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Which SUSY (Model)? \J

IISER PUNE

® Introduces more than 100 parameters even in minimal extension models - choices and
constraints could be used to define models.
e [t’s a broken symmetry - breaking mechanism determines the phenomenology

R-Parity conserving MSSM GMSB models: Gravitino LSP R-Parity violating scenarios
Neutralino LSP - large missing Nature of NLSP defines the No or small missing momentum
transverse momentum nature of final states. There could

be photons, H/W/Z in final states Possibly large number of jets.
Final states with MET, jets, leptons

Q|

O

Stealth scenarios: invokes a stealth
sector with one or more singlets.

No or moderate missing momentum

Possibly large number of jets.
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¢ Introduces more than 100 parameters even in minimal extension models - constraints
could be used to define models.
e [t’s a broken symmetry - breaking mechanism determines the phenomenology

R-Parity conserving MSSM GMSB models: Gravitino LSP R-Parity violating scenarios
Neutralino LSP - large missing Nature of NLSP defines the No or small missing momentum
transverse momentum nature of final states. There could I vy
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A few latest results covered today

Complete set - http://cms-resul rn.ch/cms-resul lic-resul lication
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Stealth scenarios: invokes a stealth
sector with one or more singlets.

No or moderate missing momentum

Possibly large number of jets.
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The LHC & CMS experiment
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LHC performance & experimental challenges \\@®

IISER PUNE
Peak instantaneous lumi per day (Run2)
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Excellent performance of LHC!
Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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2018 (13 TeV): <u> = 37
2017 (13 TeV): <u> = 38 {16000
2016 (13 TeV): <u> = 27
2015 (13 TeV): <u> = 13 {{5000
2012 (8 TeV): <u> =21
2011 (7 TeV): <u> = 10 {4000

* Continously evolving instantaneous luminosity, 0000

and hence pileup.

e Performance of our experimental probes should be
independent of pile up
- Jet energy response, resolution
- MET scale & resolution
- e/ W/t /b-jets identification and mistagging

efficiencies

e An unprecedent large dataset to probe extreme

phase space!
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Compact Muon Solenoid (CMS) @

IISER PUNE

SUPERCONDUCTING CALORIMETERS
COIL ECAL Scintillating PbWO, HCAL Pla
~ Crystals |, |
o . e :
/) , [ e
Total weight : 12,500 t o, M
Overall diameter : 15 m
Overall length : 21.6 m -
Magnetic field : 4 Tesla IRON YOKE
TRACKERSs
MUON
' NDCAPS
2
-
i,
H- £
MUON BARREL Rt 3
q Lo ’ 1‘1 . ' '.-','.f:'i::-(
Silicon Microstrips i e A - ‘
Pixels =l || == strips
Drift Tube Resistive Plate Cathode Strip Chambers (cs©)

Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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Particle Flow reconstruction - jets & MET tﬂ

IISER PUNE

Key; Muon

Electron
Charged Hadron (e.g.Pion)
— = = - Neutral Hadron (e.g. Neutron)

e CMS uses a particle flow technique to reconstruct
charged & neutral hadrons, electrons, photons, muons.
- these candidates are inputs to jets & MET

¢ Pileup mitigation
- at detector local reconstruction
- remove charged particles associated with PU vertices
- correct for offset energy based on jet or 1solation area

e FEra dependent corrections on energy scales of jets/
leptons & their efficiencies to account for changing
detector response and conditions

]
_—

For example, adapt isolation cone to boost of the mother particle.

(0.2, priep < 50 GeV - |
10 GeV n - :
R =« p:r,:p , PTJep € (50 GeV,200 GeV) 8 oof . Mini Iso. Cone Size
nhF s
L0.05,  priep > 200 GeV 0o
e Further BDT based isolation criteria mey be used to separate =~ °F
prompt from non-prompt e/ in multilepton searches. 005t :
T R
Lepton pr
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q/g/b - anti-kT
(AK4) jets by
clustering PF
candidates - mostly
pT>25-30 GeV & |
etal<2 .4

DeepAKS - particle based multiclassifier inpired by
ResNeXt50 & uses PF particle candidates and
secondary vertices as inputs (CMS-JME-18-008)

Particles
¢ l-l-c-_-dl-_,;ll-“ dﬁdﬂl
3
3
G
partlcles ordered by pr
Secondary Vertices
S ,:n-,;l-r,:ﬁ I ,:fﬁfﬁm
3
S
&

SVs ordered by S/on

ID CNN
(14 layers)

Fully
connected

(1 layer)

Category Label
H (bb)
Higgs H (cc)
H (VV*—qqqa)
top (bcq)
Top top (bqa)
top (bc)
top (bq)
W W (cq)
W (qq)
Z (bb)
Z Z (co)
Z (qq)
QCD (bb)
QCD (cc)
Qcb QCD (b)
QCD (c)

QCD (others)

Boosted vector boson & top-quark tagging

Efficiency

NG|

IISER PUNE

Boosted W/Z/H & t-quarks
hadronized products clustered in large

area jets
- jet mass - CMS deafult soft-drop method

- jet substructure - 2/3 prong
- flavour (b-quark jets)

SUSY searches need to cover full phase

space.
DNN based approach for fully resolved &

semi-merged top quarks too.
Used in both electroweak & strong

production searches.

top tagglng eff|C|ency

(13 Te V)
I 1

08l - CMS + Comblned tops _

| Simulation ¥  Resolved tops

[ un-merged W Merged tops

0.6 _

i 3 .
L L
0.4 __ o 0 = . _-

O
] . soO Qe . fully merged _ /ow\ ]
02 ® v DGO -
: Isl Ny /""/'e/ - :
OOLJ.LL-_L-.L-_I_‘LII 1 lvlvlvl'l |
0 200 400 600 800 1000

p¥" [GeV]
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

Identification of b-quark jets

IISER PUNE

e Make use of properties of B hadrons present in the jets
- Key feature is displaced tracks from which a secondary vertex can be reconstructed.
- use a Deep NN with inputs related to b-hadron properties
- Tagging efficiency depends on pT & 1 of jets and on event pileup.

CMS-BTV-16-00213 TeV, 2016

—

b :I T T él T 17T | 1T 1T . T T | T T T | T T T [ 1T 1T I T 1T | T T T | T 'e?/
displaced = Y L — udsg : =57/
it . tracks charged o) — S/mulat/on .C 2 -
€ ~ lepton 3 - | - : 2 . ]
) Lt + ]etS -
S.,1l P >20GeV . |
heavy-flavol c 107 E :
. R :
\6\(5}390/ "E - j" . “":é::.&:‘ o i
K\.\g‘(\, / : (- 10—2 T SO A ‘9“9"“"‘«' ............................................................................. —
Z— 8 = 05". ‘c%:i“‘ “";" 7 : JP: : -
AP 5 ; /" —CsVQRuAl) ]
PV = - G § s ~ CSW2 (AVR) H
jet R R 77 —Cswe
DY) N 0 NN W A A C ...... DeepCSV_—>
= OO R : - \— cMVAV2 =
_I 1 1 _li 111 | bl 11 11 | (| | 111 1 l 1111 | 111 | 111 1 | 11| I_
0 01 02 03 04 05 06 07 08 09 1
b jet efficiency
Special tagger for b-quark pT < 20 GeV:
o Compressed spectra of particles resulting in soft b-quarks b
- not associated with nominally reconstructed jets - v W
. . 1 o
e Makes used of Secondary vertices in the event b T T
- transverse distance of SV from PV & its significance ~— o 30
. e . . Sso 1 .t 1
- pointing angle of SV (all particles) wrt distance vector p ToTe
W-

- number of particles at SV, total pT < 20 GeV
e 20% efficiency for b-hadrons of pT 10-20 GeV & <1% misid

o
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Searches for electroweakinos
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Electroweak SUSY production \_'I\O\

Investigate Electroweak SUSY production with a multiprong approach IISER PUNE

pp, VS =13 TeV, NLO+NLL
~0 __ 0 .70 7710 770 I\ —— XX (higgsino) —— L1,
o % = N B+ N, WO+ N HO+ NGBS N -
~+ ~ + =~ + : N — Xi X3 (wino) — iL,RiL,R
X, = CyW +C, H, ' N

Higgsino ;

LHC-SUSY-Xsec

4

1072 4

Production modes & nature of A
electroweakinos decide the cross- 3
sections 10

Higagsino bk ek ) ~0~0 ~0~0
X1 X1 X1 X2s X2X35 X1 X1 €tc.

cross section [pb]

10-¢

100 200 300 400 500 600 700 800 900 1000
Final states y / ‘
P X2 . --—o/

particle mass [GeV]

e X; & X7 decay to W,H and Z T A Compressed : Soft leptons 1f
e leptons from decay of W & Z I mass differences between mother
e leptons via sleptons if these are y W K\ z and daughter particles are small.
light ‘

4 Large mass diff : high pT final
Generally leptonic searches have p I r’fﬂ w  Stateobjects, boosted vector
dominated the program o | bosons

W:I:
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CMS-PAS-SUS-19-012

A generic 2SS + multilepton search’ \\Oj\

IISER PUNE
Models with light sleptons Models with heavy sleptons Models with Gavitino LSPs o
1g2gS1n0
t Z/H Z/M/H ik

l

Xs .. ---0 Y 4JJJJ . % ~

7 55(1) X2 ........ X(l) Xl ........ G

~ >0

el /vt ~

Xi .\-.\6/\/ R VR X Wooey G
V¢

13 combinations of final state leptons (pT-lead 20-25 GeV)
(3 leptons) 2 leptons)
= ) ( )

® Search sensitivity in regions containing an OSSF pair is
increased by using a neural network

“ ™ ( )
0 taus 1 taus 2 taus 0 taus - NN is parametric in Am(NLSP, LSP) to allow interpolation
across many signal points.
CMS 13707 (13 TeV) CMS 137107 (13 TeV)
L 0 P P P B T T o T T T T T T
c E = %X, WZj X,(150/130) ¢ Data 3 ¥,X,— WZY 7,(650/50) ¢ Data
= - g) - [ wz [ Nonprompt - [ Nonprompt
. LW 10° I zzH Xy 4 10° WX+ .
Slgnals - It + X [ Multiboson 3 [ Multiboson 7
L ol 7 Total bkg. unc. e ] . [Z7] Total bkg. unc. » ]
> E D./ ¢ 10" Foy X W2 1 %dm =20 GeV } 3 107 E™y L0, WZL X dm =600 GeV} 3
/ ’ K\’ Y P ";'\,ﬂ 3 e | 3
: \" 10 oo = 10 “““ 3
e = \ " ‘/z ) N : . = . -
[4 l e p t O n SJ 2 taus @ : ; < \\ . 102 9. E 10 e
I ~ *, ” 10 = - 10 -------
1 taus : - b
- W _3’ of @ ObsBkg. ' ' % T ] 5E ¢ oosEie ' 4_
! ) ] [EI > ’ ; Q 1_‘ o 0 0 o 0. ¢-2.& * 1g-.----o----o----g-.--c----‘ ~—3 ii -
3 i '\\\ﬂu 8 0 E Stat. bkg. unc. Total bkg. unc. 3 0‘8 3 Stat. bkg. unc. Total bkg. unc. :
. . . O 02 04 06 08 1 0 02 04 06 08 1
Search regions binned in MT2(1l), pT(ll), MET etc. Neural network output Neural network output
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-012/index.html
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CMS-PAS-SUS-19-012

A generic 2SS + multilepton search” \\@®

IISER PUNE
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CMS-PAS-SUS-21-002

& x71 X2 wWith boosted WW, WZ, ZH

(all hadronic channel)
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Neutralinos of masses ~0.7-1 TeV probed in various wino-bino scenarios. Search is also sensitive to pure
Higgsino-like production rates.

4

Seema Sharma SUSY Searches at the CMS Experiment, ComHEP-6 @ Santa Marta, 01-Dec-2021



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-003/index.html
http://dx.doi.org/10.1007/JHEP10(2021)045

~0~0
X1X1

Compact Muon Solenoid

MET>150 GeV
AK4 b-jet b-jet 1 b-jet AK4 b-jet
ARy, O ﬂ:“ b-jét @ AR;,
AK4 b-jet oy A AK4 b-jet
MET>260 GeV X :

| b-jet AK8 H-jet
AK8 H-jet  D-let |
- 7 ceee gl <

. b-jet

&

Xaxs with HH + MET

CMS-PAS-SUS-20-004
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(all hadronic channel, using Hbb)
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GMSB model Generic higgsino model
dominated by —T— 13
higgsino -0
content % X2

@ LSP-
X1) bino

137 tb" (13 TeV
1] L} I L || || l

o) 10° g (':MS' DL LR L B L N B é CMS Preliminary 137 fb' (13 TeV)
-—, 704870 T AT O~ O ~ _ S‘ o o 3
c 10° Pr.s'/imin.afypp — 4 .'_(? - A‘ﬁ ¥ XSQ_" = HHGG + Xopy - @ pp— LA > HHX KO _;I =
o m9) = m(x) =m(xy), m(G)=1GeV = O.600 1 3
S 10* ] S | == bpected £1, 226 ien 1 =
n 95% CL Upper Limit 3 ESOO =100
B 10° Observed . = Observed £10,,,, 1 =
S e Expected = : 1 £
- - 4001 i Ppy
© 107 E W e Diz Gexperiment — - 3 1072 8
§ ......... -i1 O experiment ; N 2 S
10 = TE. e 300} 1 <
. E : 1108
- L e, = ')
1 = 200 g e S I
= P e [ e et = )
) Theory ((PAG+IIX+XGX KX)o - = 10*8
E ------ Theory (%37%2) S 100 :
10_2 l L L 1 l 1 1 Il [ 1 1 1 I 1 L 1 l 4 1 1 l r X I
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In GMSB scenarios, 5{? of masses 175-1025 GeV Assuming only 39y9 higgsino production,
excluded assuming degenerate intermediate higgsinos. no exclusion is observed. The search is
Much weaker sensitivity assuming only one quite sensitive to a wide range of such
intermediate state. scenarios.
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Simplified wino-bino model
- wino NLSP & bino LSP
- Am (NLSP-LSP) < 50 GeV

z ~0 ~+
/ X 29 X 1
P B 2
. Am
P ﬁt : ;‘\ X1
~0
W X 1
CMS 129-137 fb1 (13 TeV)
2 60 pp — ;:(fig — WZi %, (Wino/Bino) =3
S my. x my > 0, NLO-NLL exclusion <)
3’;5— s0l— Expected +1c, = Observed +1c, 3’%—
E E
< 40 <
30
20

100 120 140 160 180 200 220 240 260 280 300
m:=m;: [GeV]

Wino like X9, Xi excluded up to
260 GeV for Am =10 GeV

x2x; with soft leptons
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Higgsino simplified model pMSSM Higgsino model
- producion via Xox; & Xox. - higgsino LSP

~

. 0 >t =0
mass eigenstates of X1, X1 X2

determined by w (higgsino),

- Am (N2-LSP) < 50 GeV -

2 M1(bino) and M2(wino)
1 X2
N parameters
Am X1 - M1 =0.5M2
-0 - xsec using PROSPINO
X1
CMS 129-137 fb ' (13 TeV) CMS 129-137 b1 (13 TeV)
50 —i-0 00 . R
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45| my; x m; < 0, NLO-NLL exclusion My, x My < 0, NLO-NLL exclusion

= Expectedt1g = Observed + 1o,

riment

— Expectedt1c

o axperiment — Observed +1¢
=1200 T -

theary

N

o
—_
(=]

N D W W
o O O O\
—

e
w

107"

—
o O

a5%L Cl uoper limit on the cross section [bbl
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Exclusion up to 150 GeV for
Am =3 GeV

Larger M1 & M2, smaller is Am
For M1 =1 TeV, u probed up to
190 GeV

*This search 1s also optimized for compressed stop scenarios.
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Summary - electroweakinos
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pp — X5 X: August 2021
N LI I | I LI I | | [ | | LI I L ‘ LR | L
600-CMS Preliminary 137 b (13 TeV) —
~1801.03957, combination, 36 fb (WZ)  ...Expected -
. —2012.08600, 2 OS (WZ) —Observed
5001~ _2106.14246, 21 SS + =31 (W2) -
- —SUS-21-002, 0 (W2) -
[ —SUS-18-004, soft 2/3-lep (W2) i
400_— —
s /@ K xéW .
300 s
200~ /Y =
100%7 . : —
V4 . :
04'- l | :‘-.ll || |l || || ll IE ll l‘ll‘él‘lll—
100 200 300 400 500 600 700 800 900 1000

my, = my; [GeV]

Electroweakinos upto masses of 1 TeV for low LSP masses, and Am of up to 3 GeV in compressed
scenarios probed. A nice complementarity in using boosted vector boson jets and soft leptons !

*0S2l/Zedge search (CMS-SUS-20-001)

is not covered today

* VBF production modes, and ISR+t searches are being updated
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Stop pair production
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ISR tagging
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— T >
m(W)+m(0)10g M 200 300 m(f, ) [GeV]
Long lived scenarios, soft leptons .....
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Stop pair production - all hadronic

(using dilepton events)
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137.0 fb (13 TeV)

Baseline selection *3 10° ECMS ¢ Daa [ Lostlepton
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? | 3 3

Similar results from searches in1¢ & 2/ final states
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Stop pair production - corridor

\0J

(using dilepton events) IISER PUNE
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very similar to SM ttbar production|s | e Do (m =225 6oV, mo=50GoY) 1o | ewdeees o 1) (m, =225 GeV, my,= 50 GeV)
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measurements. § = : § N3 = E._- :
0.05/— ~ - .
For other points, exploit the F o B 1 0E E
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DNN score DNN score (mt, =225 GeV, m, = 50 GeV)
Parametric DNN leads to mass dependent background shapes. No significant excess over expected bkg observed.
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Stop pair production - combination \ 03
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-1

Combined exclusion using different . CMS 1371 (13 TeV) 102
final states - mutually exclusion signal © % pp = b1, f, > t 7, - g
regions. = (& 1400] Approx. NNLO+NNLL exclusion ] =
N \Ci/x’ —Observed £ 15, —= 10 _5
Individual searches rely on orthogonal = e 1200f === Expected £ 16, ..o J g
control regions to estimate backgrounds. = .= Expected Ol Expected 2| = 1 ?
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- ] il o
2| search: signal 9 800 0 Y =
. > 4 =10 O
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Search variable -_—>

Pushed limits by ~300 GeV wrt 2016

Stop quarks of masses up to 1.2-1.3 TeV probed for LSP masses of upto ~600 GeV.
Models with intermediate chargino in top squark decay chain also excluded up to 1.2 TeV for low LSP
masses. Interpretations of additional models - SUS-20-002.
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Search for stealth and RPV stops

Investigate SUSY in low MET final states
CMS

arXiv:2102.06976

NG|
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Analysis strategy: train a neural network using 4-momenta of jets & lepton, bins of NNﬁS score
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Exclude stops of masses upto 670 GeV (RPV) & 870 GeV (Stealth model)
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SUSY searches for gluinos & squarks
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Status - gluino & squarks pair production \J\‘
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JHEP 09 (2020) 149
Gluino pair production \\9]
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Gluino masses below 1920 GeV are excluded at 95% CL
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EPJC 80 (2020) 752

> 2 Leptons - pairs of same sign, oppsite sign, on-Z, off-Z

Object

SUSY searches for gluinos & squarks: RPV
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@% Summary & outlook E
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e Even though no hints yet, the motivation for SUSY remain as strong as ever

- urgency of understanding / explaining the stability of Higgs mass

— the elusive Dark matter

e Stellar performance of the LHC through Run 2 & many SUSY serches based on
13’7 tb-1 data have been performed by the CMS experiment :

- Assuming simplified models, gluinos upto 2-2.3 TeV, stops upto 1-1.1 TeV and

electroweakinos up to a TeV probed at LHC, depending on the final states and details
of models.

- many impressive results released and many more are on the way !
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