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Motivation and challenges

« Supersymmetry (SUSY) proposes super partners with a spin
difference of 2

« SUSY can answer many questions about the hierarchy problem
and the lightest supersymmetric candidate could be DM
candidate.
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b Force Particles

« R-parity conserving SUSY with ps searches:

 Strong }—

« Electroweak
« 3rd generation (squarks/sleptons) (more in Pablo’s talk later)
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« Searches in hadronic final states provide good sensitivities to
strong SUSY particle production (gluinos, squarks)
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« While the electroweak SUSY are critical for testing natural SUSY
and extremely challenging due to their smaller cross-sections.
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https://agenda.infn.it/event/28874/contributions/169437/
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Strong SUSY searches
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« The analysis using the My, variable established a baseline for the Run?2
analyses. Gluino masses up to 2250 GeV and 1250 GeV for squark masses

are excluded.

« Better reduction of background using the M, variable

* In compliment, other analysis
gluinos and squarks using Njets, Npjers, HT and MHT.

Gluino masses up to 2310 GeV and Sbottom up to 1230 GeV are excluded.
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95% CL upper limit on cross section [pb]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/index.html
https://link.springer.com/article/10.1140/epjc/s10052-019-7493-x
https://link.springer.com/article/10.1007/JHEP10(2019)244

1 lep Ap search cws-sus-21-007

« SUSY search with 1 lepton, jets and p2%s in the final
state.

« Signal regions are classified based on the b-tag
requirement.

« Signal-rich region: Defined by large A¢ and high njet

« low Am (Gluino, LSP) = Resolved top = tagged
using Resolved top tagger

* high Am (Gluino, LSP) = Merged top - tagged
using DeepAKS8 top tagger
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« Better suppression of backgrounds while still
achieving high signal sensitivity.
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/ SM events :
A between W and lepton
usually small
(and max given by M , p,,)
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CMS simulation
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\ SUSY

Events / bin

SUSY events : \
Flattish A distribution
(two missing particles)

Lepton

e N
\“‘0 ,,,, Reconstructed “W”
MET vector

randomized by /

LSP conditions

CMS simulation 138 fb' (13 TeV
LA L L L L L B B LN N
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https://cds.cern.ch/record/2805223?ln=en
https://arxiv.org/abs/1707.03316
https://arxiv.org/pdf/2004.08262.pdf
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https://cds.cern.ch/record/2805223?ln=en

Electroweak SUSY searches
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arxiv 2205.09597

« Baseline selections includes:

CMS-5U5-21-002 _ooms o 1s7m(3Tev)

TChiWw s b-veto SR t Data [ Rare E

. . . . . - *2 L |:| 0-res, 1-res Uncertainty :

« Targets electroweakino pair production in high wE el N
pFiss regions. p ¢ o :
o 10 = =

o
~1
=H
-

[ TTTT

 Lepton veto

' i W+ s p ——

« High p™issand Hy 515 .

« Use of DeepAKS8 boson taggers to tag each of the " sE i

W/Z/H decays 200" 300 400 500 600 700 800 900 1000 1100 1200
p;l-TISS[GeV]
« b-veto signal region (TChiWW + TChiW2): _ - ons 187 1 (13 ToW)
« > 2 AKS8 jets with WZ-mass (65-105 GeV), 5 [ i Data [ Rare -
. ?@ I~ WH SR [ ] Top [ O-res N
use of dedicated neural network taggers to JZH S - Unserainty —— TOWH (1000, 100) =
tag W/Z bosonic decays. o Y e TChIWZ (800, 100) ]
D R
« b-tag signal region (TChiWZ + TChiWH): ) g - D ]
« The signal region with highest sensitivity . "m\ 1= %. ‘ S 2
is WHTag SR w5 Lo =
« WHTag SR: > 1 AKS8 jets with WZ-mass (65-105 GeV), §S 2 ‘ =
. . [0
> 1 AKS8 jets with ZH-mass (75-140 GeV), £

use of Z / H neural network taggers. - .

200 300 400 500 600 700 800 900
P> [GeV]

« All SRs are binned in piiss,
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-002/index.html
https://arxiv.org/abs/2205.09597

arxiv 2205.09597
CMS-SUS-21-002

WX + pMiSSsearch strategy

« For b-veto SR, predictions for the 0 and 1-resonant

backgrounds are made using the transfer factor method as ~c
shown and the 2 resonant background is taken directly from Ndata NSRO&l-reS( data _ p\pMC

. lation - NMC CR2 -res SR 2-res
simulation. CRO&1-res

- For the b-tag SR, the top background is predicted using the
Ngﬁaf*zeis :[( 04, res/N1€ all)] X Ndata

Transfer factor from
1-lepton control region

« The non-resonant background is predicted using anti-tag data n ‘ e
control regions. S
pred 0¢ data 0  agpred,0f MC,0¢
0 -res -( ltag N 'tag,1-res —N 'tag,rare)

. ’ 1L-ant|tag CR
pass/fail ratio anti-tag

pass = tag regions
fail - anti-tag regions

O-lepton 1-lepton
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-002/index.html
https://arxiv.org/abs/2205.09597

« It’s challenging to probe the hadronic phase-space, but the deeLpSlF\)lN

tagg

masses than the counter leptonic searches.

ers and robust SR selections bolstered to exclude higher N

« A more realistic interpretation for the Wino - bino doublet scenario
where ,° — Z/H + y,°

« The search is sensitive to a large class of electroweakino models
( , TChiwZ and TChiWH)

« This is the first time that we exclude a significant phase space (300 -

650 GeV) of higgsino - bino scenarios of MSSM in CMS analyses.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-002/index.html
https://arxiv.org/abs/2205.09597

Signal Topology
JHEP 2022, 14 (2022) LSP b-jet

CMS-SUS-20-004 b-jet )
....... <} ARy

HH + p™SSsearch

This search targets simplified SUSY Model

* b-jet
’ 5((1) LSP, )N(g/f(g NLSP LSP
- Only %9/%3 (nearlymass-degenerate)may decay to LSP b-jet
| AR = 0.8
- Final states are HH + pss classified broadly into:  ARpy =22 "
« Resolved: 2 b-jets from H are reconstructed Jet,
- Boosted: The b-jets from H are reconstructed by a fat jet /89 N N\ | |
« GMSB scenario assuming: G (LSP), 2 (NLSP) > H G (100%) i
\V/ .\;‘/:\.
« T5HH model gains edge over high H production from gluino cascades. Resolved Higgs Boosted Higgs

TChiHH

Ankush Kanuganti ICHEP - SUSY in hadronic & photonic final states 11


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
https://link.springer.com/article/10.1007/JHEP05(2022)014

HH + p7'°° search strateqy #£p2022.1402022) , _, Beg sB
CMS-SUS-20-004
- Resolved analysis: Binned in H mass and # b-jets (N,) N, =3 SB SB
- Search bins are based on AR,,., , p™* and N,
« Background is predicted using the control signal regions and side N, =2 CSB CSB
bands.
« X is derived from MC and validated in data CR 0 100 140 200
(mpyp) [GeV]
q " Nen/N resolved
Né)lie = K CSR NSB; K = SR/ INSB g‘
NcsB Ncsr/Nese 1y [Ma=0 CSB
. Boosted analysis: Binned in p?S and Ny (1-2) & M =1 SB
« Background normalization factor derived using the ABCD method. s
Bnorm = SB * CSR/CSB 8 =2 SB
*  fpkg is the shape derived form SR / “OH + b” :

« Both the factors are derived for each SR (binned in pss)

kag (p’lmiss) = Bnorm fbkg (meiSS)

my, [GeV]

my, [GeV]

[60,95] [95,145] [145,260]

[60,95] [95,145] [145,260]
my, [GeV]

boosted 12
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
https://link.springer.com/article/10.1007/JHEP05(2022)014

miss JHEP 2022, 14 (2022)
HH + PT results CMS-SUS-20-004

Cross section [fb]

« In all of the SR, the predictions are consistent with observed except
bin 11 which has a 3.2 ¢ excess (1.9 ¢ global)

* Excludes m(g) up to 2330 GeV (T5HH)

 Excludes ¥) from [175,1025] GeV for Higgsino model w/ G (TChiHH-GMSB)

T A1

.....

200 400 600 800 1000 1200
1 m(X9) [GeV]
CMS " |Pred ¢ Data 137 fb™ (13 TeV)
= Resolved, 1.1 < ARy < 2.2 Resolved, ARpay < 1.1 Boosted 0
[ N,=3 : N,=4 : N,=3 : N =4 : N,=1 g N, =2 AP 2
100 = P™[GeV] i pI™(Gev]  pP[Gev] | pP[GeV]  pI™*[GeV] : pI™° [GeV] 2 £ CMS
E 76\0 &900 L?oo Ay E,SO @00 6)00 Aq 5760 900 6)00 47 576\0 &900 6)00 Ay 56)00 6\00, N GOQ SOQ S 'E‘ 104 -
™~ g : : : : : O C =0
102 = 3 10° E &
o = o ) %) =N — Observed ]
~ — (2] Lol m
o L peafbny by Oy e e Expected -
% 10 = @ © E []=2 0-experiment E
Lﬁ = 10 - 1 Oexperiment —
TE- : <
- 107" é_ Theory T —;|
107" &= : : : : 5 - 3
= I I I I R I I R I I | R I I I I . I I I . I .1 0—2 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 1000 1200 1400 1600 1800 2000 2200 2400
Bin number m(§) [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
https://link.springer.com/article/10.1007/JHEP05(2022)014

Summary & Outlook

« A wide variety of SUSY searches have been performed by CMS in hadronic final

« This talk mainly presented three recent searches from CMS.

« WX+ piss gnalysis is sensitive to wide range of pair production of

electroweakino models and also excludes a significant range of higgsino
masses as well.

Complement searches in leptonic final states, in particular at high

states.

Snowmass 2022
CMS Phase-2 Projection Supplementary

; 1000 . T + ~0 0-~0 + 0 [ 0 [ 0
NSLP masses é 900 PP =X, K I X! Xy Ky X, > WIH, X, 2K x3—>Hx:
s | === HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb™)
5 800 = . === 50 Discovery HL-LHC Expected (14 TeV, 3000 fb™)

e HH4 pmiss h sianifi | hes the alui bound . £ s cmean o570 o o 15 100,167 15

+ pT'ss search significantly pushes the gluino mass boundary up to ool —— 2 O 657 O U it (13 T, 171
2 330 GeV 6005 Higgsino-like %', %2, X, .- . —;
« The new 1 lep Ad analysis also extends both the gluino mass upto 2280 sooF- et U
GeV and the %2 mass up to 1220 GeV. ook L oo 3
: e N ]
. . . . . 200 2N/ .. g P
« No signs of BSM physics yet but significant range of phase-space is excluded. ook T Vo]
01:"’;' | | ..I‘:...I.l. | I..\ E

* In the future Run3 analyses, use of new neural network taggers and ML based 200 400 600 800 1000 1200 1400

analysis techniques would yield much exciting results.
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- Mp=

M, search

min max M,(rl), M,(rz)
—X(2) _ _miss

X(1
& )

pr t+

« Better background suppression using My, variable.

Trigger

Jet selection
b-tagged jet selection
Hr

miss
Pt

M, (if N > 2)

sum

pF™ cone (isolation)

Veto electron

Veto electron track
Veto muon

Veto muon track

Veto track

2016:

piss > 120 GeV and HISS > 120 GeV, or

Hr > 300GeV and ps* > 110 GeV, or

Hy > 900GeV, or jet pr > 450 GeV

2017 and 2018:

piss > 120 GeV and HISS > 120 GeV, or

Hr > 60GeV and piis > 120 GeV and Hs* > 120 GeV, or
Hr > 500GeV and piss > 100 GeV and HX > 100 GeV, or
Hr > 800GeV and piis > 75GeV and HI > 75GeV, or
Hy > 1050 GeV, or jet pr > 500 GeV

R =04, pr > 30GeV, || < 24

pr >20GeV, || < 24 and b tag

Hy > 250 GeV

pRiss > 250 GeV for Hy < 1200GeV or Nj = 1, else piis > 30 GeV
Aprmin = AP (P, 1234) > 0.3

|pipiss — Hpiss|/ pipiss < 0.5

Inclusive My, search:

Mt > 200GeV for Hy < 1500 GeV, else My, > 400 GeV
Disappearing tracks search:

M7, > 200 GeV

Veto eor p: AR = min(0.2, max(10 GeV/plTep,O.OS))

Veto track: AR = 0.3

pr > 10GeV, || < 2.4, pium < 0.1 plP

pr > 5GeV, || < 2.4, My < 100GeV, psi™ < 0.2 piP

pr > 10GeV, || < 2.4, pium < 0.2 plP

pr > 5GeV, || < 2.4, My < 100GeV, psi™ < 0.2 piP

pr > 10GeV, || < 2.4, My < 100GeV, pim < 0.1 plrack

Ankush Kanuganti
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Events / Bin

CMS-SUS-19-005

CMS Preliminary 137.1fb" (13 TeV)
P Single Lepton CR —e— Data
10 Hy > 250 GeV I W+Jets
- My, > 200 GeV I Top
=2 [ ]QCD
10° MC scaled by 0.89
M T 2 # Data events: 171668
10*
10°
102
10
1
107
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
My, [GeV]
2 =3
g 155
| g o TSl -iniele il ! ki Hee i el
SosE- DERSRAREL RS _+_
0E - .
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/index.html

1 lep Ap search backup

« Overview of SR definitions

« Multi-b analysis (left); 0-b analysis (middle, right)

CMS-SUS-21-007

Table 1: Baseline event selection.

One good lepton with p; > 25GeV
No additional veto lepton with py > 10 GeV
No isolated track with pp > 5GeV with m, < 60 (80) GeV for hadronic (leptonic) tracks

Ly > 250GeV
I s Hy > 500 GeV
Ag’ 1 A? 1 b A;p 1 b= Number of AK4 jets ;o > 3
, Subleading jet with py > 80 GeV
SB SR MB SR SB SR MB SR SB’SR n, > 1and n, > 1 (multi-b analysis) or n, = 0 (zero-b analysis)
Ay + Ay + Ao +
SB CR MB CR SB CR[M'B CR SB’ CR _ _ _ o
: o | X « Multi-b analysis systematic uncertainties
4 5 6 n]'et 3 4 5 niet 4 5 6 njct
Uncertainty source Totl backgromnd
* Major background is estimated using the ABCD method. median loinsmax] el
NSB,SR SB,SR Jet energy corrections 3.8 0.2, 36.3]
s ) . data " YPred, QCD QCD multijet 3.8[0.8,71.0]
Rdata(njet = [4/ 5] , N as 1M MB) - NSB'CR SB,CR ttV cross sections 2.8 (0.1, 22.6]
data Pred,QCD ISR modeling 2.3[0.4,20.3]
« The prediction is done by scaling the low A¢ region by SB Pileup modeling 2.3[0.1,18.6]
RCS from data and K Dileptonic correction 2.2[0.4,12.3]
EW tt cross section 1.6 [0.1,23.7]
CS . . W jets polarization 0.6[0.1,4.4]
B RMC,EW(n]et e MB) b tagging (efficiency) 0.6[0.1,5.7]
Kew = RCS A W +jets cross section 0.41[0.1,7.7]
vic ewl et € [4,5] b tagging (misidentification) 0.3[0.1,84]
Lepton efficiency 0.2[0.1, 1.6]

Ankush Kanuganti ICHEP - SUSY in hadronic & photonic final states

17


https://cds.cern.ch/record/2805223?ln=en

= b-veto signal region

Region Requirements
>1 V-tagged jet
b-veto SR >1 W-tagged jet

>2 V- or W-tagged jets
0 V-tagged jets
0 W-tagged jets
1 V-tagged jet
0 other W-tagged jets

b-veto 0-tag CR

b-veto 1-tag CR

= b-tag signal region

CMS-SUS-21-002

=  Systematic uncertainties

Whboson candidate Higgs boson candidate
Wtagged not Wtagged bb tagged notbb tagged

WH SR >1 — >1 —

WSR >1 — 0 —

H SR 0 — >1 —

WH antitag CR 0 >1 0 >1
Wantitag CR 0 >1 0 0

H antitag CR 0 0 0 >1

b veto b tag
Source  0- and 1-res bkg. Rare Signal Top 0-res Rare Signal
O-tag CR 1-tag CR quark
Integr. luminosity — — 1.6 1.6 — — 16 1.6
CR data size 671 5-50 — — 3-100 2-35 — —
MC sample size 8-25 830 14-24 2-5 2-28 340 4-27 2-5
pr and up 1.2 0.4 8 <5 2-10 0.5 11 <5
Trigger efficiency — — 2-3 2-3 — — 23 2-3
b-tag correction <1 <1 <1 1 1 <3 <3 2-3
bb-tag correction — — — — 4 27 4
W-tag correction 12-28 6-22 11-15 15 1 9 7 9
V-tag correction 7-15 2-10 14 2 — — — —
W-tag nonclosure 348 348 — — — — — —
V-tag nonclosure 1-27 — — — — — — —
Fast simulation — — — — — — 8
18
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CMS-SUS-21-00: cMs 137" (13TeV
E 90? i Data [ ]Rare é
v 80E- [ ]1-res [ 0-res —
@ 70 Uncertainty —— TChiWZ (600, 1) —
§ 60— —— TChiww (500, 1) =
B0y veto E
= Mainly classified into (top) and b-Tag SR (bottom) =ty E
» The common baseline selections include: > 2 AK8 jets, p7*ss > 200 e | : =
GeV, no leptons. g T e
S/51.5- } =
= The targets W/Z - qq (q # b) decays, additionally AIE 1o me%m&
requires: 05 * | E
> AKS8 jets mass window for W/Z: 65-105 GeV 0000 70 8090 100 A deged) [GeV]
> Deep AK8 taggers used: deep-W tagger and deep W mass- Mass of the deep-WMD tagged jet in b-Veto SR
decorrelated (WMD) tagger. cnis 7 B (13 Tew)
> The WMD tagger, agnostic to jet mass, captures hadronic e S Data | | B Rre R
decays of both W and Z and is calibrated with W & qq decays. £~ o Unoarainty  —— TONIWH (600, 1)
3 20— —— TChiWZ (400, 1) =
Yos -t =
= The b-Tag SR targets Z/H = bb decays, additionally requires: hsa E
» AKS8 jets mass window for Z/H: 75-140 GeV J= ' R
> Deep AK8 taggers used: deep-W tagger and deep-bb tagger. 15 ;:,TQj | =
» Taking advantage of the Z/H - bb branching ratio, we 83 2 { L J& l L
optimize this SR using deep-bb tagger. E b o ”F”%*%“QWT%T@@% T
0
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CMS-SUS-21-002 CMS 137 b (13 TeV)

800

% PP =% %, Ty Ty ;W T Wino-like 7, %o

g 700 B Z7) = 100% NLO+NLL Exclusion
Cix“ — Observed - == Expected 95% CL

. & 600 T,
£ B()(2 —-H X1) =100%
] o ] ] . ] 500 — Observed - = = Expected
= No significant deviations from SM predictions are observed.
400 .-

= A more realistic interpretation for the Wino - bino doublet 200
scenario where 3,0 — Z/H + y,° 200

= This is the first time that we exclude a significant phase space of 100

higgsino - bino scenarios of MSSM in CMS analyses. 200 400 600 800 1000 1200
m(z/%,) [GeV]
= These mass exclusions significantly improve on those achieved 6OO(;MS e Ty
. . . . 0 0 L 0 0 = —
by searches using leptonic probes of SUSY for high NLSP masses 3 PP = 7, %, 7 X2/3/7§2Xg | Higgsinodlike X%, (2 g
9 X — W Xy %y —-Z Xy —-H 521 NLO+NLL Exclusion i 'E‘
PP~ X° Augusr2021 e 500 EObserved =1 Otheory = 10 %
S x ===Expected = 10, _iront 3 0]
8 CMS Prellmlnary 137 fb 1 (13 TeV) c experimel . g
= gl 1801.03957, 1l+bb, 36 fb" (WH) ~Expected ] 4001— P @
sz r —2106.14246, 2| SS + 23| (WH) —Observed | B 7] E 9
[ —2107.12553, 1l+bb (WH) ] = q = o
400/ ~SUS21-002, 0 (WH) B 300 - S
e ‘ ] : - R 1 o E
300 N . - - P B S =
200 Sy P - \ 4 =10° =
- S F : : 100~ ! -4 3 o
100~ 7 - i 1 10° §
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« Resolved signal regions

Bln ARmax Nb p%liss [Gev] K Ng{l;ed Néllt{ Né)lgs
1 150-200  1.09£0.04+0.02 1617}3 149.7782 138
B 5 200-300  0.92:0.04:002 904757 915782 91
3 300400  0.94£0.09+001 115737 128735 14
* 1122 >400 098708 +002 2877 287(] 3
5 150200 1.13+£0.09+0.08 535%5% 54172 54
6 , 200-300  0.96+0.07+0.07 283738 332735 38
: 00400 08HEE005 2677 B2
8 >400 0927027 +£0.07 26 12775% 0
9 150200 1057018 +012  51f1% 59717 8

10 5 200-300 10479013 +£011 2177078 23117078 2
1 300-400 072793 +008 0.06*9) 07279 4
2 5400 1247095010 089712 052708 o
13 150-200 1267033 +023  2.687)% 2.5810% 1
14 4 200-300 121792 +022 126709 1.6270% 3
15 300-400 2357058 +034 0427050 1.1675E 1
) 0 .
16 >400 0947032 £0.13  0.677530  0.787578 1

« Boosted signal regions

JHEP 2022, 14 (2022)
CMS-SUS-20-004

« Systematic uncertainties

. , S
Source Relative uncertainty [%]

Bin Ny pPs[Gev] Nigw foTmiss NE! Nik  Ngg°
17 300-500 0.7894+0.030 33.6'¢) 37.0M32 42
18 1 500-700 42.6+42 017240028 73730 72013 6
19 >700 0.0394+0.014 1.6573% 150707 1
20 300-500 0.7894+0.030 4.0%]7  4.07]3 4
21 2 500-700 51+1.0 0.172+£0.028 088704 0.7410% 0
22 >700 0.039 £0.014 0.207530 0.147003 0

Resolved Boosted

MC sample size 0-18 1-15
ISR modeling 0-2 0-18
Renormalization and factorization scales ur and ur 0-2 0-7
Pileup corrections 0-3 0-9
Integrated luminosity 1.6
Jet energy scale 0-7 0-12
Jet energy resolution 0-7 0-7
Isolated track veto 2-9 1-8
Trigger efficiency 1-12 04
myj resolution — 0-9
b tagging efficiency 2-6 —
b mistagging 0-1 —
bb tagging efficiency — 6-15

Uncertainties attributable to the fast simulation
Jet quality requirements 1
piiss modeling 0-14 0-12
my resolution — 2-4
b tagging efficiency 0-1 —
b mistagging 0-1 —
bb tagging efficiency o 0-1

Ankush Kanuganti

ICHEP - SUSY in hadronic & photonic final states

21


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
https://link.springer.com/article/10.1007/JHEP05(2022)014

