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Introduction

While the Standard Model is in excellent agreement with the LHC measurements, many
questions still unanswered:

e The origin of Dark Matter remains a mystery
e The solution to the hierarchy problem

These questions lead to searches for physics beyond the Standard Model
This talk will focus on searches based on:

e Direct searches for Dark Matter (DM) production in the LHC
e Searches for novel long lived particles (LLPs)

Dark matter candidates also arise in SUSY models, see SUSY overview talk by Tommaso
Lari

Results shown from the ATLAS, CMS and LHCb collaborations at the LHC,
utilising (a part of) the 13 TeV run-2 dataset



arXiv:1901.01553
CMS Slngle 1'Op oraga fop inr + dqu matter ATLAS: arXiv:1812.09743, arXiv:1711.11520

Looking at models with a scalar or a pseudoscalar
mediator particle and the mass of the mediator and DM
particles are free parameters

Trigger: High MET or a high p_. lepton

Selection:

Split based on number b-tagged jets (1, 2, or more) ¢ g t
and number of forward jets

Regions split based on number of leptons
(all hadronic or single-lepton)

Single-lepton SRs All-hadronic SRs

1/,1b-tag, 0F] 1¢,1b-tag, 1F] 1/,2b-tag 0¢,1b-tag, 0F] 0¢,1b-tag, 1 F] 0¢, 2b-tag
Forward jets =0 >1 — =0 >1 —
1y, =1 =1 >2 =1 =1 >2
Miep =1 =1 =1 =0 =0 =0
pT(jl)/HT — — <0.5
Miet >2 >3
pss >160 GeV >250GeV
mr >160 GeV —
my >200 GeV _
minAg(ji o, priss) >1.2rad. >1.0rad.

mb >180 GeV >180 GeV



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-16/

arXiv:1901.01553

CMS: Single top or a top pair + dark matter ATLAS: arXiv:1812.00743, arXivA711.11520
35.91fb" (13 TeV)
The normalisation of the main backgrounds is § 10t cms b oata  IZO) +jets
. . e . = g W zovy) + jets W(V) + jets
established in specific control regions B e i b
= [ A IFit unc.
e These include the tt, W and Z backgrounds e Pt —bOM
B L ] (O
e Fit between data/MC performed in these enriched 10
regions 1
e Normalisation determined as a function of p. ™
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M >1 =0 >1 =0 =0

Miep =2 =1 =1 =1 =2

Mjet >2 >2 >3 >3 >3

pr e >160GeV  >160GeV  >250GeV  >250GeV  >250 GeV

mr ' — >160GeV  <160GeV <160 GeV —

minAg (jp o, PIss) _ — >1.0rad. — —

Myy — — — — [60, 120] GeV
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arXiv:1901.01553
CMS: Single top or a top pair + dark matter ATLAS: arXiv1711.11520

No excess above expected background observed

Exclusion of scalar and pseudoscalar at 95%
confidence level for masses below 290 and 300
GeV respectively

35.9 fb™ (13 TeV) 35.9 fb™ (13 TeV)
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arXiv:1812.09743

ATLAS: Single top + dark matter

Analysis using a similar strategy, targeting models:
1. Massive vector boson V decaying to two DM particles x
2. Resonant production of a colored, charge % scalar ¢

decaying into a spin %2 DM particle x and a top quark

Similar strategy to previous analysis, relying additionally on large
radius jets and top tagging using substructure information.

(1)
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ATLAS: Dark matter summary paper

2HDM + pseudo-scalar mediator model

A paper summarising the ATLAS limits on
mediator-based Dark Matter models

e Considering Dirac fermions as WIMP DM
particles (x)

Assumed to be pair produced in LHC collisions

e In certain models can decay back to SM
particles

DM/SM interactions through mediator particle

Short description Acronym Symbol JCP  Charge Signatures
Vector /axial-vector V/AV TlZy 1F - jet/v/W | Z+EF™,
mediator di-fermion
resonance
Vector baryon-charged VBC Z5 1" baryon-number A+ ET"°
mediator
Scalar /pseudo-scalar S/PS o/a 0+ = jet+ET™
mediator tt/bb+ B
Scalar colour-charged SCCy/s Ta/b ot colour, 2/3 jet+Ex™,
mediator electric-charge b+ ET™
Two-Higgs-doublet plus 2HDM+Z, Zi 1F - h + ET™
vector mediator
Two-Higgs-doublet plus  2HDM+a a 0~ - W/Z/h + ET™,
pseudo-scalar mediator tt / bb+ E’T]“iss7

h(inv), tttt

arXiv:1903.01400
CMS: arXiv:1811.06562
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ATLAS: Dark matter summary paper

2HDM + pseudo-scalar mediator model

b/t

b/t/(x)
b/t/(x)

g b/

See also talk by Veronica Fabiani on Tuesday

Short description Acronym Symbol JCP  Charge Signatures
Vector /axial-vector V/AV VAN = - jet/v /W | Z+ B,
mediator di-fermion
resonance
Vector baryon-charged VBC Zs R baryon-number  h + ET
mediator
Scalar/pseudo-scalar S/PS o/a 0 = jet+Er,
mediator tt/bb+ET "
Scalar colour-charged SCCyqs Ma/b ot colour, 2/3 jet+Ex™,
mediator electric-charge b+ ET"™
Two-Higgs-doublet plus  2HDM+2;, Zy 1" - h+ Ex™
vector mediator
Two-Higgs-doublet plus  2HDM+a a 0~ - W/Z/h + ET"™,
pseudo-scalar mediator tt /bE+ Eg™s,
h(inv), titt
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CMS:

arXiv:1811.06562
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ATLAS: Dark matter summary paper

(Axial-)vector mediator model

g /V/g

/

V/A

V/A

Yl

Short description Acronym Symbol JCP  Charge Signatures
Vector /axial-vector V/AV Zy ]2 = - jet/v /W | Z+ B,
mediator di-fermion
resonance
Vector baryon-charged VBC Zp 17 baryon-number h + ET pes
mediator
Scalar/pseudo-scalar S/PS o/a 0+ - jet+Er™,
mediator tt/bb+E1 ">
Scalar colour-charged SCCy/s /b ot colour, 2/3 jet+Ex™,
mediator electric-charge b+ ET"™
Two-Higgs-doublet plus 2HDM+Z, Zi 1* - h + ET™
vector mediator
Two-Higgs-doublet plus  2HDM-+a a 0~ - W/Z/h + ET"™,
pseudo-scalar mediator t / bb+ Er‘r"iss ,

h(inv), titt
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arXiv:1903.01400
CMS: arXiv:1811.06562
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Vector mediator, Dirac DM

gq =0.25, 9= 0, gx =1

ATLAS limits at 95% CL, direct detection limits at 90% CL
! L

E= Dijet
Dijet¥5 = 13 TeV, 37.0 fo™!
PRD 96, 052004 (2017)
Dijet TLA¥S = 13 TeV, 29.3 b
PRL 121 (2018) 0818016
Dijet+ ISR¥5 =13 TeV, 155 b
Preliminary ATLAS-CONF-2016-0

= ttresonance
¥s=13TeV, 36.1 1b™
EPJC 78 (2018) 565

B Dibjet
Vs =13 TeV, 36.1 b
PRD 98 (2018} 032016

| E¢\ss +X
E™ 4y ¥5=13Tev, 36.1 167
Eur. Phys. J. C 77 (2017) 383
ET"+jel ¥5.= 13 TeV, 36.1 16"
JHEP 1801 (2018) 126
ET+Z() ¥5 = 13 TeV, 36.1 o'
PLB 776 (2017) 318
ET™+V(had) ¥5 = 13 TeV, 36.1 fo
JHEP 10 (2018) 180

E= Dijet

Dijet fs = 13 TeV, 37.0 b

PRD 96, 052004 (2017)

Dijet TLA f5 = 13 TeV, 29.3 b
PRL 121 (2018) 0818016

Dijet + ISR 5 = 13 TeV, 15510
Preliminary ATLAS-CONF-2016-070

— tt resonance

f5=13TeV, 361 o7
EPJC 78 (2018) 565

B= Dibjet

5= 13TeV, 36.1 b7
PRD 98 (2018) 032016

_ E?iss*_x

Ef™ 4+ {s=13TeV,36.1 b

Eur. Phys. J. G 77 (2017) 393

EP et {5 = 13 TeV, 36.1 fb !
JHEP 1801 (2018) 126

ENSLZ(1) 5 = 13 TeV, 36.1 b
PLB 776 (2017) 318

ET™+V(had) 5 = 13 TeV, 36.1 fb”'
JHEP 10 (2018) 180

= CRESST Ill

arXiv:1711.07692

~—=XENON1IT

arXiv:1805.12562

— PandaX

PRL 117, 121303 (2016)

= DarkSide-50

arXiv:1802.06994

1 03 ~—LUX
PRL 118, 021303 (2017)
mx [Gev] Phys. Rev. Lett. 116, 161302 (2016)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/
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ATLAS-CONF-2018-054

ATLAS: DM in invisible nggs decays CMS: arXiv:1809.05937

| | | |
ATLAS Preliminary

Vs=7TeV, 471"
Vs=8TeV, 20.31b"
Vs=13TeV, 36.1 fb™
— Observed limit
s Expected limit £1o
...... Expected limit +2¢
All limits at 95% CL

Combination of limits from multiple previous

—
III|I

o
o)

results:

VBF: VBF production (See talk by Andrey Popov)

VH: Higgstrahlung with vector boson
(Z/W) decay into quarks

ZH: Higgstrahlung with Z decay to e*e” or
Tyly

Additionally combined with the run-1 result (see

o
~

II|III|III|III|I

Upper limit on BH_ inv
o
D

.
N

| ] | ] |
V(had)H Z(lep)H VBF  Combined Combined Combined
Run 2 Run 2 Run 2 Run 2 Run1  Run1+2

0

arXiv:1903.01400) 5
= B <0.24 ATLAS Prelim.
L, ~ All limits at 90% CL  Ys=7Tev, 471"
Input analyses orthogonal to each other and =140 15 -8, 2031
DI. s=13TeV, 36.1 fb
correlation between systematics considered. = Higgs portals
=— Scalar wiMP

= Fermion wimP
Other experiments

Cresst-lll
= DarkSide50
_,.;‘;;“" LUX
- o PandaX-ll
= Xenon1T

BRI
Myme [GeV]

10

Combination performed by maximising the
binned likelihood ratio

The result is an upper limiton B, . <0.26


https://arxiv.org/abs/1903.01400
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html

arXiv:1710.02867
LHCb: Dark Photons
Search for dark photons of mass m(A’) with SM couplings suppressed by a factor €.
Considering the A’ — u* u” decays, both promptly decaying and long-lived
Analysis performed via fit on m(u* W) spectrum

e Prompt-lepton background estimated from data
e Mis-identified muon backgrounds estimated using same sign muons

7
lO 'II T T T T T T LI B |

LHCb 5:> isolation prompt-like sample
Vs=13Tev i & applied i pr(p) > 1GeV, p(n) > 20 GeV

10°

5 = E £
10 L : prompt gt~
10* e
Vi, B -+ hpg i
10° 1 1
Ay
10° :

Candidates / o[m(utp™)]/ 2
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-038.html

arXiv:1710.02867

LHCb: Dark Photons

No excess above background observed and limits set. 139;7‘) Al -uppar i orngs )] f aklmlif;e _;]0

W LHCb -long-hved excluded 1o

Results for promptly decaying dark photons (below) 8

most stringent above 10 GeV, competitive with current ' Z

best limits elsewhere! 107E ’. i

| 3

For long-lived dark photons (right) limits are set for the \ >

first time! ol !

14 250 300 ¢

90% CL exclusion regions on [m(A’), e

1073

107

107

10°°

1077

350
) [MeV]

?]

I BaBar

KLOE

- LHCb prompt-like 3

m(A") [GeV |
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. . arXiv:1810.10069
CMS: Jets and emerging jets

Investigating a model where a new heavy particle (X, ) with QCD dark-QCD couplings
decays to a dark quark (Q,)

The dark quark will hadronise to a jet of dark pions ’ <
Dark pions have long lifetime and decay to quarks
Result in displaced vertices in an “emerging” jet X+< !

For longer lifetimes can result in me‘SS.

Models constructed in terms of mass of X, lifetime and

DK ’

mass of the dark pions S oA )
2 o045 CMS —— QcDlight jets 3
T S | h h % 045 Simulation - - - - Dark pion mass 1 GeV ]
rigger: Selecting high-p. jets 2 F -+=- Dark pion mass 2 GeV
gg g g pTJ g 0.351 — — Dark pion mass 5 GeV =
_g 0.3f— ------ Dark pion mass 10 GeV 3

Selection: Selecting jets within |etal < 2 where impact 8 ..k

J ™ 0.25_

parameter resolution is best. 0.2

0.15

At least four jets are required, with two emerging 01

. . . P 0.05

jets, or one emerging jet and large p,™*. i3

Y4

13


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-001/index.html

. . arXiv:1810.10069
CMS: Jets and emerging jets

~

16.1 fb' (13 TeV

= lomMs e E

H H . S - - Light-flavor jet 7

Backgrounds are estimated in a data-driven way Sl | e ]
starting from a sample of events with four jets but no gw_z - —t E
identified emergent jets %10_35_ - _ E
= g —_—— %

e The probability of a jet being misidentified as an e E

<AL
o

emergent jet is modeled 0% "0 20
e Depends on the flavour of the initiating parton and

30
Track multiplicit
16.1 fb™ (13 TeV)

CMS ¢ Data

[ Predicted
% Predicted unc.

Jets

track multiplicity

Misidentification probability estimated using o

independent control sample (single photon trigger) 200

e Flavour composition determined using a template fit o

to the b-tagging discriminator variable

L1 1 | | L1 1 | | L1 1 | I | —

o

The results are evaluated in dedicated analysis regions

,uUnc.

ANDON D
1

(Data - Pred.)

5 10 15 20 25 30 35 40
Track multiplicity
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CMS: Jets and emerging jets

No significant excess above the SM expectation observed.

Limits are placed on the considered models

arXiv:1810.10069

16.1fb™ (13 TeV)

—_— 103
E 1 = Observed limit
é — Expected limit
Models with dark pion masses between 400 and % <=~ Expected imit £ 1.0
33
P
1250 GeV are excluded for decay lengths °
5-225 mm
A larger range is excluded at low masses but with
. 10
higher mass dependence
I [ P S ]
(|| R RN IR
1400 600 800 1000 1200 1400 1600 1800 2000
my [GeV]
. Model parameters
Set numb Expected Observed  Signal
et numbper Xpecte serve 1gna meK [GeV] M [GeV] Ty [mm]
1 168+ 15+ 5 131 367 £ 40 600 5 1
2 318+ 50+ 14 47 (146+ 2.6) x 10 400 1 60
3 194+ 70+ 55 20 156+ 16 1250 1 150
4 25+ 25+ 15 16 151+ 20 1000 1 2
5 139+ 19+ 06 14 353+ 40 1000 2 150
6 94+ 20+ 03 11 207+ 25 1000 10 300
7 440 £ 0.84 + 0.28 2 561+ 0.64 1250 5 225

10°

95% CL upper limit on cross section [fb]
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arXiv:1902.01636

ATLAS: Heavy charged long-lived particles CMS: arX(v:1600.08362

Looking for heavy charged particles produced in LHC in a SUSY context
e Gluinos/squarks (R-hadrons), staus or charginos

From arXiv:1810.12602

e Heavy with low velocity — highly ionising

Primary observables:
e dE/dx measurement from charge in the Pixel
detector
e TOF measurement in Tile, RPC and MDT

detectors

Trigger: High-MET or isolated high-p. muons
Selection: One or two candidate tracks with associated mass measurement
Split based on whether muon spectrometer is used and number of candidate tracks

Signal region Trigger Candidate Candidates Final requirements

selection  per event Inl  p[GeV] Bror (87)dE/ds Mass
SR-Rhad-MSagno ET"™  1p+caLo 1 <165 >200 <0.75 <1.0 ToF & dE/dx
SR-Rhad-FullDet FE1°/u  LOOSE > 1 <165 >200 <075 <13 ToF & dE/dx
SR-Rhad-FullDet FE3'°/y 1p+caLo | <165 >200 <075 <10 ToF & dE/dx
SR-2Cand-FullDet FE1°/u  LOOSE — 9 <2.00 >100 <0.95 - ToF

SR-1Cand-FullDet FE5°/u  TIGHT =1 <165 >200 <0.80 2 ToF .



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-010/index.html

ATLAS: Heavy charged long-lived particles_

Background PDFs fully data-driven manner

e Invert the momentum requirements and
obtain the PDFs for 3. ., (Bv) ¢,
for the momentum PDF.

. Vice-versa

e Randomly sampling from these construct the

Mo andmy,

PDFs normalised in control regions

e Control regions are defined based on
side-bands to the SR requirements

e Normalisation derived from data and
backgrounds scaled

Mo [GeV]

arXiv:1902.01636

CMS: arXiv:1609.08382
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ATLAS: Heavy charged long-lived particles

No significant excess above the expected background

observed

Limits set on multiple different long-lived particles
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arXiv:1902.03094
ATLAS: Neutral Long-Lived Particles CMS: arxiv:1811.07991

From arXiv:1810.12602

Searching for production of a heavy neutral scalar
particle decaying into two long-lived scalars.

Signature: Scalars decay info fermions in the
calorimeter, but after EM calorimeter (Higgs-like
couplings assumed)

Trigger: Jets with high ratio of energy in the
hadronic calorimeter, low-E_ and high-E_ triggers

Selection: At least two jets with no associated
tracks (jet formed after tracker)

Jet origin estimated with a neural network and a
further BDT classifies jets as signal-like,
multijet-like and beam background-like

Truth L, [m]
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ATLAS: Neutral Long-Lived Particles

Signal regions defined in terms of a event-level BDT as
wellasE/E_ . jet pyand H.™/H_.
The selection is split info high- and low-E..

Multijets is primary background following the selection.

The background is estimated in a data-driven manner
using an ABCD method, splitting based on the BDT output
and track-jet separation.
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arXiv:1902.03094
CMS: arXiv:1811.07991

ATLAS: Neutral Long-Lived Particles
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No excess above expected background observed

and limits are set.

For mediator scalar compatible with Higgs boson
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. . . e arXiv:1808.03078
CMS: Displaced vertices in multijet events ATLAS: a0Xiv/1710.0490

From arXiv:1810.12602
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Looking for signals with multiple jets and two
displaced vertices in a SUSY context

Trigger: Using H_ (sum of jet p_) trigger

Selection: At least four jets and two significantly
displaced vertices, H_ > 1000 GeV
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CMS: Displaced vertices in multijet events

The background in this measurement arises from
mis-reconstructed tracks overlapping with other tracks to
form a vertex

e The input to the background estimation is sampled
from the distribution of distance from the beamline
(d, ) for the single vertex with > 5 tracks sample

e The angular distribution of the vertices is
approximated based on a dijet opening angle in the
3-track single vertex sample

e Corrections are applied for merging of vertices as well
as angular correlations arising from b-quark
production

The procedure is validated in the 3 and 4 track vertex
samples

arXiv:1808.03078
ATLAS: arXiv:1710.04901
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CMS: Displaced vertices in multijet events

No significant excess above the expected background

is observed.

Limits are set on the lifetime and mass of
neutralinos/gluinos/squarks assuming a 100%

branching ratio

Additionally limits are set on the branching ratio for a

fixed lifetime or a fixed mass
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Summary

Showed a selection of recent results from ATLAS, CMS and LHCb

e Cover many different models and final states
e Still only a fraction of the Run-2 data analysed, stay tuned!

These are analyses with novel final states

e Many different signatures to cover
e Diverse final states mean a lot of creativity goes into these analyses

For many of the analyses shown an extensive set of data is published for re-interpretations
(HepData) in different models!

For a glimpse info the future see the talk by Maximilian Emanuel Goblirsch-Kolb
tomorrow on prospects af the HL-LHC!
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Event display of events with emerging jets

CMS. CMS Experiment at LHC, CERN
- Data recorded: Tue Sep 27 10:30:59 2016 EDT
Run / Event / LS: 281707 / 1308250303 / 826

¢ B

} 4
”

.‘
"
/
7
Ny &"

('\lj\') CMS Experiment at LHC, CERN
Data recorded: Tue Sep 27 10:30:59 2016 EDT
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