysis
considers decays into invisible particles of an SM-like Higgs
boson produced in association with a Z boson, as shown in
Fig. 1 (lower left).

Another popular BSM paradigm considered here is the
Arkani-Hamed–Dimopoulos–Dvali (ADD) model with large
extra spatial dimensions [24–26], which is motivated by
the hierarchy problem, i.e., the disparity between the elec-
troweak unification scale (MEW ∼ 1 TeV) and the Planck
scale (MPl ∼ 1016 TeV). This model predicts graviton (G)
production via the process qq → Z+G. The graviton escapes
detection, leading to a mono-Z signature (Fig. 1, lower right).
In the ADD model, the apparent Planck scale in four space-
time dimensions is given by M2

Pl ≈ Mn+2
D Rn, where MD is

the true Planck scale of the full n+4 dimensional space-time
and R is the compactification radius of the extra dimensions.
Assuming MD is of the same order as MEW, the observed
large value of MPl points to an R of order 1 mm to 1 fm for
2 to 7 extra dimensions. The consequence of the large com-
pactification scale is that the mass spectrum of the Kaluza–
Klein graviton states becomes nearly continuous, resulting
in a broad Z boson transverse momentum (pT) spectrum.

The final BSM model considered in this analysis is
the phenomenologically interesting concept of unparticles,
which appear in the low-energy limit of conformal field
theories. In the high-energy regime, a new, scale invariant
Banks–Zaks field with a nontrivial infrared fixed point is
introduced [27]. The interaction between the SM and Banks–
Zaks sectors is mediated by particles of large mass scale
MU, below which the interaction is suppressed and can be
treated via an effective field theory (EFT). The low-energy
regime will include unparticles, which have phase space fac-
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CMS Mono-Z(ll) : 
- EPJC 78 (2018) 291

CMS Mono-V(had) : 
- PRD 97 (2018) 092005

0-lepton 

top-tagging jet triplets

1-lepton 

Large MT, MT2W

2-lepton 

Large MT2ll



vector like quarks
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VLQ - introduction
• Present in many BSM models (extra 

dimensions, composite Higgs, …)


• Link to hierarchy problem 


• Nice set of final states to explore

!32

B can decay to bH, bZ, tW 
T can decay to tH, tZ, tW 
X (Q=5/3e) => tW, Y (Q=-4/3) => bW 

• Pair production via strong production, 
model independent cross section, 6 final 
states for B,T each 

• Single production depends on coupling, 
potentially dominant at high mass

Vector-Like Quarks: Production and Decay

Production:
• Pair production: via QCD, “universal” 

production mode (just depends on mQ). 
Î Focus of Run 1 searches

• Single production: via EW interaction, 
depends on coupling strength, but potentially 
important at high mQ.

Decay:  QÆWq, Zq, Hq, all with sizable BR

3
VLQs assumed to mix preferentially 

with 3rd generation quarks. B=>bZ
Scan of the three BRs shown in triangle plots

arXiv:1806.07162



VLQ pair production

• Tagging hadronic W,Z,top,Higgs decays in 
many channels 


• Observable ranges from inclusive discriminant 
to T,B mass peaks; analysis techniques 
ranging from cut and count to BDT

!33
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CMS and ATLAS searches with 36 fb-1 :  
arXiv:1805.04758 : Inclusive 1,2,3 lepton search 
PLB 779, 82 : WbWb in 1 lepton+jets  
B2G-17-008 : WtWt in 2SS and 1 lepton+jets 
JHEP 08(2017)052 : Zt+X in 1l+jets+MET 
JHEP 10(2017)141 : Wb+X in 1l+jets 
arXiv:1803.09678 : tH and tZ in 0/1 lepton + multiple b-jets 
arXiv:1806.01762 : Wt+X in 1l+jets 

Other channels still with earlier datasets

arXiv:1806.07162

PLB 779, 82



VLQ limits
• Limits on T quarks in the 1.1-1.4 

TeV range depending on BR


• That assumes no non-SM decays
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arXiv:1803.09678  (targeting tH)

arXiv:1805.04758



VLQ single production
• Competitive at high mass, but model 

dependent cross section


• Easier reconstruction of mass peak


• Possibility of forward jet tagging

!35

• PL B781, 574 : target T to Zt (ll jjb) with fwd jet 
tagging 

• arXiv:1802.01486 : target B to Hb, Higgs tagging, 
fwd jets, b-jet multiplicity

PLB 781, 574



LeptoQuarks



LQ
• Flavour anomalies in b => sµµ and b => cτν motivates leptoquark searches 

(exp. 2nd and 3rd generation) 


• Some recent results : 


New J. Phys. 18,093016 : eqeq, µqµq 


PAS-EXO-16-043 : ee jj


PAS-EXO-17-003 : µµjj, µνjj


PAS-B2G-16-027 : tµ tµ

arXiv:1803.02864 : τt τt 

arXiv:1805.10228 : MT2 susy search reinterpreted for tν, bν, qν 

arXiv:1806.03472 : τb single production

JHEP 07 (2017) 121 :  τb τb pair production


• Can also reinterpret searches for scharm (cνcν), sbottom (bνbν), stop (tνtν), 
RPV stop (blbl) etc.


• With cross-generation combinations (eg. ebeb) and final states from 
BR~0.5 (eg. LQ LQ => bτ cν), lots of final states, not all covered by 
dedicated searches. Priorities ? 

!37

arXiv:1806.03472

New J. Phys.18,093016



Final remarks



• ATLAS and CMS are looking for new particles in a large variety of final states. 


• Of course that’s little comfort if we miss the one with a signal. Are we looking 
in the right places ? 


• Analysis techniques are getting more sophisticated, as we build over the 
experience of early searches. The trend will continue, with more time 
between each doubling of integrated luminosity. Expect more BDTs, shape 
fits, machine learning, and also new ideas in physics object selections 


• Are we over-optimizing on simplified models ? Would reinterpretations 
become more difficult ? 



• New physics at the electroweak scale remains as 
motivated as ever. The hierarchy problem, Dark Matter, 
and hints of deviations from SM (lepton flavour 
universality anomalies, g-2) give reasons for hope


• Negative results so far just means there might be 
something just beyond the existing limits


• The full run2 dataset gives a large potential for 
improvements 



Backup



SUS-16-033 search

• Search regions binned in number of jets, 
b-jets, missing momentum, HT 

• 173 bins for optimal exclusion 
• 12 aggregate signal regions 





VLQ CMS limits
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VLQ CMS single production
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VLQ ATLAS limits



Backup material on EXOT-2016-04



2HDM+pseudoscalar model
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and A/H ! tt̄. The re-interpretation of these searches is left for a follow-up publication on the full Run-2799

dataset.800

(a) Emiss
T + h (b) Emiss

T + Z

(c) Emiss
T +jet (d) Emiss

T +tt̄

Figure 49: Production modes at lowest order in QCD for the four final states that are expected to yield the strongest
constraints on the 2HDM+PS.

The model is fully defined by 14 parameters:801

• the mass mh of the lighter CP even state802

• the mass mH of the heavier CP even state803

• the mass mA of the heavier CP odd state804

• the masses mH± of the charged Higgs bosons805

• the mass ma of the pseudoscalar mediator806

• the mass m� of the DM candidate807

• the Yukawa coupling constant y� between the mediator and DM808

• the mixing angle ↵ between the two CP-even states809

• the ratio of the vacuum expectation values of the two Higgs fields tan �810

• the mixing angle ✓ between the CP-odd state A and the pseudoscalar mediator a811

• the EW VEV v812

• the quartic couplings �3, �P1 , �P2813

A number of these parameters are constrained by EW precision measurements and precision measurements814

of the properties of the Higgs boson discovered at a mass of mh = 125 GeV [29, 30]. In the following, the815

lighter of the two neutral CP-even states, h, is assumed to be the Higgs boson with couplings as predicted816

by the SM and v = 246 GeV. This corresponds to the condition sin (� � ↵) = 1, commonly referred to as817

the alignment limit.818

Further constraints are imposed through the requirement that the tree-level potential of the 2HDM must819

preserve custodial symmetry. This is achieved for either requirement mH± = mH or mH± = mA. The820
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Benchmark from the LHC Dark Matter working group 
Rich phenomenology, complementary to that provided by simplified models 


