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Why (still) Supersymmetry?

* Among the most popular extensions of the
Standard Model of elementary particles

» Postulates a “mirror” of the SM with “super-
partners” differing by 7/2 unit of spin

» Same gauge and flavour structure with the SM
= same interactions (but 2+3 charged-+neutral

Higgs bosons)

» Broken at some scale = heavy super-partners

» Very rich phenomenology, but very large free
parameter space = searches test simplified

models, with all but 1-2 parameters assumed at
an 1naccessible scale

» Can answer fundamental questions left open by
the SM (hierarchy, dark matter, force unification)
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Why (still) Supersymmetry?

* Among the most popular extensions of the y

Standard Model of elementary particles u e ||t

3

» Postulates a “mirror” of the SM with “super- d s | b
partners” differing by 7/2 unit of spin SM 114

» Same gauge and flavour structure with the SM ° N z
= same interactions (but 2+3 charged+neutral . e

: © NN | H
Higgs bosons)
» Broken at some scale = heavy super-partners >
u c {

» Very rich phenomenology, but very large free 3
parameter space = searches test simplified d 5 | b
models, with all but 1-2 parameters assumed at SUSY W
an 1naccessible scale T 0z 5

» Can answer fundamental questions left open by v, |7, |0 Tz
the SM (hierarchy, dark matter, force unification) Ll

» Searched at all high-energy colliders for >30 years: LEP, Tevatron, LHC
» No signs of it yet, but still far from excluding all scenarios

» Parameter space regions difficult to access, extraneous signatures (e.g. long lifetimes) unexplored
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Potential of the LHC Run 2 sample for SUSY searches

* Increasing luminosity:

» Search for smaller signals

» Increase signal sensitivity in cases with large

backgrounds

« LHC Run 2 dataset, corresponding to ~140 fb-1,

1s the largest sample ever collected at an energy
suitable for searches near the EWK scale

» Expand the signature space with final states

richer and more difficult to access

» Expand excluded regions of the parameter

space of simplified SUSY models
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Impact of dedicated triggers

» Use of triggers especially designed for SUSY searches:

» Improves data collection efficiency

» Enhances data purity

» Enables access to difficult phase space regions and difficult topologies

CMS preliminary 2018, 9.7 fb™", 13 TeV
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Impact of MVA and heavy-object taggers

* More sophisticated analysis methods
complement the increase of the dataset

« MVA/ML in HEP is now quite mature

» Technological advances in MVA make results
more reliable and reduce systematics

» Improve signal-background discrimination

» Event classification using MVA algorithms
improves substantially background rejection

HEP2023 Conference, loannina 5 Costas Vellidis



Impact of MVA and heavy-object taggers

* More sophisticated analysis methods

complement the increase of the dataset

« MVA/ML in HEP 1s now quite mature z
» Technological advances in MVA make results =
more reliable and reduce systematics )

» Improve signal-background discrimination E
» Event classification using MVA algorithms :
improves substantially background rejection :

=

« Improve object identification

Enhance purity of the sample %
Great improvements in b/c flavour tagging :
MVA techniques for tagging boosted heavy

objects: heavy bosons, top quarks

HEP2023 Conference, loannina

Better resolve complex final states

BTV-16-002

; CMS Simulation

13 TeV, 2016
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Jets / b-jets / photons
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SUS-21-009 SUSY search in photon+jets final states
2023 result

* Search sensitive to GMSB
models with G as LSP

 Test wino-like and higgsino-
like production

- mg =1 GeV,my > 127 GeV

q = light, b, t

* Require > 1 v+ >2 jets + MET in the final state
* Identify merged W/Z and merged H using AKS jets

« Dominant SM backgrounds estimated from data: lost ¢/u (Wy/tty + jets), misidentified e as y (W/tt + jets),
irreducible Z(vv)y + jets, and spurious MET (y + jets, multi-jets)

Mgz ~ Mo

HEP2023 Conference, loannina 6 Costas Vellidis


https://cds.cern.ch/record/2852844

SUS-21-009
2023 result

* Search sensitive to GMSB
models with G as LSP

 Test wino-like and higgsino-
like production

- mg =1 GeV,my > 127 GeV

q = light, b, t

* Require > 1 v+ >2 jets + MET in the final state
* Identify merged W/Z and merged H using AKS jets

m-

X

-]_er~()

X1

SUSY search in photon+jets final states

« Dominant SM backgrounds estimated from data: lost ¢/u (Wy/tty + jets), misidentified e as y (W/tt + jets),

irreducible Z(vv)y + jets, and spurious MET (y + jets, multi-jets)

CMS Preliminary 137 b (13 TeV) CMS Preliminary

137 b (13 TeV)
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95% CL upper limit on cross section (fb)
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SUS-19-001 Stealth SUSY in diphoton+jets final states

2023 result :, / i / i s ﬁ
» Search sensitive to minimal extension 5 s : -t TS s :
of MSSM with a scalar singlet S and ’
its super-partner S (singlino) 5 g w3

« GMSB scenario (G as LSP)

¢ |mg — mg| small = no MET
requirement (“stealth” SUSY) mg = 100 GeV, mg = 90 GeV

e Extension of similar Run 1 search

» Require 2 v, isolated within a cone of AR=0.3, and > 4 jets in the final state
« SM backgrounds (yy + jets) estimated from data and then adjusted using simulation

HEP2023 Conference, loannina 7 Costas Vellidis
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SUS-19-001 Stealth SUSY in diphoton+jets final states

2023 result

» Search sensitive to minimal extension
of MSSM with a scalar singlet S and
its super-partner S (singlino)

« GMSB scenario (G as LSP)

¢ |mg — mg| small = no MET
requirement (“‘stealth” SUSY) mg = 100 GeV, mg = 90 GeV

» Extension of similar Run 1 search

» Require 2 v, isolated within a cone of AR=0.3, and > 4 jets in the final state
« SM backgrounds (yy + jets) estimated from data and then adjusted using simulation

CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb" (13 TeV)_
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SUS-19-004  RPYV + stealth SUSY search in tt+jets final states

First search of this signal at the LHC

« RPV SUSY with trilinear Yukawa coupling
iii,ka i9j9 k — 192

P, ~0 ) 4 \
« Stealth SUSY with even R-parity singlet scalar S and \ ’f___,Xl qt o
its superpartner (singlino S) plus gravitino (G) LSP . .
« Assuming small | mg — mg| and mg = no MET %1 ‘
requirement a

* Requiring 1 e/u +> 7 jets with > 1 b-tag in the final state
« Dominant SM backgrounds from tt + X events
 Signal-background discrimination using NN

HEP2023 Conference, loannina 8
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SUS-19-004

First search of this signal at the LHC

RPV SUSY with trilinear Yukawa coupling
iii,ka i9j9 k — 192

Stealth SUSY with even R-parity singlet scalar S and
its superpartner (singlino S) plus gravitino (G) LSP .
Assuming small |mg — mg| and mg = no MET P,
requirement

Requiring 1 e/p + > 7 jets with > 1 b-tag in the final state

Dominant SM backgrounds from tt + X events

Signal-background discrimination using NN
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RPYV + stealth SUSY search in tt+jets final states

Exclude m; < 700 (900) GeV
in RPV (stealth) SUSY scenario

Costas Vellidis
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SUS-20-004 Higgsino decays to Higgs boson pairs

Higgsino-dominated GMSB /
with either a neutralino or a
goldstino (G) LSP and two

H(bb) in the final state

BT A A = 07 + soft particles » HGHG 7579 nearly mass—degenerate boosted H

137 fo' (13 TeV)
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Requiring MET > 150 (300) GeV for resolved (boosted) final states

Veto events with leptons or isolated tracks

Identify boosted H bosons with mass-decorrelated bb-tagging (AKS jets)
Dominant SM background from lost-lepton tt events, estimated from data

10°

[ ]
Entries / 0.04

e b b b b B B B v B
0 01 02 03 04 05 06 07 08 09 1
Dbb

HEP2023 Conference, loannina 9 Costas Vellidis


https://arxiv.org/abs/2201.04206

SUS-20-004

Higgsino-dominated GMSB
with either a neutralino or a
goldstmo (G) LSP and two
H(bb) in the final state

BT A A = 07 + soft particles » HGHG

Higgsino decays to Higgs boson pairs

CMS 137 fb' (13 TeV)
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Cross section upper limit (95% CL) [fb]

Requiring MET > 150 (300) GeV for resolved (boosted) final states
Veto events with leptons or isolated tracks

Identify boosted H bosons with mass-decorrelated bb-tagging (AKS jets)
Dominant SM background from lost-lepton tt events, estimated from data
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Multi-parton taggers — MVA
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SUS-19-010 Top squarks in fully hadronic final states

Am = m; — ;(9>mw mliz(m~+m )/2 m

e Test both compressed (Am < my)
and uncompressed (Am > myy)
mass spectra

» Merged t/W reconstruction using
the DeepAKS8 multi-classifier

b
f b
* Resolved t/W reconstruction using P Zf > - / ﬁvjjéf;/ p P /;(o
: ST O
?f
b

the DeepResolved algorithm y ] o

P i \'“\ﬁ— ff’ y i “\""'Xl
Dominant SM backgrounds: Z(vv) + jets b _ c
(lost-lepton tt — £ + jets) in compressed
(uncompressed) scenario and QCD multi-

jets for both scenarios, estimated from
MC and data

my, = 20 GeV
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SUS-19-010 Top squarks in fully hadronic final states

Am =m;—my > My My = (mf + m)?(l)):Z M. — My =5 GeV

~ ~ W+ - / —+*
t ,/ @ P t /'/‘JJ 2 ‘ f";“r.’“w

e Test both compressed (Am < my)
and uncompressed (Am > myy)
mass spectra

» Merged t/W reconstruction using
the DeepAKS8 multi-classifier
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the DeepResolved algorithm
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» Resolved t/W reconstruction using p = > / pra p T 0
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b

Dominant SM backgrounds: Z(vv) + jets
(lost-lepton tt — £ + jets) in compressed
(uncompressed) scenario and QCD multi-
jets for both scenarios, estimated from
simulation and data
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SUS-21-002  Electroweakinos in fully hadronic final states

Employ DNN to tag W/Z/H/t/other
and subcategorize decays by flavour

« Z/H — bb bb-tagger + DNN for
boosted AKS jets

« V - qd" V-tagger + adversarial
DNN for V=W/Z vs. QCD jet
discrimination with de-correlated m;

and DNN score

 Search optimized in b-veto (VV) and
b-tag (VH) search regions (SR)

HEP2023 Conference, loannina

wino—like higgsino—like

d

e
~+ ’fff/ ~0 .7 ~ ’JJJ’/
X .o ~0 p Xo & ~0 p X9 &

e e UL

XT \\ X1 p Xi -\\\ X1 P Xg o\
N
N

. )?(3) mass—degenerate NLSP

Dominant SM backgrounds: W(£v)/Z(vv) + jets (b-veto SR)
and tt (b-tag SR), estimated by combined simulation and
data-driven methods

11 Costas Vellidis
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SUS-21-002  Electroweakinos in fully hadronic final states

wino—like higgsino—like

Employ DNN to tag W/Z/H/t/other Wi an z

d subcategorize d by fl
and subcategorize decays by flavour \ %f//,;g p 0 ) %O’JJJ‘XO
« Z/H — bb bb-tagger + DNN for . . L

boosted AKS jets b e Wb e @ B e

=(1) . \\ W+ .\\\ W ) H

« V — qq"” V-tagger + adversarial

DNN for V=W/Z vs. QCD jet FE, 7973 mass—degenerate NLSP

discrimination with de-correlated m;

and DNN score

Dominant SM backgrounds: W(£v)/Z(vv) + jets (b-veto SR)

- Search optimized in b-veto (VV) and and tt (b-tag SR), estimated by combined simulation and

b VH h reo; SR data-driven methods
-tag (VH) search regions (SR)
CMS 137 tb™' (13 TeV) CMS 137 b (13 TeV)
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|(_D, 700| NLO+NLL Exclusion ] ‘E‘ 9 NLO+NLL Exclusion ] ‘E‘
“— ==Observed = 10y, =10 .% <~ 600 ==Observed = 10y, =10 .%
% 600| ===Expected = 10, qimom 3 ] % === Expected = 1 04y eimont 3 o
C 7 a2 5001— = @
500 =1 <) = ] 31 o
o 7 3 2 400F 1 3 2
400 ] 5 E 1 1 §
- =10 E S 4 w0 E
300 3 = 800F ) 4 3 =
2 } g 200 =1 é
200 —H102 & E 1 J102 S
- 3 1 r J 3 1
o B IS E 4 7 O
. 100 3
100} 1, R 3 =
W] IR MR i
200 400 600 800 1000 1200 200 300 400 500 600 700 800 900 1000 1100 1200

m(z/%,) [GeV] m(z/%,) [GeV]

For low-mass LSP, exclude my; gp < 670/760/970 GeV in WW / WZ / WH final states
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Gluinos in lepton+jets final states using heavy-object tagging
SUS-21-007

e Search for 4 top quarks + MET or 4 light multi—b category Ub category
quarks + 2 W bosons + MET final states,
where one W from a top quark or from a
chargino decay to an e/p + v

« Exploit sensitive variable Ag (z/” , W(, 1/)) ,
where W is reconstructed from the lepton
and MET

NKUA, DESY, Aachen, Helsinki
« Explore uncompressed (m)?? < mg) and

compressed mass spectra looking for Dominant SM backgrounds: tt, W + jets, and QCD multi-jets,
resolved (pr <400 /200 GeV) or boosted estimated by combined simulation and data-driven methods
(pr > 400 /200 GeV) top quarks / W bosons
using the DeepAKS tagger

CMS simulation 138 fb™ (13 TeV)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

E::z‘so Gey [ Other [Jacp
H,>500GeV [l W +jets [ ti1 + jets

o = 6 B o+ jets THtitt (2.2, 0.1) TeV
Stat. unc. —— T1tttt (1.8, 1.3) TeV

< Events /0.1 >
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Gluinos in lepton+jets final states using heavy-object tagging

SUS-21-007

 Search for 4 top quarks + MET or 4 light
quarks + 2 W bosons + MET final states,
where one W from a top quark or from a
chargino decay to an e/p + v

« Exploit sensitive variable A¢g (f , W(Z, 1/)) ,
where W is reconstructed from the lepton

and MET

« Explore uncompressed (m)?? < mg) and

compressed mass spectra looking for

resolved (pr <400 /200 GeV) or boosted
(pr > 400 /200 GeV) top quarks / W bosons
using the DeepAKS tagger

CMS 138 fb™ (13 TeV)

2000[pp -GG, g — tT% NLO+NLL exclusion

1800] ==Observed = 10y,

1600 2= = Expected = 10, cimen

mz, [GeV]

1400

1200

1000

800

600

‘IIIIIIIIIIIIIIIIIIIIIII

400

‘ T

200

TT

L.
ool b b b b Lo o L b B e 1y o 17
800 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

mg [GeV]

11 XHHM

IIIII i XHHM

95% CL upper limit on cross section [pb]

My, [GeV]

2000

multi—b category Ob category

NKUA, DESY, Aachen, Helsinki

Dominant SM backgrounds: tt, W + jets, and QCD multi-jets,
estimated by combined simulation and data-driven methods

1800

1400

CMS simuiation 138 fb™ (13 TeV
CMS 138fb-1(13TeV) /\107\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\(\\\lw)
pp -G8 —qagW 35 NLO+NLL exclusion e n, =1
A ; 1 S . L® 3 250 Gev [] other [ Jacp
==Observed = 1 Oiheory » 10 H; > 500 GeV - W + jets - ttl +jets
1600| == 2 Expected = 10,0 1ment m.=0.5(m_+m,) € Ng =6 _
g s . Bt + jets Titttt (2.2, 0.1) TeV
1 >
10 @ 10 Stat. unc. —— Tttt (1.8, 1.3) TeV
\%

1200

1000

800

600

TVIIIIIIIIIIIIIIIIIII

I

400

T‘TTT

200

T

1072

1078

.I |IIIIII| L XHXHM 1 XHHM 1 IIIIIIII J

95% CL upper limit on cross section [pb]

sl b b b b b by o Y by
800 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

107 innnllnnnnilnnnnllonnnllnonnnllonns
0 0.5 1 1.5 2 2.5 3

my [GeV]

o Exclude m; < 2130 GeV, My < 1270 GeV (4t final state), extend previous limits by 320 and 170 GeV, respectively

g

« Exclude m; < 2280 GeV, My < 1220 GeV (4q final state), extend previous limits by 380 and 270 GeV, respectively

g
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SUS-20-002 Top squarks “in the corridor”
t b

» Combination of previous searches in final
states with 0, 1, 2 leptons + new search in the
“corridor”* (m; — myy ~ m,), with opposite-
sign dilepton final states, kinematically very

similar to SM tt events

* Employ a DNN to discriminate signal in the
corridor from SM tt events

« Explore alternative model gg — tt yy with a
DM spinor y of mass m, = 1 GeV and a

(pseudo) scalar mediator a (¢) with couplings
gsm = &pm = | to both visible (t) and dark ()
sectors

Dominant SM background from tt events,
estimated by the DNN

< 30 GeV

* Defined with boundaries Am,, = | Am (T, 79) — m,
and my < 275 GeV, assuming m; = 175 GeV
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SUS-20-002 Top squarks “in the corridor”
b

t b g t
- / ~ W+ ~ w+
b th e ~(1J p tl/,/ "N'Jr'-‘f’ ~ p tl/,/ ---+--‘JJ X
-7 - X N " X 3 d>/a<
\\\—\‘~\ ...... o~ \\_‘~\\ i -l 0 %
D % \ xoooop LT . L \
_ t
t b t 9
CMS 137 o' (13 TeV) o _ CMS 13707 (13 TeV)
. . . . %1000 pp—~ T, E — b7 — bW or, -7 : g > 180?',);'_)‘?;'{“1;T1‘_‘)};~(°wuwwawuwwé
« Combination of previous searches in final G | Aperox NNLOINLL exclusion 10 T 8 o g AP NLONNL eosion | 2
states with 0, 1, 2 leptons + new search in the =~ & e Bmtetomn, 12§ € o EIE
“corridor”* (m;, — my ~ m,), with opposite- a3 ER
sign dilepton final states, kinematically very i ? LT W ES-
. . - 400— — = C 1 4 5
similar to SM tt events i E - 11 5
. . i 200 | oed “F E I
* Employ a DNN to discriminate signal in the 7 BRI E
Corridor from SM tf events %0 200 600 800 1000 1200 1400 10" 0% 160 T80 200 220 240 260 280 !

m- (GeV) m. (GeV)
Exclude m; < 1325 GeV (m)?(]) = 0), My < 700 GeV (my;, = 1150 GeV) (combined search)

« Explore alternative model gg — tt yy with a S
Exclude 145 < m;, < 295 GeV,0 < myo < 100 GeV in corridor, first time with CMS data

DM spinor y of mass m, = 1 GeV and a

CMS 137 fo™ (13 TeV) CMS 137 b (13 TeV)
[ T T T T ‘ T T T T 4 [T T T T T ‘ T T T T

. . . > L L B IR N > L A B 1
(pseudo) Scalar medlator a (¢) Wlth Coupllngs § E :cilirgmedi_at“or;)gifcﬁDE/l,Lrg=1 GeV § E gPs?u1do:calfr1m:siatot;, ?irngM, m, =1 GeV ]
o b.._. [ 9%=19,,=1 KX b“" L %=1 9y=" PP
gsm = gpm = 1 to both visible (t) and dark () B[ oo e ER i st
SeCtorS E 10; Eg::;::z:::j - Median expected 0l E 10; Egg:zzzzztzj i Median expected Ol
5 | 5 |
o o
B - o o
Dominant SM background from tt events, 3 3
. 1k 1L
estimated by the DNN O .
o o
. . _ ~ ~0
*Deﬁnedw1thboundarlesAmCOrr—|Am(t1,)(1)—mt < 30 GeV ok ] ol
and my < 275 GeV, assuming m, = 175 GeV 100 200 300 400 500 100 200 300 400 _ 500
1 m, (GeV) m, (GeV)

Exclude DM model for mediator masses up to 420 GeV
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Electrons and muons
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SUS-19-012 Multi-leptons
4

H H
m;:xm)?(2>+(1 —x)m)?(l) '/./ . 7 e
30 o X9 2 ~0 X9 200
x = 0.5 = identical ¢ spectra g X2 ¢ ’ X‘ Xt P X" .
x:0.050r0.95:>0nefsoftp IR BRRSETE R
\ 4 W+ Z
« Dominant prompt lepton backgrounds: conversions (2¢), » Search optimized in event categories with
WZ (3¢) and ZZ (4¢) events, and top quark production, 2, 3, 4 leptons based on sign and flavour
estimated from simulation and validated in C(_)ntrol samples  Sensitive to mass-degenerate wino- or
« Dominant non-prompt lepton backgrounds: tt and DY higgsino-like chargino-neutralino and to
production, estimated by tight-to-loose ratio methods neutralino-neutralino (GMSB) production
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SUS-19-012

mp = X Myg + (1 —X)my,

x = 0.5 = identical ¢ spectra
x = 0.05 or 0.95 = one 7 soft

« Dominant prompt lepton backgrounds: conversions (2¢),

p

>0

~:|:"'

X1

X2__.-

Multi-leptons

_ p
l X
=0
~ "X
! p

WZ (3¢) and ZZ (4¢) events, and top quark production,

estimated from simulation and validated in control samples

« Dominant non-prompt lepton backgrounds: tt and DY
production, estimated by tight-to-loose ratio methods
cMs

CMS

137 fb™

(13 TeV)

10* . oo
PP =3 = T + X 22 G BaX,,,

BRX,—Z &) =
===m Expected + 1 o,

10° 1m =m ssm s My =1GeV

%
experiment

Expected + 2 ¢ = Observed

JHEP03(2018)

10°

experiment

Cross section (pb)

166 obs.

10

T HHW‘ T \HHH‘ T TTTITIT

I R S RN TR S

PR N
200 300 400 500 600 700 800

o Exclude M-

906‘ : 1000
mJ [GeV]

m_, (GeV)

187 fb (13 Tev)

1400fF="

1200

1000

800

600

400

200

7ppaxxzalvll BR()Z%II 1 rrL 095rTL+005m

 (NN) NLOSNLL excl.

= Expected = 1 Oexperiment (NN) = Expected (SR)

;— JHEP03(2018)166 obs. _]
C i =" W\
C ‘.-‘/ ,/_-,---\ Y\ L
- ¥ TN AN} -
B ’/ \\ ‘\ \I r_
- P \ i
\ I
- — \ ! -
B \ \R 3
— \ )
- | W &
- \‘ \lI -
L | A
C ] l a
Do o R | RN &
200 400 600 800 1000 1200 1400

m =My (GeV)

2

< 1450 GeV in 3¢events using parametric NN

« Exclude M. < 970 GeV in 31 events for right-handed sleptons
« Exclude M. < 650 (250) GeV in events with WZ (WH) pair in final state
« Exclude My < 600 GeV in events with Z or H bosons in final state

HEP2023 Conference, loannina
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X1

Search optimized in event categories with
2, 3, 4 leptons based on sign and flavour

02

107

102

95% CL Upper limit on cross section (fb)

Sensitive to mass-degenerate wino- or
higgsino-like chargino-neutralino and to
neutralino-neutralino (GMSB) production

CMS 137 b (13 TeV)
g 600F— T T T T I A
[ pp%xx %WZ" S e
e | = Observed = 1 omemy (NN)  NLO+NLL excl. 1 3
é><' 2 Expected = 10,0 mon (NN) = Expected (SR) ]
- —— JHEP03(2018)166 obs. 1
400|— —
- 10°

95% CL Upper limit on cross section (fb)

Most stringent )?;—r )?g production

limits for my; ¢p —

my gp ~ My
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SUS-18-004 Soft opposite-sign leptons NKUA, Ioannina, CERN, Ziirich, FNAL

Search sensitive to compressed mass spectra in 7 = bino 7] =higgsino 7
electroweakino and stop pair production e #Jf ! \ 2
B g el 2
Include 3¢ final state w.r.t. previous iteration of the e % e
analysis by CMS (2016 data) h ‘\“\ y X
. . . v myy = (myy — my)/2
Require 2 or 3 e (u) in the event with 5 )

b
(3.5) <pr <30 GeV, including one OS £ .
pair i ,,Zf’ P 5,/'{(’7 "
- 5(11) - 1 X
Require one ISR jet with pr > 25 GeV [ TE L . ISR TR
to induce significant MET > 125 GeV ! x \.\*

Search optimized in MET bins

Search variables: my in electroweakino
production and pi’; max 10 € production

Dominant SM backgrounds from DY,
tt, WV production + non-prompt /
misidentified leptons from W+jets (2¢)
and tt (3¢), constrained from SS ¢¢

sample
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SUS-18-004 Soft opposite-sign leptons NKUA, Ioannina, CERN, Ziirich, FNAL

* Search sensitive to compressed mass spectra in 7 = bino {/_,-" g 7Y = higgsino  z
electroweakino and stop pair production D S AN @ - /
1 p X2 ........ 5‘(’(11
e Include 3¢ final state w.r.t. previous iteration of the ) e o D
analysis by CMS (2016 data) . \‘\ p X
W my, = (m~o —m, )/2

* Require 2 or 3 e (p) in the event with 5

b
(3.5) <pr <30 GeV, including one OS £ .
pair p i ,,Zf’ p ﬁ,/'{f.’.“ "
- 5({1) - N X
« Require one ISR jet with pr > 25 GeV b \Z‘\$'f‘? b \;\\?\f.\-x’ u
f

to induce significant MET > 125GeV o X, 4 " O\

CMS 129-137 tb™ (13 TeV) CMS 129-137 b (13 TeV)
60| PP — i:ig - Wziﬂ’if (Wino/Bino) pp — ifig igig n}i‘::(mizﬂnif)m (Higgsino simplified)
i, x e > 0, NLO-NLL exclusion 45| fiig; x e <0, NLO-NLL exclusion

— Expected = 1 O oxperiment = Observed =10, = Expected =10, = Observed =10,

» Search optimized in MET bins

eriment

ry

» Search variables: my in electroweakino
production and p. __in T production

AmE, %) [GeV]

-

* Dominant SM backgrounds from DY,
tt, WV production + non-prompt /

107

95% CL upper limit on the cross section [pb]
95% CL upper limit on the cross section [pb]

_.
<2

20

mISIdentlﬁed leptons ﬁ.om W+jets (25) 100 120 140 160 180 200 220 240 ﬁg?=n§§[()ee\3}?o 100 120 140 160 180 200 220 W%égv]
T : CcMS 129-137 fb" (13 TeV)
and tt (3¢), constrained from SS ¢¢ s oo T .
Sample °§<‘ go| = Expected =10, imem = Observed =10, .é
255 10 &
E 70 2
« Exclude my 7. < 275 GeV for Am = My — Myp = 10 GeV (wino-bino) 60 :
50 1 &
. . E
« Exclude myg 2. <205 (150) GeV for Am = 7.5(3) GeV (higgsino) i 2

400 450 500 550 600 650

 Exclude m; < 540 (480) GeV for Am = 30 GeV in 4-body decays
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a : : 13 b
N @ -X/{“ ~  Opposite-sign leptons “on the Z edgg SUS-20-001 H
% Y. . /
The X2 X .
y q 7. fX p %g’f/%; p )2(1)____..’./ .......
q
- p e % p W e
p /Z///,/...._%? \Wﬂ: kL\-““Z
e my =100 GeV ~ m; = (m)?g — m)??)/Z

a S— —— ‘137‘fb" (‘13T‘eV7)
.. E -CMS t O_bserved
Search sensitive to o 10°FossF T Sonal E
. e} e Z+X ]
GMSB scenarios s | ) - Flavor-symmetric |
o 10° Edge fit SR
m, = mz for on- & me - 204" GeV
fitted Ng*° = 2722 |
shell Z decay ol

mg=kinematic edge [~

N Fa

~0 7 ~0 ] o,
—_ —_ B e
fOI‘)( 2 4 X1 50 100 150 200 250 300
cascade decays m; [GeV]
. 2
my, = contiuum EL ! MHT % {11l
]

for ¢ decays L T T

Fitting my, for the kinematic edge, binning
my, or MET and Njes for the other scenarios

Dominant SM backgrounds: tt, DY +jets
with instrumental MET, and VZ with v’s
in the final state, estimated from data
and simulation

HEP2023 Conference, loannina 16 Costas Vellidis

i
f

obs - fit



https://arxiv.org/abs/2012.08600

_ .//( . Opposite-sign leptons “on the Z edge” SUS-20-001

p q/ =<0 = 0
- X~20 /{ X1 H
~ee X2 g XY // -
b q 7(+) f p 28 ........ 0 p X(f.' ........ G
q . _
“ y Xt \\ X b X \\G
p Z, - / %t W= 7
p -l ~0 myy = 100 GeV  m; = (m)?g — m)??)/z
i \ X CMS 137" (13Tev) . CMS 137" (18 TeV)
%_) 2500 Pp—>§§,§—>Qﬁ7<?,>"c?—>ZG E o % pp—)éuﬂéuﬂ,ﬁL/RﬁUR;B(z—)Z%?)=1 )
€>+ N Ty D, Approx. NNLO+NNLL exclusion  my =1GeV || -%‘ O, 700|NLO+NLL exclusion %‘
‘CMS 1 s %Observedﬂ $:G-poory | S 8 =0b. d+1sdy,, -2
S earch S ensitive to § 10°}- osSF ; ‘(E)‘iizsr:ved ] £ 2000| £ Expected + 1,254 apormen 1 § 600| %% Ex;:é\t/:di1,SZS.d.eiperimem " §
. w0 T ] r 14 3 B a
GMSB scenarios P - Iz=ra)\(lor-symmetric 1 1500 B § 500? ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 4 <10 é
o 10°F Edge fit SR = L 1 <1026 400~ 4 5
my=mz foron- & | Mo = 29472 GeV - ; 11 E : oo E
shell Z decay 10 I 1z E F
2 : r 144 2 2001~ = s
. . R £ /e B 1 E 1l g10% 4
my=kinematic edge [ = J S oot 32
~0 > ~0 U3 R | ; T At R A 8
for Ao ™ ‘- X1 50 100 150 500 250 LOO 1200 1400 1600 1800 2000 2200 10 100200300 400 500 600 700 800 900 1000  1°
cascade decays m;, [GeV] mg [GeV] my [GeV]
2 % * % 600CMS 137 fb™ (13 TeV)
i e T y R R R e T 2 4 5
mgé ?~Contlnuum .8 & Ofl J{H}H {H % Hﬁ il hﬂ H H{, % % i ﬁ l H 3 I\E+NLL exclusion 102 % ° EXCIUde mg < 1 870 GCV’
for £¢ decays ol _h J i IS [ g mq(mg) < 1800 (1600) GeV
e = [0}
o . . . . . H 41 =10 @
Fitting my, for the kinematic edge, binning - . E 2 « Exclude
. F J 3]
my, or MET and Njes for the other scenarios 0] 13§ M (m)?g) < 750 (800) GeV,
. — . r S ] E
Dominant SM backgrounds: tt, DY+jets " | ey mp <700 GeV
. . . C ] o
with instrumental MET, and VZ with v’s : ] 5 : L
in the final state, estimated from data s |43 * Extend previous CMS limits
. . ’ B .1 R £ by few hundred GeV
and simulation P AN ] e

I I 1| N P
200 300 400 500 600 700 800 900
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Tau leptons
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SUS-21-001 Direct tau slepton pair production

/ » Sensitive to early-Universe 7—7° co-annihilation models explaining observed
........ ~0

P P wa  DMrelic density
L ¢ Including search for GMSB-inspired long-lived 7 with gravitino LSP (mg~0)
P N \ "xt/6  not included in previous 7 searches at LHC and LEP
« Select opposite-charge HPS 7;, pairs with DeepTau discriminant from QCD jets

Dominant SM backgrounds from DY and misidentified tt
(flavour dependent), estimated by data-driven methods
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SUS-21-001

ko)
2l

ot

~

()

Direct tau slepton pair production

» Sensitive to early-Universe 7—7° co-annihilation models explaining observed
DM relic density

« Including search for GMSB-inspired long-lived 7 with gravitino LSP (mg=~0)
not included in previous 7 searches at LHC and LEP

« Select opposite-charge HPS 7;, pairs with DeepTau discriminant from QCD jets

-+
Dominant SM backgrounds from DY and misidentified tt
(flavour dependent), estimated by data-driven methods
CMS 1 « Exclude 90 < m; < 400 GeV for nearly massless )Z(l)
138 b (13 TeV
= 250 ( ° ) 10° _ -
0 PP — T T T 5~ %, NLO+NLL exclusion l 9 « Exclude 150 < m: < 220 GeV for CTO(T ) = 0.1 mm
S, = Observed = 1 s.d. (theory) a4 =
3200 z:: Expected = 1 s.d. (experiment) ;510 -%’
- 109 CMS 138 fb™' (13 TeV) CMS 138 fb™' (13 TeV)
L -w510"""""""""' 3'10|""|""|""|""
L p 8 a = Oy = 18 o = Oyom = 18
1501 2 6 p ] 95% CL upper limits o 1 95% CL upper limits
r 7 g Observed =~ - Median expected Observed === Median expected
B i Il 68% expected 95% expected I 68% expected 95% expected
1001 0E 5 R
i | = 10 10
i SR,
L 7 Q.
sof 41025 10 10°2
- =" 3
; 1 ©
g I104§ 107 £ pp—7%, T—1G 1072 Epp—7T, TG
\I'T\ 11 ‘ 1111 I 1111 I 11 {I I 1 s —_— —_— ~ —_ —_—
Qloo 150 200 250 300 350 400 450 500 —4 Im.(G.) _. 1.Gle\./’ ?tq(%? _IO.O1. n.]rr:l | S Y —4 Im.(G.) _. 1.Gle\./’ (.:-co.(%). _Iz.s .n'".‘n P RS T SN
m [GeV] 107100 200 300 400 500 9100 200 300 400 500
m(@) [GeV] m() [GeV]
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SUS-21-008  Combination of electroweak SUSY searches

 Combined exclusion limits from all searches for electroweakino and e

slepton production with the full Run 2 sample \ 7 / y
A 0
¢ Included limits on 2023 result o
- gaugino-like chargino-neutralino production P AL X
- higgsino-like neutralino pair production in a GMSB scenario \

higgsino-bino interpretation
slepton pair production

« Improved soft opposite-sign dilepton analysis with a parametric m,, binning, adjusting boundaries to
equal signal quantiles in all bins for each mass point

» Added interpretation of soft opposite-sign dilepton analysis with a slepton pair production model
First search of slepton pair production in the compressed mass scenario
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SUS-21-008  Combination of electroweak SUSY searches
» Combined exclusion limits from all searches for electroweakino and e
slepton production with the full Run 2 sample . /
p g/ JUY ST XY
e Included limits on 2023 result =
- gaugino-like chargino-neutralino production p 7T XY
- higgsino-like neutralino pair production in a GMSB scenario \
. . . . . +
- higgsino-bino interpretation ¢
- slepton pair production
« Improved soft opposite-sign dilepton analysis with a parametric m,, binning, adjusting boundaries to
equal signal quantiles in all bins for each mass point
» Added interpretation of soft opposite-sign dilepton analysis with a slepton pair production model
First search of slepton pair production in the compressed mass scenario
_ 600CMS Preliminary 1377 (13TeV) _ 4ECMS Preliminary 137 tb™" (13 TeV) _ 600CMS Preliminary 137107 (13 TeV)
> pp - 11 IT7, e 2 B pp =TT =177 L2003 PP = T T ity BE, = %W) =BG, — H=1[ ] . &
S | =Obsened1c,,, NLO+NLL excl. 1 5 2 | ==0bserved =10y, NLO+NLL excl. 2 5 2 _ [=ovsenedzio,, NLO+NLL excl. - -
o 2z Expected £ 164, 0 iment 1. g EOIXF as| 253 Expected+ 1,20, . E *g) e :::zExpected £ 16,0 men b g
400 o+ _§10 g g_ 3o§= ______ —% i é 00~ E = 10° é
- ° F . 1 Hie ¢ - e =
300 O e T I ] = ERE o 300[— = 1 2
N - 41 E - 41 E
200 "._ =4 g 3 g 200~ 437 g
N S 440 S C g 5
100 e O 4 2 3) 100~ 4.1 o
b e & eaR - W R :-: 2 - L] 1 = &
100200 500 400 — 500 600 700 800 20140 160 180 200 220 540 260 280 500 100 200 300" 400 500 600 700 800 600 1000
my [GeV] mT[GeV] mi? = miga [GeV]

« For Am <5 : ;Z?) =35 GeV, exclude m; < 215 GeV in SOS analysis

- Combination excludes m; < 700 GeV for myy < 50 GeV
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Higgsino-bino interpretation
o Exclude my: = m;y < 800 GeV
1 X3
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SUS-21-008

Chargino-neutralino production:

o Exclude my. < 875, 990, 875 GeV
with My < 50 GeV in the WZ, WH,
and mixed final state

« Extend previous CMS limits by 225,
510, and 340 GeV, respectively

Neutralino pair production:

 For nearly massless LSP, exclude
my Sp < 750 GeV independently of
% (7

- HG)
« Extend previous CMS limit by 100 GeV
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Combination of electroweak SUSY searches
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Conclusions: the way ahead

» QGreat progress in SUSY searches achieved by CMS using the Run 2 sample
» Extended exclusion regions in the parameter space of a large set of simplified models

» Introduced many new techniques to improve sensitivity beyond baseline luminosity increase,
paving the way to Run 3
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Conclusions: the way ahead

» Great progress in SUSY searches achieved by CMS using the Run 2 sample
» Extended exclusion regions in the parameter space of a large set of simplified models

» Introduced many new techniques to improve sensitivity beyond baseline luminosity increase,
paving the way to Run 3

* Where to look for SUSY next

» Difficult topologies (example in this talk: top squark decays in the “corridor”)

» Narrow phase space (example in this talk: soft opposite-sign lepton analysis)

» Long-lived particle signatures (example in this talk: direct tau slepton production search)
* Double data sample from LHC Run 3 will improve sensitivity

« Special triggers will allow reaching new signatures (e.g. Level-1 displaced p triggers to search
for final states with LLP)

« High-Luminosity LHC: a whole new era of searches for physics Beyond the Standard Model,

with all levers (sample size, detector & trigger technology, analysis power) advanced to a
substantially higher level
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SUS-21-003 Top squark 4-body decays

b
f
Search sensitive to the scenario m; — myo < my, (favours 4-body t, decay) v 0 Z r 0
Decays with a leptonic and an hadronic t; + a hard ISR jet ::\ . L ;(1)
Extending previous CMS search using only 2016 data y i § f
B f

Requiring 1 e/u+ > 1 jets + MET in the final state
Dominant SM backgrounds from tt, V + jets, Z(vp) + jets (non-prompt leptons) events, estimated from data
BDT-based event selection, optimized in 10-GeV bins of Am = (mf1 — mﬁ)) € [10,80] GeV
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SUS-21-003

Top squark 4-body decays

Extending previous CMS search using only 2016 data

Requiring 1 e/u + > 1 jets + MET in the final state
Dominant SM backgrounds from tt, V + jets, Z(vD) + jets (non-prompt leptons) events, estimated from data

Decays with a leptonic and an hadronic t; + a hard ISR jet

Search sensitive to the scenario m; — My < Myy (favours 4-body t; decay) p

-
- <
~

« BDT-based event selection, optimized in 10-GeV bins of Am = (mf1 — mﬁ)) € [10,80] GeV

415" (13 TeV)
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95% CL upper limit on cross section [pb]
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SUS-20-003

Search for mass-degenerate chargino-neutralino production

* Identify boosted H bosons with mass-decorrelated bb-tagging (AKS jets)

« Dominant SM backgrounds from t, tt, tt + V, W+X (5jets, V, H) events,

estimated from data and simulation
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Chargino-neutralino in WH final states
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SUS-20-003

Chargino-neutralino in WH final states

Search for mass-degenerate chargino-neutralino production H
X5 L 4 ol S0
. . . . L L@ X
* Identify boosted H bosons with mass-decorrelated bb-tagging (AKS jets) = '
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0 0.2 0.4
H tagging Discriminator Output
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SUS-21-004  Top squarks in final states with T+t~ lepton pairs

.. . . . CMSrreliminary 138 fb™' (13 TeV)
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» Require 2 opposite-charge t leptons in the event

« Dominant SM backgrounds from tt and tW events,
estimated from combined MC and data
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SUS-21-004
b -
57

X1 )(1_

x = 0.25, 0.50, 0.75

 Sensitive to high-tanf or higgsino-like
scenarios, where 3rd-generation Yukawa

couplings are large

e Include bbry 7, and bbr,, £ =€, u
final states (87% branching fraction),
without considering t polarization

» Tag b-jets with DeepJet and HPS t, with
DeepTau discriminant from QCD jets

» Require 2 opposite-charge t leptons in the event

« Dominant SM backgrounds from tt and tW events,

estimated from combined MC and data

» Exclude m; < 1150 GeV for my =1 GeV and
mgo < 450 GeV for mg = 900 GeV

* Most stringent exclusion limits to data for the signal models

considered in this study
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Top squarks in final states with T+t~ lepton pairs

CMSPreliminary 138 fb™ (13 TeV)
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