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DM at LHC

e Dark Matter (DM) is being thoroughly probed in both ATLAS and CMS collaborations
e (Covering a large amount of models, final states and parameter space....

Missing transverse momen tum,
inferred from momentum
conserva tion

e Dark matter particles cannot not be detected directly at the o il
LHC
(DM particle flux) x (interaction probability) just too low
Instead: pr miss = imbalance of detected particles

Invisible
Dark Matter particle

LHC detector
transverse
cross-section

Additional tag particles needed for detection
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DM at LHC
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mono-X search Resonance search

SM particles (jet, Z, v, h) recoil against missing energy. Mediator decays to visible SM particles.

Tag from radiation or associated production. : .. :

Expect signal peak in invariant mass of

two visible final sate particle above the
standard model background.

Expect signal in the tail of missing energy distribution
over the standard model background.

A

background

>

MET

SP BSM
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ATLAS: M On()-t()p ATLAS-CONF-2022-036

Resonant and Non-Resonant DM production.
Ermiss > 250 GeV
Exactly zero leptons (hadronic channel)

vV vV VvV Vv

At least one boosted large-R jet associated to the top quark —
use top-tagging tor S/B separation!

» Minimum angular distance 1n the transverse plane between the
Ermiss and any small-R jet A@min is required to be larger than 0.2

» Main backgrounds: ttbar and Z/W+jets — constrained in the control q

: Aquin -
regions. E,miss l % i/:v q
» A Multivariate Analysis (MVA) approach to discriminate signal b

(XGBoost): Ermiss based variables and ARnax among the most
important features in the training.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-036/

ATLAS: Mono-top Results
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ATLAS/CMS: Mono S ATLAS-CONF-2022-029, CMS-PAS-EX0-20-013

Resonant pair of
SM particles +
ETmiss

" ATLAS s—WW(qqly)
» Requiring 1 lepton + high Epmiss

©)

» Merged category: large-R jet (R= l)usmg -

» Analysis in 2 categories:

Track-Assisted Reclustering (TAR)to || sSWWOLy |

deal with dense environment with i i . . .
| I» Requiring opposite flavor, opposite charge leptons }

" ' p ttbar & qq—=WW: normalization, constrained in
CRs (inverting b-tag and AR(LX))

. ‘ » non-prompt leptons: data-driven

hadronic activity + close-by lepton
~ » Resolved category: two small-R jets
L » Dedicated control regions for dominant

W+jets and it backgrounds. |} |
| |» 3-dimensional fit performed using AR, my and mr

|» Fit msmin (=approximate dark Higgs

reconstruction considering invisibl | | { min,piss {min__mj /min
cCO on Co cring C | M ZPT prlguss 1 — cos A¢( ,p{_‘nlSS)

neutrino) distribution to data. 2 :
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-029/
https://cds.cern.ch/record/2776774

ATLAS/CMS:Mono-S
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Pre-fit / Post-fit

Results

CMS Preliminary
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Thermal Relic Density

- Qch220.12

Combined with other
searches targetting
different decay channels
of the new scalar
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ATLAS: t W+MET ATLAS-CONF-2022-012

» Targetting scenario with a singletop quark and a high p, W boson, motivated by 2HDM+a model.
p Ermiss > 250GeV
» 1 b-jet (from top decay)
» Channels with O-1 electrons/muons

» Large-R jets with W-tagging or two small-R jets for hadronic W
candidate.

» Main backgrounds: ttbar , Z/W+jets and #tZ - constrained 1n the
control regions.

sin(0) =1/+2

» Fit to data under the background-only hypothesis yields to enhances resonant H=

measure the normalization of the main backgrounds.

» LLook for excesses 1n Ermiss 4+ other distributions.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-012/

ATLAS: tW+MET Results

e No significant excess above the SM expectation found

e Model excluded up to my = 350 GeV and mp* = 1500 GeV

Significance

N

ATLAS Preliminary
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Also include results from 2¢ region
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ATLAS: ttbar+MET

» spin-0 mediator 9
under minimal
flavour violation
hypothesis —

Yukawa-like
couplings

» Combination of ¢t + Ermiss analyses with 2, 1 and O leptons.
» New 0Ol low-Ermiss channel, making use of b- jet triggers

(extended to 160 GeV)

p Targetting scalar and pseudoscalar mediators.
» Backgrounds: tt, W+jets, Z+jets, 11+ 2 — constrained 1in CRs

» data compatible w/ predictions within 20
» 2-lepton dominates, O-lepton extension reaches 1-lepton

sensitivity at low mayq

Nishu (University of Alberta)

ATLAS-CONF-2022-007
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-007/

ATLAS/CMS: Mono Jet

» Inclusive signature sensitive to a wide range of New Physics theories.

» Large Ermiss + hadronic jets

» Trigger events based on Ermiss

. Main Backgrounds :
p Ermiss > 200 (250) GeV for ATLAS (CMS)

/Z(— vv) +jets : basically 1dentical to signal

» up to 4 jets well separated from Epmiss except for mass
» Require jet with pT > 150 (100) GeV 1in ATLAS W(—Lv) + jets: charged lepton not always
(CMS) reconstructed
Signal Background (Z+jets)
7 q Y Backgrounds are estimated from 1/2-lepton
\ Control regions
/
q %
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ATLAS: Mono Jet Results Phys. Rev. D 103 (2021) 112006

Background modelling describes

o o o ; 1 500 T | | | | | | I | | | | ;‘ 300 ! ! ! ' ! ! | ! ' !
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p.(j) > 150 GeV I W Iv) +jets -
(€)) . . ] =
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© = P
@) 0' 85
.OF | | |

| S R e R ATLAS published model dependent & independent

precoil— prof the system which recoils against the

hadronic activity in the event. , ,
In the CRs, pirecoil = Eqmiss 4 sum of leptons pr dimensions, scalar dark energy).

In the signal region, precoil is equivalent to Ermiss

limits (WIMPs, squark pair production, extra
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

JHEP 11 (2021) 153
CMS: Mono Jet Results S 4 1 TUERCY
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http://dx.doi.org/10.1007/JHEP11(2021)153

JHEP 06 (2022) 156

CMS: Semi-visible jets

. q X MET aligned with
/ f7d jets, not back-to-
// - g RN gy back — Previous
searches for
a X jets+MET not
A o _/ # of stable hadrons Sens itive
e < # of hadrons >
Invisible fraction
CMS simulation (13 TeV)
0 S Een el Be Ues s U I BRE R S  BU D S
» Dark showering process after leptophobic Z” — qpqp s . _
» Some dark hadrons stable — Visible states interspersed with § 1Tl Egi £§ :
dark hadrons 2 10 - |

N,
|-!T'7.'

» A jet-level BDT used to tag semivisible jets and define a high-
purity category.

-----
Y : 5

......

» Sensitive variable: dijet transverse mass mr and Epmiss

—4 [ ey e e E EOe il S
0% T 1

BDT discriminator (J, ,)

» selection categorised in Rt(= p™*/mr > 0.15)

Nishu (University of Alberta)
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https://cds.cern.ch/record/2798628/files/Publication.pdf

CMS: Semi-visible jets o —————

. , B ysis
» Background Estimation: Analytic smoothly identification of semivisible jets
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ATLAS: Semi-visible jets ATLAS-CONF-2022:038

» Bifundamental mediator acts as a portal!

t-channel

» Two sensitive variables: pr balance (between closest and farthest jet from MET)

and |¢max - cI)minl
» Multibin fit in the SR based on pt balance and max-min Phi

» CR-SR Simultaneous fit with OL, 1L(W+jets/top enriched), 2L (Z+jets) selections
» A template fit performed in 1L1B top enriched — top SF fixed in the other fits

95% CL upper limits on A

107

8 E Il:)lt T 1T 1 | T 1 1T 1 |S'| T IlMl [!r |V]I Fl{ ! | LI | |§ ﬂ. g T T T T | T T T T | T T T T | |D T T | Sl I”VI 11 Vl R| T | T g O hroor , (fb) for )\’=1:
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-l9 — > 600 GeV. E™ > 600 GeV [ tt. 1 2,0.6 - ﬂ — S GeV. E™ > GeV o tt 2,0.6 - Y
= - = e S B Singletop  mim1 3,0.2 ] c — ;=600 GeV, E;™ > 600 Ge Single t 3,0.2 = L
© 10° g PostF i S 10° | 1 Dibason 0.8  |s=13TeV, 139 fb"
2 10 E- ost-Fit % IIZB)Ltéoson mine 3,04 = e 10 E- Post-Fit %l IIE:))il(téosuon 3,0.4 = S= ev, b 35
L - . - — s ORY- 3 .. . .
_ . bt Y - - 1 04 B i CL . na N WA lll.fnfr . 7 Semi-visible jet t-channel
=? .E E? paniiNANE n
S = = s 3
= 0.6
2.5
0.4+ 2
2 2
M o 1.5
~~ ~~
% ' : : : : - : - % 0.2
O 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 b |1 (M) 1
pTa | | | 1 1 1 1 | | 1
2.5 3 3.5 4 4.5 5
Mg (TeV)

e Limits on mediator mass separately for each Rinv and limits in terms of the q-qd-¢ vertex coupling
strength A, with the XS scaling as A4
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-038/

ATLAS/CMS: Hinv VBF

p Possible coupling of the Higgs boson to dark matter
p Search for invisible Higgs boson decays produced in VBF: VBF H — 1nv

» Most sensitive among the H — 1nv direct searches

» VBE: Second highest rate among Higgs production modes
p Clean VBF signature

VBF signature:

p 2 jets with large 1 gap between leading jets
p Large dijet invariant mass
» Small Agj; and large Epmiss

Main Backgrounds : Z — vv, W — {v, multijet
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ATLAS: Hi.v VBF Results

VBF + Etmiss SRs & CRs : No excess over
Standard Model predictions.
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https://link.springer.com/article/10.1007/JHEP08(2022)104
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092007

ATLAS/CMS: Z(I)+MET (ZH, MONO-Z

Search in the Il (from Z) + MET (from Higgs invisible or through mediators) final state:

I—I—I
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med
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q X

Higgs invisible decay Simplified models 2HDM+a models

» 31,41 CRs used to constrain WZ/ZZ SM predictions
» Simutanous fit to Ermiss, BDT score or mt 1n CRs to estimate SR total background.
» BDT used for H—=1invisible, Etmiss / mt used for mono-Z models

» Main background: SM qq—Z727Z
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ATLAS/CMS:
Z(I)+MET
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https://www.sciencedirect.com/science/article/pii/S0370269322002003
https://link.springer.com/article/10.1140/epjc/s10052-020-08739-5

ATLAS/CMS:VBF + MET + Photon

» Search for semivisible Higgs decays — 1solated photon, MET, and 2 VBF jets
» Dedicated CRs for major background: W+jets, Wy, Zy, y+jets
» Simultaneous fit of SR and CRs
» Mt (yv,MET) shape analysis for yp in bins of m;;
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https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://link.springer.com/article/10.1007/JHEP03(2021)011

ATLAS/CMS:Dijet resonances

e Direct search for mediator particle in dijet mass spectrum
Look for bump over smoothly falling background (fit)
e Sensitivity at low mass limited by trigger threshold

e For low mass: dijet TLA, di-jet+lepton/jet with trigger on jet / photon / lepton mediator
® No excess observed with respect to the SM background expectations.
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http://dx.doi.org/10.1007/JHEP05(2020)033
https://link.springer.com/article/10.1007/JHEP03(2020)145

CMS: DM Summary Plots
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#DM_summary_plots
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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LHC and Direct Detection provide complementary constraints
Comparison to direct detection strongly dependent on coupling assumption
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/

ATLAS/CMS:Hinv combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
http://dx.doi.org/10.1016/j.physletb.2019.04.025

Summary

» The Run 2 programs at both ATLAS and CMS covers a wide range of parameter space.

» Interpretation in view of many different DM models with many different signatures.
» No significant deviations from SM found so far.
» Observed complementarity with non-collider DM searches.

» We are getting ready for Run-3. Stay Tuned!
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Mono-top Analysis Strategy

Estimate signal and . . .
backgrounds Define a signal-enriched

region using a multivariate \ Define control and
analysis (MVA) technique validation regions

Maximise sensitivity to the two
considered DM signals

MC simulations

| Control regions (CRs): — -
' Validation regions (VRs):

' Constrain the .
Profile likelihood fit to the data / normalization of the main || Check the modelling of the |:
yields in the CRs and to the MVA | contributing backgrounds et i

classifier distribution in the SR

~
~
~
T
~
e
~

Systematic uncertainties are included in

the fit in the form of nuisance parameters: .
« Experimental: luminosity, pile-up; lepton, Y

Background-only hypothesis:
Test the compatibility of the observed data with the SM
predictions in the control and signal regions.
Free parameters: scale factor for tt (uwpar) and V+jets (pysjets)

jets and b-jets, E;™'ss reconstruction,
large-R jets and top-tagging.
* Theoretical: background MC modelling,
cross-sections.

Signal+background hypothesis:

In case no excess observed, set upper limits on the
production cross-section for the considered signal models.
Free parameters: scale factor for tt (uwpar) and V+jets (uysjets)

+ signal strength (4 monotop)
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Mono-top MVA

Several techniques are being studied: BDT (default), NN, Autoencoder,...

Using preselection as the training region.

Training with the most relevant signal and background samples.

Variables that didn’t improve significantly the performance (by more than 0.001 in terms of

area under the ROC) or had a correlation coefficient larger than 0.8 were pruned

Variable Resonant DM model

Non-resonant DM model

VLQ

E’;I‘USS
Apt (J,jets)
o*
Njets
ARm.ax
mtmin(E7",b-jet)
Mop
HT/E'{_‘HISS
AE(E%IISS,J)
AG(ER.])
Hrt
p1(J)
mr(EPS.J)
A¢(b-jet,])
m(J)

Bl B G e

B B N S

5 B B

=

S Bl B BN

B U Nl BN

* EPUSS_pT(top)

0- T
ETYSS+pT(top)
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Mono-S(VV)

e Electrons:
- [n|<2.47, p; >7 GeV

- |ID: MediumLLH, Iso: FCLoose

- veto additional electrons:
ID: LooseAndBLayerLLH, Iso: FCLoose

 Muons:
- [n|<2.5, p; >7 GeV
- ID: Medium, Iso: TightTrackOnly VarRad

— veto additional muons:
ID: Loose, Iso: -

» R=0.4 PFlow jets
- In|<2.5, pr >20 GeV

- JVT: Tight
- b-tagging: DL1r 77% efficiency

Nishu (University of Alberta)
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TAR jets

- track-assisted reclustering, using tracks and
calibrated R=0.2 LCW (R-scan) jets as input

- lepton disentanglement: remove tracks
associated with electrons/mouns, and R=0.2
jets within AR<0.2 of an electron from input

- jets are reclustered with R=1 AntiKt

- tracks are associated to R=0.2 jets and
rescaled to jet p;

- mass and substructure of TAR jets are
calculated from tracks, making use of
superior tracking resolution

E:miss: Calculated from electrons,

muons, PFlow jets, and track-based
soft term

Photons and hadronic tauons are not
considered

DM searches in ATLAS/CMS




Mono-S(VV) Systematics

Considered experimental systs:

Luminosity

Electron and muon efficiency, resolution,

scale
MET
PRW
Flavour tagging

R=0.4 jets
- JES: CategoryReduction
= EREERUINER

TAR jets
- Tracking (TRK)

- Jet systematics for R=0.2 input jets

 JES: CategoryReduction
st JERE EUIIIER

Nishu (University of Alberta)
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ATLAS Internal Simulation
301 Vs =13TeV, 139.0 fb~!
Merged SR
251 Total SM background

151

Simulated Yield

—— R=0.4 Jets
R = 0.2 TAR Subjets
— Tracks for TAR
Errmss

101

0
140 160 180 200

220 240 260 280 300

-
N

-
.

Var. / Nom
o -
s o

O
Lo

140 160 180 200

220 240 260 280 300

m™in (GeV)

All JES/JER NPs treated as
uncorrelated between R=0.4 and

R=0.2 jets

- Impact of correlating JES was found

to be negligible
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tW+MET

Baseline objects
Jets Large-R jets et p*
pr> 20 GeV pr> 200 GeV pr=> 4.5 GeV pr>4 GeV
| < 4.5 In| < 2.0 In| < 2.47 In| < 2.7
ID: LooseAndBLayerLLH  ID: 1 (medium
Zypsin(#) < 0.5mm
Signal objects
Jets b-jets et pu*
pr=> 30 GeV In| < 2.5 pr> 4.5 GeV pr>4 GeV
PFlow jets Tagger : DL1r In| < 2.47 In| < 2.7
JVT = 0.5 (Default) WP: TT% ID: MediumLLH ID: 1 (medium
FCLoose Loose VarRac
Large-R jets Zysin(f) < 0.5mm
Tagger : SmoothedWTagger dyfog,| <5 ldo/oa,| < 3
WP: 50%
Fiina Derivation: PHYS

Jet WP: Tight
Additional event cuts

BadMuon(g/p) Cosmic muons
0.4 Zp < 1.0
0.4 du < 0.2
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LooseBad
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Reject | Against Criteria
electron | electron shared track, pr | < p1»
tau electron None
tau muon None
muon | electron is calo-muon and shared ID track
electron | muon shared ID track
photon | electron None
photon | muon None
jet electron AR < 0.2 if not a b-jet
electron jet AR <04
jet muon | Not a b-jet and NumTrack < 3 and (ghost-associated or AR < 0.2)
muon jet AR <04
jet tau None
photon jet None
fat-jet | electron AR < 1.0
fat-jet muon AR < 1.0
jet fat-jet None

DM searches in ATLAS/CMS




VBF Hinv

lowest unprescaled Et™ss triggers (see next slide)
* require at least 2 jets with pr>25 GeV, passing JVT
* pt(1) > 80 GeV & pr(j2) > 50GeV
* veto any third jet with pr> 25 GeV and passing JVT
* require the two jets to be in an opposite hemisphere

P * Anj> 4.8 in a sketch:
topology - 3 binsin M;j > 1 TeV: \
* bin1l: 1.0 < Mjj<1.5 TeV ’ jet 2

* bin2: 1.5 < Mjj<2 TeV pr>50 GeV
e bin3: Mjj>2 TeV
st ket W{ - lepton veto

/no ele and H y

d top bk _ .
ANCTOPBEG . pomiss 5 180 GeV 2
reduce QCD ‘ A¢ii<1 -8 . | i Elmiss>180 GeV
bkg + AD(1, ErMss)>1 and AD(j2, Er™ss)>1

* MHT(noJVT) > 150 GeV (see /ater)
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