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« ATLAS HNL
« ATLAS dE/dx

Important references

[1] Collider searches for long-lived particles beyond the Standard Model
[2] Searching for long-lived particles beyond the Standard Model at the Large Hadron Collider
[3] Dark matter summary plots for s-channel and 2HDM+a models

[4] Constraints on spin-0 dark matter mediators and invisible Higgs decays using ATLAS 13 TeV pp collision data with two top quarks
and missing energy in the final state

E] Search for invisible Higgs-boson decays in events with vector-boson fusion signatures using 139 fb~' of proton-proton data recorded
y the ATLAS experiment

[6] Search for invisible decays of the Higgs boson produced via vector boson fusion in proton-proton collisions at Vs = 13 TeV

[11 Search for long-lived particles decaying into muon pairs in proton-proton collisions at \'s = 13 TeV collected with a dedicated high-
rate data stream

[8] Search for long-lived heavy neutral leptons with displaced vertices in proton-proton collisions at Vs =13 TeV

%I_ngrghtfortlong-lived charginos based on a disappearing-track signature using 136 fb=" of pp collisions at Vs = 13 TeV with the
etector

[10] Search for neutral long-lived particles in pp collisions at sY=13 TeV that decay into displaced hadronic jets in the ATLAS calorimeter

[;%Search for light long-lived neutral particles that decay to collimated pairs of leptons or light hadrons in pp collisions at Vs=13 TeV
with the ATLAS detector

[12] Search for long-lived particles decaying to a pair of muons in proton-proton collisions at Vs= 13 TeV
CMS Exotica public results, CMS SUSY public results, ATLAS Exotics public results, ATLAS SUSY public results
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Searches for Dark Matter

 LHC dark matter searches cover a rich variety of
final states and models

« Cover a range of complete and simplified models
« 2HDM+a, Higgs portal
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Searches for Dark Matter [3]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

t(t) + EM'sS DM Combination [4]

» Combine results from searches for single top and tt + ESS searches
 0l, 1l and 2l channels
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Overview

 Place limits on the h — inv branching fraction
« Search in the VBF production mode

- Pair of forward jets with a large separation and moderate E&SS

» Select signal region events using EF'sS trigger
 Also dedicated VBF trigger (CMS)

 Split signal regions by
* Njet
o E{‘niss
* Agj;lAn;;
¢ My
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ATLAS, 139 fb-!

Signal region bins for the search of VBF invisible Higgs boson decays
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Major Backgrounds and Selections

* Major (95%) background from V+jets
» Estimate with dedicated control regions

10477""\""I“"\"“I""\"
e ATLAS Post visible lepton VR fit

é b E=_13T$\é,1239fb‘125 | -e-Data
« Collaboration with theorists for NLO calculations & .~ ' "} I sy
(ATLAS) | o
 Extra constraint on Z+jets from W CR, : | een
Yy + jets CR (CMS) 8 !ﬁ:j‘ e
» Estimate multijet background with two methods _ . *
« Rebalance and Smear (ATLAS) 2 ] T
- control region, invert pileup/fake MET selections B
M. Schroder
Jet 2 Jat 2
‘b‘qi - " Jet 1 HT# Jet 1
SH UNIVERSITYOF (S A M
'?'ﬁ:m CAMBRIDGE ¢ \\ Jon Burr 8
EXPERIMENT (25




—
(&)}

o T T T
Results &1 ATLAS :
2z ) Ys=13TeV, 139 fb i
@ k Limits at 95% CL |
08 197 fb—1 (8 Tev) + 140 fb—1 (13 Tev} I:< 1 VBF with SM Higgs couplings |
E T rC - g _
L - CMS —— Observed ] © — Observed 7
E 0.7 - Median expected 4 REEEEEEEN W L. Expected -
T - I 68% expected m [ Expected 10 .
0.6 . = _ Expected +2 —
% - [ ]95% expected - 0.5 G‘S')'(E%e\?vi(tah Binvc= 0.15 _
é 0.5 E_ _E _
5§ 04 =
£ oaf E O TS '
g : 1 " m,, [GeV]
= 0.2 — .
3 : Biny < 0.145 (95% confidence), 0.103 expected
g 01 c.f. Bjyy < 0.11 observed from previous
0 572075 T, T S combination (B;,, < 0.13 from H — inv alone)
ATLAS-CONF-2020-052:
Biny < 0.18 (95% confidence), 0.10 expected * VBF

* ttH 0+ 2¢
* Run 1 combination (VBF/VH)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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LLP Overview

* Three main routes to yield LLPs

« Small mass splittings
« Small couplings
* Very massive mediators

« Common in many BSM theories

(and the SM)
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Experimental Signatures

diséppearing or

. displaced kinked tracks
° Slgn ature depend S Oon a feW multitrack vertices " e,
faCtO rs ---- (converted) photons
; ] ; '/ 3 ¥
Lifetime/decay location sepcsgiopone, // N o
 Charged vs neutral epton pairs »

» Decay products /

trackless,
| low-EMF jets

quasi-stable

. . . charged particles
multitrack vertices in the Q

muon spectrometer

I\,

Heather Russel
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Comparisons to ‘prompt’ searches

* Prompt reconstruction technigues often not suited to displaced
signatures
* Pointing to IP
« Missing hits Iin trackers
» Cleaning

« May need dedicated triggers

« Significant impact from non-collision backgrounds

« See many examples in what follows

* Prompt searches constrain LLP models (e.g. H — inv)
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Overview )
 Data scouting Zp ‘
« 3kHz dimuon trigger, ~1/1000 event size /

* Dimuon vertices in the ID (I, < 11cm)
* 200 MeV <my, <50 GeV

* Interpret with dark photon and scalar
resonance models

* Require displaced vertices
’ |de|/dey
* Jdy |/ ey My /05")

TYoF K CMS
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Major Backgrounds &&ﬁﬁ;) W <onon
‘Ll <

10810(|A77W|/|A¢W|) <125

» Accidental crossings, cosmics .
* Vertex selections
* Matenal InteraCtIOHS _,CMs. — ‘r2.l5vjfb“(l1§"l'e‘§/) -
- Use map to veto vertices near detector material ., ..o oo 20
* Prompt muons w5
 Require missing hits (where [,,, > 3.5cm) ,_» | N e
* Model backgrounds using analytic L °
funCtlonS Of muu gl;g:?e;e(:s;s;o:
« Mask locations of known SM resonances s asecr s ol NSkt 1
Beam pipe TIB detector x (cm)

layer 1

JINST 13 (2018) P10034
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http://dx.doi.org/10.1088/1748-0221/13/10/P10034
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Overview -
we - &
- -
« Search for HNLs Nl
« Assume N couples to 1 generation => ¢ = ¢’ W=
* Trigger on prompt lepton from IP Yo
« Split events into categories based on 0t
* Lepton flavours o
- Vertex displacement wr -V
* My ﬁ < - ¢
- Main backgrounds 75t
» m, K, B hadron decays, unidentified photon conversions T
 SM resonances
« Similar ATLAS analysis => YSF talk m(£yt5) (GeV) <4 >4
_ Ayp (cm) <0.5 05-15 1.5-4 >4 <05 >0.5
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- P
Overview <0
» Search for charged SUSY LLPs decaying in the ID o X\
- Nearly conserved symmetry => small mass R
splittings (few 100 MeV) mt

« ¥ falls below track reconstruction threshold
« AMSB pure wino ct~58mm
 ‘natural’ pure Higgsino ct~10mm

* Require >4 pixel hits => [,.,, > 122mm
» Use EI'SS trigger to select signal events

T I
L

B UNIVERSITY OF & ATI AS CMS

-oﬁll

SR CAM BRI DGE

\ Jon Burr 22

EXPERIMENT




Selections and maj

or backgrounds

* Dedicated quality selection for tracklets, require isolation
* |solate from other tracks, electrons, muons and calo energy

» Charged particle scattering (tt, W — £v)

» Estimate with Z - #£ tag and

« Combinatorial (fake tracklet)
» Estimate in high |d,| region
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— Signal tracklet
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Results

-
o

Ty T — T “L I A | 3
S F S :
— '~' “ —
4 F > 1 N
= o :
=1 AL
= 3 Y 7
i“‘
2F LY 3 B
! ' '
! 1 '
i
1= s § ' —
: I’_I I' '] ]
B i ‘l'. ]
-f ¥ —
L - E
. -',.-»' '-’
0-3 — ’.‘..l "“ —
02+ ":/‘.-* ----------- PCGCILIERRETPIeery R
-~ - o"“
0.1 ,:". -~ ATLAS —
- o -1 7
o \s=13TeV, 136 fb™ 7
¥ vt
004l Observed 95:10 CL I.|m_|t (1 Oypeory ) |
0.03 1 = === Expected 95% CL limit (1 0_, ) |
) P ==.=:- ATLAS (13 TeV, 36.1 fb™', EW prod. Obs.)
0.02 --=:=:- ATLAS (8 TeV, 20.3 fb", EW prod. Obs.)
------- Theoretical line for pure wino
0.01U | 1 L L1 L [ L L1

ﬁ Xy % ;f{: production (wino)

|
200

@8 UNIVERSITY OF
&¥ CAMBRIDGE

800 .\ | 1000
M) [GeV]

PDATLAS

EXPERIMENT

600

—t 0 + 0 _+_F . . .
%, % X, X,» X, X, production (higgsino)
'5'10 [T I | I I I | I I o | I I ]
= — ]
S -
v 3l :
2 3 |
1 :— : _:
0.3 7
0.2F ATLAS 7
. Vs =13 TeV, 136 fb
' Observed 95% CL limit (+1 6,,,,,,. ) .
= === Expected 95% CL limit (+1 o, ) -
004l =i=:=:= ATLAS (13 TeV, 36.1 fb!, EW prod. Obs.) |
. Al mamamia Theoretical line for pure higgsino
003 _t" .................................................... |
0.02 -
| | | | | | | | | | | | | |
0.01 200 400 600 800 1000
m(y,) [GeV]
_\\
% Jon Burr 24
=g
W\ \\ \ |




8- UNIVERSITY OF \
"¥" CAMBRIDGE % ATLAS B2

Calorimeter Ratio (ATLAS) [10]
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Overview P

” W
VAR / B\ WV

7]
I
s

« Search for LLPs decaying to jets inside the calorimeters
« Narrow jets with few tracks and high Ey/Egy (CalRatio)

« Benchmark using hidden sector (HS) model
« SM and HS connected by heavy neutral boson @ (can be SM Higgs)
* Long-lived neutral scalar s decays dominantly to heaviest available fermion

« Data collected with dedicated ‘CalRatio’ triggers

* L1: ‘Low E;’ E; > 30GeV, isolated from EM calorimeter deposits
L1 "High E;" E;x > 60GeV,100GeV in 0.2 X 0.2 (An X Ag)
« HLT: Dedicated cleaning, high Ey/Egy, low tracker activity
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Selections and major backgrounds

heal X m
° B I B ] Q C D m u ItiJ etS ;10::1: + S . proton bunch

* Train a NN to discriminate BIB, QCD and
displaced signal jets

* Input variables: timing, ID/MS track info, calorimeter topoclusters, [2]
energy per calorimeter layer

« Use adversarial net to correct for difference between MC and data
« Event-level BDT designed to separate signal from BIB
« Two versions of NN and BDT, low E; and high E
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Results
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Overview

HLSP

HLSP

« Search for LLPs decaying to fermions in the
calorimeter or MS

* Interpret using dark photon model f

- Consider ‘ggF’ and ‘WH' selections

* ggF: use LLP triggers; CalRatio or muons without "4
tracks in the 1D HAHM

« WH: use prompt lepton triggers d

* Consider u Dark Photon Jets (uDPJ) and
caloDPJs
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Results
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Overview s
(o q—* D
H----- & ——-— -t
HD ?_L ZD
» Search for displaced vertices from muon pairs Le o
in the entire detector “a
* Interpret using dark photon and simplified .
scalar portal models —
» Select data using MS-only dimuon triggers j{ma
« Match MS-only standalone (STA) muons to /X 8
tracker+MS (TMS) muons and use TMS when L “x ]
available NP
4
<
< ‘\“‘x
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CMS Preliminary

Y
=
tn

813713 TeV)
T LI T | T T T T | T T T T | T 1T 1 T | T T T T | T 1T 1 T |
STA-STA & Data B Creli-Yan
B B v
10* B WWWZsZZ B Vet

10°

Events / 0.063

Major Backgrounds

=y
=
]

« QCD punch through N
 Removed through isolation selections 1
e Cosmics 107 0.5 1 1.5 2> 25 3

AD|
 Remove back-to-back muons, remove events with multiple parallel muons
(cosmic ray showers)

 SM resonances, B meson cascade decays
* Require m,,, > 10GeV

* Mismeasured prompt muons (mostly DY uu, t7)
« AD = Ap(pr™*, V)
« Use approximate A® symmetry to predict background
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Results

%
CMS Preliminary Dark Photon 97.6 fb ™' (13 TeV) ; CMS preliminary Scalar 97 .6 b (13 TeV)
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Summary

 _LHC DM searches continue to

probe a hugely varied model space

* Many models (e.g. dark/hidden sectors) can generate both DM and

LLPs

* LLP searches are becoming increasingly common

» Many new results, with others in g IEpTe A een B ST 0515 oy Hidden Sector m, - 125 Ge
the p'pe“ne £ - 4 95% CL observed limits
« Many interesting and challenging o A A o e e
backgrounds, often common to F S ;rgsg;jgs%fam““
mult|p|e searches ol \WNINL ] it s e
* LHC LLP working group white 3= 23 f:;.;;ggjgggf%fb
paper [2] summarizes many of these N B w VA LA
* New dedicated Run 3 _trl?gers will I
allow extending sensitivity even further,.L
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https://cdsweb.cern.ch/record/2803320

Outlook: Beyond the main experiments
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Heavy Neutral Leptons

* Interact only through mixing with SM neutrinos

e Can help explain low neutrino masses through see-
saw mechanism

 Can contribute to CP-violation
- => mass scale of 10 GeV, 107! < |V7,| < 1075

« T X My Vs
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Dark Photons M

« Dark sector with Higgs portal ) "<f:: . HLsP
» Dark photon mixes with SM y/Z

* Decays to SM leptons and light quarks 7

* Lifetime controlled by mixing parameter

10711 <« e <1074

7
He - - - - 7d
7d
;
I
“ \ 3]
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Light Neutral Boson

« Hidden sector connected to SM through

heavy neutral boson ®
« ®is allowed to be the SM Higgs

e ® - ss where s Is a neutral LLP

* s decays to fermions with the largest BR to

the heaviest available species
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CMS HNL Selections

Selection criteria Resonance Vetoed range (GeV)
AR(¢,, 05) <1 w 0.78 £ 0.08
[AP(£q,05,3)] >1 ¢ 1.02 = 0.08
m(€,0,05) € [50,80] GeV ]/ 3.10 £ 0.08
number of b jets =0 P (2S) 3.69 £+ 0.08
pr(l,L5) > 15GeV Y (1S) 9.46 +0.08
cosB(SV, £,¢,) > 0.99 Y (2S) 10.02 = 0.08
Py > 0.001 Y(3S)  10.36+0.08
S(Asp) > 20 Z 91.2 +10.0
m(£0) & vetoed ranges
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ATLAS Disappearing Track Selections

Signal region Electroweak production  Strong production
Number of electrons and muons 0
Number of pixel tracklets = |
ET [GeV] > 200 > 250
Number of jets (pt > 20 GeV) = 1 >3
Leading jet pr |GeV] = 100 > 100
Second and third jet pt [GeV | - = 2()
: _EJ'.L'i:-i:-i ] ] _
AT (up to 4% jet with pr > 50 GeV) > 1.0 > 0.4
SH UNIVERSITYOF (S A M
Y CAMBRIDGE 2 Jon Burr
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ATLAS CalRatio Trlggers
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ATLAS CalRatio NN architecture

« Signal+Multijet+BIB
| Main Jet NN | Adversary
| 1
Input features 1D Convolutions LSTM
(20 x 10) = ||| sa|| @ 2
o |[&m]|]| || —= i
R — Dense
E E g E — 'g —»| Predict if
=E=HE a—*c—'-g gl Jetclass |8 8 g 0(MC) or 1(Data)
A RS n g 8 (QCD, BIB, :: g8 -§ using
_ — él cﬁq E Slgﬂa‘l S Control Region
Muon Segments g g E —_—> é - l
30 x 6) =
( : i E Kd § Feed performa.nce of MC/Data discriminator
o in Control Region to loss function of main jet NN
Jet Variables (3) > ] loss=H,,,,;,(signal,multijet,BIB)-AH,,,(MC,Data)

Control Region
“~Simulation + Data
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¥ CAMBRIDGE AT_A

L \ Jon Burr

EXPERIMENT




ATLAS CalRatio Selections

Low-ET selection High-ET selection
H.?“**‘/HT < 0.6 H%ﬂﬁ"‘/HT < 0.6
(Zjet’*iglfjjetﬁigﬂ Ilﬂgli}(EH/EEM)) > 2 (Zjet-‘*igm _J'et-‘*igzh_lﬂg][}(EH/EEM)) > 1
pr(jete) > 80 GeV pr(jet™sin) > 70 GeV
pr(jeter) > 80 GeV pr(jetin) > 80 GeV
low-E1 NN product > 0.7 high-E1 NN product > 0.5
=B UNIVERSITYOF & CMS,
¥ CAMBRIDGE ¥ AL AS .
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ATLAS Displace Lepton/Hadron
selections

Requirement / Region SREiF SR%E‘TF ‘SR?;E, Requirement / Region SRFH SR;‘:H SRF;I;
Number of uDPJs 2 0 I Number of uDPJs 0 0 |
Number of caloDPJs 0 2 I Number of caloDPJs ] 2 |
Tri-muon MS-only trigger yes - - Single lepton trigger (u.e) yes yes yes
Muon narrow-scan trigger yes - Yes T [GeV] > 120 ] ]
CalRatio trigger - yes - teatonpr| [0S] <4 <4 <4
|Atcatopprs| [ns] - <25 - . ‘
caloDP] IVT o4 ~ leading (far) caloDPJ width < 0.08 < 0.10 (0.15) < 0.1
Adppr > /S >n/5S >n/5 caloDPJ p1 [GeV ] > 30 - -
BIB tagger score = >02 so02 VI <0.6 <0.6 <0.6
max (> pt) [GeV] <45 <45 <45 min(Ag) < 3r/5 <3r/10 < 7n/20
[T QCD tagger - >095 >09 min(QCD tagger) > (.99 > (.91 > 0.9
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