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Introduction

Searches for Exotica at LHC = leave no stone unturned
« (Exotic) BSM scenarios

» (Exotic) detector signatures

« (Exotic) analysis techniques

Where are we?

« LHC Run2 data at 13 TeV collected 2015-2018

« EPS2019: First results with full Run2 dataset (139/fb): simple resonances, SUSY
« O(100) searches since then, O(100) to come

27 new search results for EPS2021

« ATLAS EXOT, HDBS, SUSY public results

« CMS EXO, B2G, SUSY public results

« LHCb QCD, Electroweak, Exotica public results
Focus of today:

* QOverview of BSM scenarios and signatures

 New routes explored in exotic searches

* New results



https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publications/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
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New fermions

Pair production Single production
, (strong) (EWK)

» Vector-like quarks (VLQ)
* L/R-handed transform same
« Can mix with 39 gen SM partners

to regulate Higgs mass

« Heavy neutral leptons/neutrinos (HNL)
« Can generate small neutrino mass via seesaw

mechanism

« EXxcited states of quarks/leptons (g*, I*)
from compositeness
« Composite Higgs can regulate Higgs mass
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Excited bottom quark b* in dijets CMS-PAS-EX0-20-008

« Search for resonances on smoothly falling b-tagged dijet mass spectrum

DNN-based b-tag improves background rejection
Require at least one b-tag for b*->bg signal
Background estimated from s+b fit with smooth functional form

* Most stringent b* limit >4 TeV

Including b* production process qg—>bb* significantly improves limits

2018 60.0 fo' (13 TeV)

CMS Preliminary
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https://cds.cern.ch/record/2776798?ln=en

« Target resolved lljj and boosted |J (new!) topologies (my.>>my)

» ldentify boosted decay by lepton subjet fraction
» 4 event categories ee/upu resolved/boosted
« ttyield and Z+jet shape constraint by control region

 Significantly improved sensitivity for my<0.5 TeV
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https://cds.cern.ch/record/2776884?ln=en

Events

Data / Bkg.

« Target resolved and boosted jet topologies with one lepton

« Categorize events according to multiplicities:

jet, b-tag, forward-jet, lep-top, top-tag, H-tag, V-tag

» Search for excess in scalar sum of object pt (M)
- Top and V+jet background reweighted data-driven vs. Njgt and mgg
» Universal coupling strength k>0.5 excluded for mT<1.8 TeV

ATLAS Preliminary
Vs =13 TeV, 139 fb”!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-040

New bosons

Spin-0 h, H, A, H+- in 2HDM
« Simplest BSM extension of SM Higgs sector

q SM
Spin-1 W’/Z’: in many models, e.g. composite Higgs X
» Possible solution to hierarchy problem
« Benchmark model: Heavy vector triplet (m,,~m) )

1 SM

Spin-2 gravitons, spin-0 radions in extra dimension models
* Possibly solution to hierarchy problem

y yp :DX</JN<
Axion-like-particles (spin-0 pseudoscalar) <
« Specific case of axion is solution to Strong-CP-problem

* Dark matter candidate WWW resonance (CMS-PAS-B2G-21-002)
Charged Higgs in t>H™ *b (ATLAS-CONF-2021-037)

Leptoquarks (Spiﬂ-O/']) X—~>aa—>4gamma (CMS-PAS-HIG-21-003)
* Possible explanation for LHCb flavour anomalies

Plenary talk by Paula Alvarez Cartelle (Thu)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/

 Identify events with DNN top tagger and b-tagger

« Signal event categories with 1 and 2 b-tags
« Data driven background estimate from regions with looser b/top-tags

* 4.4 TeV most stringent limit to date
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043

Heavy resonance X> Wy/Zy in y+jet = suscorm

 Generic spin-0/1/2 narrow-width resonance X 1

« Event categories based on jet substructure (D2) and mass, X
and b-tagging for Z->bb
« Background from s+b fit of smooth functional form, checked in control region q/b
 Current best exclusions of these processes Wiz <

g/b
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-041/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/

Events / 0.33

Data/Pred.

Heavy resonance X>HH in 2b-jets+1,+1,

« Target resolved category and spin-0 resonances
« Sensitivity gains wrt. 36/fb thanks to improved t,, identification and b-taggers
« Extract signal with parameterised NN in the HH mass
« Data-driven techniques are used for jets faking hadronic taus
« Three distinct signal regions based on trigger requirements

 Most sensitive X—HH search at intermediate masses

tau,+(tauy) triggers
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

Events / bin

» Best sensitivity to HH->Dbbl(l), better by factor 6-14 wrt.

(Data-Bkg)/o

Heavy resonance X->HH in 4b and bbil(l)

51035 LI L B

Two new searches for X->HH:

* 4b boosted+semi-resolved, bbWW*->bblvqqg/bblvlv and bbtt->bblvvivy

« Deep NN to tag H(bb)-jets and categorize events
« Data-driven background from H(bb)-tag fail regions
* Extract signal with 2D-fit of (m,Mgeqy)

Most sensitive of new HH—=>4b results above 1.5 TeV
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X->aa resonances in 4b

 First generic search for X>aa—>4b, 25<m,;<100 GeV, 1<X<3 TeV

« Data driven background from An and double-b-tag sideband

. . . . . b
« Extract signal with 2D-fit of average jet mass and dijet mass <
a o
X P b
—————— =< —
S~ b
b
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Entries / 50 GeV

Data/Bkg

Axion-like-particle - ZZ/ZH in ll+jet CIMS-PAS-826-20.01

First limits on non-resonant ALP-mediated ZZ and ZH obtained

by LHC experiments

Target boosted and resolved final state with and without b-tag g ALP linear EFT Z=>qq/bb
« Constrain background shape from jet mass sidebands
* Spin-1/-2 resonances also probed

« Exclude events with mz > f, when setting constraints (validity of the EFT) ¥)--------
«  Limits valid in m,<100 GeV a*
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- = (@]
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Charged-lepton flavor violation in Z>eu  sresconmos

LFV Z->ep
BDT selection to suppress backgrounds
N e

B(Z = e#) = —F avgo
(AXS)Z_)eluXNZc > RN AR | | | | -
- & 299 aTLAS Preliminary E
N2 from Z->ee/uy — 1800E (5 13 7ev, 139" @ Data E
~ 1600? ) —— Total Background —;
£ 1400 Zone =
[} - oc® Z-pp =
B(Z->e|J) <3.04 x 10-7 Lﬁ 15885_ Remaining Background J
- SIRYENY Signal at limitx 20 -
800K =
Most stringent direct result 600 ) =
5x better than LEP 400 - =
200 . . =
Recent constraints from ATLAS = 12 e — +_

iV S 1
(arXiv:2105.12491) S teeeteartttethy 0004 ++++++++ + m%
. B(Z->er) < 5.0 x 106 & o ¢ L
. B(Z->pt) <6.5x 10 s S S A
70 75 80 85 90 95 100 105 110

Mg, [GEV] 17


https://arxiv.org/abs/2105.12491
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Charge-ﬂaVOr asymmetr’y |n elJ ATLAS-CONF-2021-045

First search at LHC for Charge-flavor asymmetry in e

u
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Dark matter and

« Classical DM signature: Etmiss + X 3
with X=q,vy, W, Z, H, t, tt &

« Simplified models

g q

Jq Jq
Z’
q q

Allow comparison with direct detection
Plenary talk by Babette Dobrich (Thu)

« Dark sector: multiple fermions/bosons
making up dark matter

Portal/mediator between SM and dark
sector could e.g. be dark photon, Higgs
Dark matter fermions could acquire mass
from dark or SM Higgs

Relates DM to exotic decays of SM Higgs

dark sector

1.6 71T 7T

ATL-PHYS-PUB-2021-006

LIATLAS Preliminary
1 4[Vs = 13 TeV, March 2021

bb resonance [.~"
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All limits at 95% CL
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Dark Sector
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Multiparticle Spectrum

New Gauge Symmetries )

Graphics credit Mariangela Lisanti

Boosted dijet+ISR, 36.1 fb™!

Boosted di-b+ISR, 80.5 fb™!
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Search for decay of Higgs - DM and production of DM + Z(ll)

* Major backgrounds constraint in control regions
« Extract signal dedicated BDT for H->inv or from m(II+MET)

B(H->inv) <18% @95% CL
« compare to 11% combining Run2 VBF+ttH +Run1 (ATLAS-CONF-2020-052)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-029

Combination of H(bb)/Z(ID+MET in 2ZHDM+a smssconszzios

- 2HDM-+a: simplest gauge-invariant and UV-complete extension of the

simplified model with a pseudoscalar mediator
Pseudoscalar not strongly constraint by direct detection

* First combination of Eymiss+H(bb) and Etmiss+Z(ll) channels
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» Higgs decay via dark scalar or dark vector boson %
« XX and ZX topologies are probed

 Dedicated low mass 4p channel exploring resonances down to 1 GeV .
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« Extends excluded region to mg masses up to 300 GeV
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ATLAS MET+W(qq)W(qq) [1] search reached up to ~250 GeV
3 event categories in AR(ll) covering different boost

Dominant prompt background norms from control regions
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SUSY

" o . . i
' ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
° wnole searc rogram Ise une 2021 Vs = 13TeV
Model Signature  [Lar (™ Mass limit Reference
T T T — T T T —
34, G—a¥) Oe.p 26jets  Epe 139 |TRIERIDEGER] 1.0 1.85 m(¥})<400GeV 201014293
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i3
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& z 1.15-1.95 2010.14293
@
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3 SSepu 6 jets 139 | & 1.15 m(g)-m(¥})=200 GeV 1909.08457
S ot 0-1e.u 3b  EP™ 798 |2 2.25 m({})<200GeV ATLAS-CONF-2018-041
SSe.p 6jets 139 z 1.25 m(g)-m(¥1)=300 GeV 1909.08457
bby Oep 2h 2 I 1.255 m{iﬂ‘g«uuesv 2101.12527
by 0.68 10 GeV<Am(B; 11)<20 GeV 2101.12527
@ < biby, bi—bY) - bhit) Oe.pu 60 B 139 |5 Forbidden 0.23-1.35 30 GeV, m(¥})=100GeV 1908.03122
[] L] -‘E .% 27 2b EPS 139 by 0.13-0.85 1)=130 GeV, m(¥1)=0 GeV ATLAS-CONF-2020-031
[ ) 82 Al -] 0-1 e, =ljet EPS 139 | & 1.25 m(E)=1GeV 2004.14060,2012.03799
: g iy, i WhE) lepu  Bjetsb ENS 139 |7 on - 0.65 m(E})=500 GeV 2012.03799
g*g iy, =T by, 5516 127 2jets/1 b EP™ 139 i 1.4 m(#)=800 GeV ATLAS-CONF-2021-008
. . = 2 Af, ok /8 coek] Oep c B 361 @ 0.85 m(E)=0GeV 1805.01649
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. a I r ro l l C I O n Ry, o0y, B9—Z/ht) 12ep 14b  EP™ 139 i 0.067-1.18 m(¥3)=500GeV 2006.05880
hi, hoi +Z 3en 1b EPs 139 | & Forbidden 0.86 m(¥})=360 GeV, m(f,)-m(¥})= 40 GeV 2006.05880
. . RS via wz Multiple ¢/jets ) Epe 139 )Ei/)gg 0.96 m(¥})=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
ee, ppt =ljet  EP™ 139 | G/K 0.205 m¥)-m(¥!)=5 GeV, wino-bino
° on ecay chains 1o |l es mom|E
RS via Wh Multiple ¢/jets EMs 139 | ¥Ry  Forbidden 1.06 m(E)=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
> 5 XN vialy/v 2en Eps 139 |dg 1.0 7)=0.5(m(T5)m(T))) 1908.08215
DL ot 27 EPS 189 | F FL.ARLI 0:16:0:3] 0.12-0.39 m(E)=0 1911.06660
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ee. >ljet EPS 139 |7 0.256 m(f)}m(E)=10 GeV 1911.12606
AH, A—hG[2G Oeu 23b  EpS 38t | B 0.13-0.23 0.20-0.88 BRG] - G 1806.04030
e Ojets  EM™ 139 | i 0.55 BR(} — 2103.11684
Oeu =2large jets Eﬁ”“ 139 i 0.45-0.93 BH()?? — ZG)= ATLAS-CONF-2021-022
Direct ¥{ X7 prod., long-lived ¥} Disapp. trk  1jet  EP' 139 [y 0.66 Pure Wino ATLAS-CONF-2021-015
B a b 0.21 Pure higgsino ATLAS-CONF-2021-015
. . $ % Stable z R-hadron Multiple 36.1 & 2.0 1902.01636,1808.04095
2 & Metastable g R-hadron, g—qqt} Multiple 361 | & [v(@ =10ns,02ns] 205 2.4 m(E})=100 GeV 1710.04901,1808.04095
Py n I r m r n I S8 oG Displ. lep s 139 |aq 0.7 w(?)=0.1ns 2011.07812
7 0.34 ) =04ns 2011.07812
. . TR Xzttt 3en 139 | ¥/%)  [BR(Z7)-1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
TR IR - wwjzeetewr dep Ojets  EP™ 139 |G IR EONRE0) 0.95 155 m(})=200 GeV 210311684
I I | Ia S a eS WI —qg¥), ¥ - qqq 4-5 large jets 361 |z [m(¥})-200GeV, 1100 GeV] 13 1.9 Large 17, 1804.03568
s 7 Fstt), ) - ths Multiple 36.1 7 [Ap,=2e-4,1e2] 0.55 1.05 m(})=200 GeV, bino-like ATLAS-CONF-2018-003
& 17, isb¥;, XT — bbs >4b 139 i 0.95 m(¥7)=500 GeV 2010.01015
Ay, f1—bs 2jets+2b 36.7  |NENIGaEs] 1710.07171
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1
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Neutralino/gravitino in y + jets + MET  »scowa

» Unique sensitivity to models with photons and jets in the final

state, including SUSY General Gauge Mediation models
3 signal regions based on photon pt + event activity targeting different

neutralino/gravitino mass ratios

Wy, tty, y+jets constraint in control regions, checked in validation regions
GGM scenario with a NLSP neutralino that is a mixture of higgsino and bino

» Sensitivity improved over Run1 result by up to
1000 (400) GeV for y/H (y/Z)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-028/

Staus in hadronic T + MET final states

» Targets prompt and long lived staus, occurring in GMSB models
Events categorized according to Zmy, my,, T pr

» Exclude degenerate stau production up to 400 GeV

Events / Bin

Obs. / Pred.

Dedicated search regions for displaced taus (ct<2.5mm)

Background reduced with DNN t identification
T T background estimated with embedded sample

For ct =0.1mm, exclude mass range 150-220GeV
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Long-lived particles

Long-loved particles (LLP) appear in SM and BSM

« Small couplings
 Phase-space suppression
 Heavy intermediate states

« (almost) conserved symmetries

Signatures
 timing

* jonization

» displacement

Dedicated reconstruction techniques

Benchmark models with LLP
« SUSY, HNL, dark sectors

* The world is full of long-lived particles
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Data/Pred.

HNL - displaced dilepton

* Reconstruct displaced lepton pair vertex in tracker

« Event categories in distance between primary and secondary 4 -
vertices A,p, my, flavor
« Data driven background loose-to-tight method

* Limits on mixing of N with SM leptons improved
by an order of magnitude, best limits
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non-resonant -

’
- -

< 10<myp<90 GeV [ 30<m;,<200 GeV

* Reconstruct displaced (0.5<R,,<20 mm) high-multiplicity

vertex with one associated isolated high-pt muon
MVA kinematic selection
Resonant signal extracted from fit to reconstructed LLP mass

— Fit: total
background

— Fit: total
background
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« Displaced ee/up search without req. same vertex !

- Detect displacement within pixel tracker . / . disolaced
- p ¢ & plac
» Transverse impact parameter 0.1< |d0| <100mm JP e G lepton
» Estimate background from prompt lepton region ~~___ e
» Exclusive sensitivity to < 1mm compared to [1] y 7 '\ ¢
¢
o 10° CMS Prellmmary | _ 113-1 I18ﬂa‘l‘ (13 Tev CMS Preliminary 113-118b ' (13 TeV)
] L | IlllllllllllllllllllIIIIIIIII IIIIIIIIIIII Lyyen ]
= ¢ Data £ 108 ¢ — ¢QG (co-NLSP) 4
P Background O, A Ea 4 =
a i Background uncertainty £ 10° 95% CL upper limits 310" o
10° — 1-bé,mi=1500GeV, cro=1cm = 2 ---. Median expected - {0°
104 — Observed
102
10
1
107
107
10°
10~

10"3 llIlIllIIllIIlllllllIIIIIlIIl Illlllllllll
100 200 300 400 500 600 700 800 S00

[1]arX|v201107812 - - = m; [GeV] 30



https://cds.cern.ch/record/2776771?ln=en

95 % CL Upper Limit on (6 / og

Displaced jets in muon spectrometer

FEPT) el
NS
' ) F
/ AN
. s - 35
- .
\
\
)

* Reconstruct two isolated vertices in muon spectrometer | e iepons. epton - <
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« Data-driven background estimate to 0.32+0.05 events ‘ Sti*;':r;
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Conclusions

Large number of models and signatures already explored
with LHC Run2 data

Besides amount of data, sensitivity significantly enhanced
over previous early Run2 searches with new reconstruction
and analysis techniques

Several new models/signatures explored for the first time

o(pp —» e u +X)
GADD —E i +X)

No new evidence for BSM to report today
Significantly extended range of model phase-space excluded TR |

Still many stones left unturned

* More exotic models

» More exotic detector signatures

« More exotic analysis techniques

« LHC Run3 with new detector/trigger capabilities




