@T CMS,

f ' _\ \
University e

of Colorado A
Boulder

Search for Electroweak SUSY
IN Hadronic Final States with

the CMS Detector

4}
Noah Zipper

University of Colorado Boulder

On behalf of the CMS Collaboration

% Tuesday, June 28,2022 SUSY 2022




Overview

|
l\ 2

% Tuesday, June 28,2022 SUSY 2022



Electroweak Supersymmetry

Motivation: Sensitivity to electroweakino A
roduction can offer valuable insight in

ey search regions left for testing
natural SUSY

\ % . .
chargino and neutralino:
. ixed stat f higgsi d EW i
« Smaller cross-sections for electroweak (EW) mixed states oThiggsino and £TY gauginos
SUSY have led to less exploration of this phase 18Tl ML Mg
Space — 44 ~— XX (higgsino)

da — % %i (wino)
— G %2 (wino)
— &, b Ldia

« Stringent limits on strong production at TeV
scaleleave o%n promising unconstrained
regions for EW searches

cross section [pb]

« Full CMS Run 2 dataset with 137 fb-1at 13 TeV
can significantly extend previous reach 10

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]
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SUS-21-002

Hadronic Final States

» Detector signature of signal decay is
from bosons +
from neutralinos

* Improvements in heavy flavor tagging improve EW
search sensitivity - new ML algorithms have great
performance

* DeepCSV identifies b-tagged
single-parton (AK4) jets

 DeepAKS8 and DeepDoubleB
identify large-radius (AK8) jets
from merged-jet daughters
forH/W /Zbosons

y Xi ‘\\\ X
WiA/ leptonic decay
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CMS
100

Simulation Preliminary
B R

2016 (13 TeV)
[ J a E I . T T [rorrprr T
Heavy Flavor Taggin
8 | —— DeepDoubleBvL, AUC = 97.3%
(513 TeV, 2016 g | double-b, AUC = 91.3% |
. . Z 'ECMS Simulation Breimmay TR § 5
* DeepCSV Algorithm - b-tagging 5 [ fevems 1ation Frefimnary =71 = DeepDoubleB .
3 AK4jets (p_ > 30 GeV) i/ i ]
® 6'Iayer, 100'n0de DNN 81071 | [—cCswv2 ";‘ﬁz"f ,/// [
 Extension of CSVv2 tagger 3 [ DeectV S _
€ I 3 ’:'.“': o ,/ /.
102 e e -
* DeepDoubleB (DDBVL) - H-tagging a5 DeepCSV 1 ;
* |nputs: 10° - | Tuds
* 27from jet objects 0 O 5 08 04 05 08 07 08 08 1 1Ll g g
b-jet efficiency " Tagging efficiency (H — bb)
. i — DeepAKS
 PF and vertex inputs handled separately, then fed Good separation DeepAK8 3 |... peepAKs-MD
through 50 dense layers with track inputs 1 (13 Tev) ety __usTey

cMs Tems 1 jems

« DeepAKS8 (+ Mass Decorrelation) - H/W/Z-tagging fomen o H | o W] e V4
E E 107 A : 3 1000 < p?”" < 1500 GeV, h**"I < 2.4

1000 < pf'" <1500 GeV, In®" <2.4 1000 < pf'" <1500 GeV, n®*" <2.4 E
F E F E Ak
[ 90 <mii® <140 Gev i ] [ 65<mis’ <105 GeV ] [ 65<mgy <105 GeV
02—
102 - 102} 4 10TE /
N ] [ e, 1 r — DeepAK8
| ) | ee| - 1 ;
af
sp + Ty

Background efficiency

* |nputs: up to 100 PF candidates + up to 5 SVs

* PFs and SVs processed in separate 1D CNNis,
then combined in fully connected layer

DeepAK8-MD |
— DeepAK8 —BEST é

DeepAK8-MD ] —Msp + Ty

 Adversarial training used to decorrelate mass ) VA 4SRNt T Y e
Signal efficiency Signal efficiency Signal efficiency

1) https://twiki.cern.ch/twiki/bin/view/CMSPublic/BTV13TeVDPDeepCSV 2) http: - - jc- icati -18- 3) .
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/BTV13TeVDPDeepCSV
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Wino-like

WX Search: Signal Models
* Direct Electroweakino Production '”ter"v;etation
« Wino-like (7 /#9/W) or higgsino-like (7L /72 /#3) NLSP, bino-like LSP (72 /B) i — 38

« Larger NLSP-LSP mass difference = high py LSP = high p/#ss
» Larger my.sp = high pr H/W/Z = taggable boosted AK8 jets

B \ 4 X (l)

TChiWZ, TChiwWH TChiwW
. Higgsino-like
o ‘ﬂf W Interpretation
P %8." ....... % p 551'[ ........ %, o H 3 :3
W:I: WTF B A\ {(f
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WX Search: Event Selection

» Baseline Selection
» High ps$ and Hy required for desired
phase space
* Lepton vetos reject major leptonic

Baseline Event Selection

Lepton Iso lepton veto + iso photon veto + iso track veto
piuss >200 GeV
Hr >300 GeV
Naks =2, (pr>300GeV, n<2.0)
Naka 2-4 (pr> 30 GeV, n| <2.4, med. WP DeepCSV b-tag)

Signal Regions

Region Requirements™
W d b k d b-veto SR (TChiWW & TChiWZ) > 1 V-tagged jet & = 1 W-tagged jet
ecay aC grou n & =2 V- or W-tagged jets
N D A K8 d D C SV t t b-tag WH SR (TChiWH & TChiWZ) > 1 W-tagged jet & = 1 bb-tagged jet
eep and Deep agger cuts on s , |
. b-tag W SR (TChiWH & TChiWZ) > 1 W-tagged jet & 0 bb-tagged jet
/ \K8 a n d / \K4 J ets b-tag H SR (TChiWH & TChiWZ) 0 W-tagged jet & = 1 bb-tagged jet
.., Cms_ ‘ ‘ ‘ __1371b7 (13 TeV) . Cms : : _1371b7 (13 TeV) . Cms 137 fb” (13 TeV) . Cms 137 b (13 TeV)
5100 { Data [ IRare = 5 F t Data [ Rare = 5 10 ‘ ‘ 1 Data ‘ [ Rare ‘ S 1ot ‘ ‘ 1 Data ‘ ‘ ] Rare ‘
% [ b-vetoSR [ o-res, 1-res Uncertainty = P i WHSR 10 [ O-res 7 P W SR [ Top [ O-res P HSR [ Top [ O-res
S L - - _ g 10 = —— TChiWH (1000, 100) 5| g 10° FEE3) Uncertainty —— TChiWH (1000, 100) § 10° FE53 Uncertainty —— TChiWH (1000, 100)
@10 e — TChiWZ (600,1) —— TChIWW (500,1) "5 [ = E i — TChiWZ (800, 100) i TChiWzZ (800, 100)
C SF ] 7 10° 102
10 = ’; = 10 E
; E = 10 10 =
1 ? RRARK 1 1 c ? 1 . é:‘
B} s F SR — P . 5 F ‘ ‘ B . 5 E! o s E 3
S81.5 s R g8 2 =4 gfBi1.5E =  f&B1.55 =
K T i 83 °F I e | (= R U UUUPIURURUN SRSURURUUUU 5 cocooteooc 2 83 L { R b s paachessans
& 1 ;@%xxx 3 SEERE & . s o D 1Bepongs s Mlk 3558 L 1 % S
E ""T‘TW@WWXXW%XXXX &3 %% 1RREREPEES %xxxx S5 RS o F } T eeesececeses CHeTTReTTeeetes = o E t BOEEBEEEEEEBTLEECEEEEEEIEEH
0.5 E % g x§§§§§ <] = 1 00505050 ORRRRRRK SARRRRRXE 0.5 e = 0.5 = =
200300 400 500 600 700 800 900 1000 1100 1200 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000 1100 1200 200 300 400 500 600 700 800 900 1000 1100 1200
pI** [GeV] P> [GeV] pr* [GeV] pI** [GeV]

* tagged jets also require soft-drop mass window
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WX Search: Search Strategy

« Data-driven background estimation split into
2 categories for b-tag signals
» Resonant Hadronic W Background
» tt,singlet, and ttH - contains real signal-like W peak
* Derivedin 1¢ data CR due to missed-# W decays in SR
* Non-Resonant Background
« W—$v,Z—vv, and QCD - BG from fake W-tagged objects
* Derived in anti-tag data CR, using known fake W-tag rate
» 2 categories for b-veto SR prediction

« Fake Hadronic W background (0+1 resonance) estimated
from O-tag and 1-tag CR

» 2real Hadronic boson background from tri-boson events

derived from MC
b-tag SRs b-veto SR
d MC d
Nozlggs - (N(%,(I:‘es/le,all) X leata data NSI\;IQ(,:O&l—reS data MC
N MC Nsg™ = e (NER®/NER 2-res) +
d tag data,0¢ d CR,0&1-res
NYII)(I;SI-I‘GS = NMC (N!te?ga - N!Iz;g,res - N!l‘ég(é,rare) X SFpass/fail
Itag

SR.2-Tes All H/W/Z candidates are not tagged

. Resonant

Non-resonant

tag

anti-tag

O-lepton 1-lepton

In b-tag region, resonant BG (solid) in SR
estimated from 1¢ CR, non-resonant BG
(hashed) in SR estimated from 0¢ anti-tag CR

Antitag (!tag) regions:

SUSY 2022
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WX Search:

- - -1
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“Realistic Wino” Higgsino-like

400 CMS 137 b (13 TeV) CMS 13716 (13 TeV) .
< = 600 .7 =0 00 o . 0.0 3 10
E PP =T %/ T T X > W Wino-like 7, 7 2 R L I I | g . ..
b I Bt S soof L opes e T Mot Besen - F e * Most stringent limits placed on phase space by CMS
& 600 __.o Se.r:e T Erpede ’ ?S_SF =Expected:1o‘ eor.y E g
€ BT, = H7)) =100% - experiment E ® o 4o . .
oo Ovsetes -2 Expecs | F wE = » “Realistic Wino” Interpretations
w0k 3 ol = - « Assume Br(#9 2Z7%)=100% or Br(7#? »H#?)=100%
F Lemmmme . ] n ] 2 1 2 1
s00- E . = 137 E * Pushes exclusion up to 870 and 960 GeV, respectively
B o\ . 1 200 9 1 g . . . .
200 LR L g 3 » Higgsino-like Interpretation
£ Y ' = L. ‘, o 4 6] o o ope . . o o
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HH Search: Signal Models .. oo

. miss et AKa bJet boosted
» 2signatures of HH + p7 | resolved | brjet_ kg bb-jet
* Resolved: b-jets from H decay independently resolved AKS bbjet Pt *
* Boosted: b-jets merged into single wider jet 7 b-jet
« Gauge Mediated Symmetry Breaking (GMSB) b-jet

« Goldstino (G ) LSP, 72 NLSP (BR(¥? —HG ) ~ 100%)

« High #2#? production due to 79 /%5 /#9 mass degeneracy
Simplified SUSY Model

* %1 LSP, 73/ 3 NLSP

« Only 72, #3 (nearly mass-degenerate) may decay to LSP

T5HH Model

 High H production rate from gluino cascade decays
« 72 LSP, #2 NLSP (3 NLSP in newer dark matter models)
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HH Search: Event Selection

Baseline Event Selection

Resolve Booste
» Baseline selection T
» QCD background reduced by A¢ cut on p#**s-aligned b-jets ‘;m e e
* Higgs mass reconstructed from jets by AK4 mass selection Mies (mes) < 200 Gev 60 < my < 260 GeV for Iy 1
(resolved) and Soft-Drop algorithm (boosted) e
» Suppress tt lost-lepton background with AR cut on b-jets Ny >2
Ny 0,10r2

* Ny (resolved) and Ny (boosted) use working point cuts from
DeepCSV and DeepDoubleB taggers

137 o (13 TeV) 137 b (13 TeV)
\\\‘\\\\* \\\‘\\\‘\\\‘\\\:

> FT T T T ‘ T T T :\ T ‘ TTT ‘ T T ‘

& ) oms X a0 ?ct:hh?LH G(175,1) ] & * cms :5 a>t<a ESED ;
o L Y - I - il [Ie) C +. er ]
- Z+jet ! < r ’ ’ b
5 EV\;ri?e?s — TChiHH-G(500,1) 1 & 250 | [HZ+jets — TChiHH-G(500,1)
e I DQCD - TChiHH-G(950,1) ] 2 i I W+jets — T5HH(1600,1) 1
S 200 = 200 .

i 4 | i

Baseline

Np =3or4 :
boosted signal region 100

1
|
I |
resolved signal region 100 I

O; A g 3] E ;

1.5 | | + E o 155 f
B2 1o | *Hﬁ++ * g W»~‘mmw¢m.*“++++**+;+++++++¥
0.5F + 05/ 3
o e e 00 Q030100 126 140 160 180 200 220 240 60

<m,,>[GeV] m, [GeV]
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HH Search: Search Strategy Signal Reglons

SB

« Background estimation - ABCD Method

* For given SR, estimate comes from background yield in Sideband Region
(SB), Control Sideband Region (CSB), and Control Signal Region (CSR)

« Regions defined by H boson mass ({(my,y, )/ m]1,2) and

N, =3| SB SB

N =2 CSB CSR CSB

0 100 140 200

jet tagging count (N},/Ny) variables e () [GeV]
resolve
» ktaken from MC and validated in data CRs _
* Resolved _gta=el  CSB
+ Sortedinto 16 binsin pyss, ARmax, and N, yPred _  Nesr _ Nsr/Nsp 2[t=1 SB
and calculated individually bin-by-bin SR ~— K sB, K = =
NcsB Ncsr/Ness Ly § 2l
« Boosted <4 >8
. . . ] - ] L]
 Sorted into 6 bins in p7*** and Ny 5 my, [GeV]
g _m]l [GeV]
[60,95] [95,145] [145,260]
my, [GeV]
boosted
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H H SearChO RGS' I ItS CMS Pred Fit ¢ Data 137 b (13 TeV)
° 3 Resolved, 1.1 < AR, <22 Resolved, AR . <1.1 Boosted
= N3 : N, =4 : =3 : N,=4 L Net o N2
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{

« Bin 11 for resolved signature sees
local ~3.30 significance
« Unphysical shape in single bin = unlikely signal | T—L_*_
« TChiHH Model limited to smaller observed ; .
exclusion due to 1-bin excess B R e g
« expected exclusion shows solid sensitivity to higgsino

-

Events/ bin
S

Y
n
w
BN
o
o
~
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_ e — T L o — — s =
o) _ o) 3 3 XA — HH XS X8 3 &=,
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o 10 M o - [} 3 _ L theory E o .
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ool o v o 1 1 1 joello e L L 1 1] % g
200 400 600 800 1000 1200 1000 1200 1400 1600 1800 2000 2200 2400 0500 ‘300 400 500 600 700 .
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WH Search: Signal Model

H
 Target simplified SUSY model final states with
~0 7
* Charged lepton produced in the W boson decay b X2 @ X1
* Two jets reconstructed from the H—bb decay L
» Large p7sS resulting from the LSPs and neutrino*  » R “\\ R
W:I:

. )Zli and 72 assumed wino-like and nearly mass-degenerate, ¥;
assumed to be stable LSP

« Simplified model further to two mass parameters (m-o ,~+ and m-,)
X2/X4 X1
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WH Search: Event Selection  Baseline vent selection

Lepton Single e or # and no additional veto lepton, track or tau

Small-Rjets 2 < Njgis <3, Ny, =2, pf}on-b < 300GeV

pimiss >125GeV
My 90-150 GeV
. ° mr >150GeV
» Baseline event selection e sa0cev
* W background suppressed by transverse mass . ,
. d lept lecti Signal Regions
(m7) requirement and lepton se ection Nit New PP [GeV]
« Cotranverse mass (m.y) rejects tt and tW 0 2,3 [125200) [200, 300), [300, 400), [400, co)
« SM Higgs boson mass window requirement L 23 [125300), 1300, )
« Jet multiplicity requirement to suppress tt CMS Smumion 18717 (13TeV) _ CMSsmioin 1377 (13TeV)
E —tsf_‘ o ' eo0400) 3§ O o -[tsf_ Hl — (800100)
8 E V\;ntoeson ......... (425,150) _.2 L EV\I/ntoeson ......... (425,150)
© Bl SMWH oo (225,75) © | EEMSMWH o (22575
12 non-overlapping signal regions (SRs) § | o -
miss -
defined w.r.t. Ny, Njes, and pr I ]
W =_E
pIiss>125

signal region

= N R D .
0 100 200 300 400 0.2 Q.4 06 0.8 1
Mer [GeV] H tagging Discriminator Output
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WH Search: Search Strategy

» Background estimation - observed yields estimated in control
regions (CRs), transfer factors derived from SM MC
* Low-p7"*°: top quark-dominant Data-MC validation in low-m; CR

’fOP mlss miss obs. mlss
(pT ]ets' NH) Rtop (pT Z\I]etsf NH)NCR (pT ]etSI NH) ° 1O7SM,S ,,,,, N 1,3,7 fo (1|3TeV)
I= e Observed - tt ttv 3
Q 106k 0 W+LF ] Smglet ]
D OF o WeHF ) SM WH

» High-pss: W-dominant

mlSS

W/ mi W i
NSR(pT > I\]]ets' NH) — NCR(pT > I\,]ets) (pT ]etS’ NH)
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WH Search: Results

CMS

137 o’ (13Tev)

N T I T T T I T T
30+ I Top quark
_ I W boson
- [0 SM WH

Events

25

I
-
o
o
@
©
2
@
o

Uncertainty

20

15

10

II|II|||\\II|IIII

Obs.
Pred.

T
x —>Hx x —>W‘)(1 —
—Mo —800GeVm ,=100GeV ]

I
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IIIIII

]
z @
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I.II|IIII|IIIIIlI

-
(6, N4 BN \V]

ﬂll
—e—t—

JIIIIIII IIIlIIHIIl
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200 300 400 300

» Likelihood for SUSY signal strength and yield of backgrounds + nuisance parameters performed shows agreement with SM

prediction

200 300 400 300
pT"** [GeV]

CMS 137 fb" (13 TeV)
% pp = XX X —HXS, X— WEX? NLO+NLL exclusion
500
O, == Observed £ 10,
é’x“ === Expected + 16, ciment
400 — =
300(— .
200 -
100~ —
_I 1 1 I: I 1 I—
f00 200 300 400 500 600 700 800 900

« Chargino (Neutralino) exclusion for mass up to ~820 (~340) GeV
* WH sensitivity is complementary to WX + MET search, can be combined for greater reach

Moy, [GeV]

10~

1072

10°°

95% CL upper limit on cross section [pb]
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Conclusions & Outlook

CMS Phase-2 Projection Supplementary

— 1000
% _)~:~¢/~:~0 /~0~0 ~:_)W:~0 ~0_>Z~0 ~0—>H~0
0] PP =Xy Xy Ty Kgg Xy Koy %y Xy %y Ly Xg Xy
. . . = 900
» Several new stringent limits placed on i
1\5 800 m— | w50 Discovery HL-LHC Expected (14 TeV, 3000 fb™)
e R AT R 30 Evidence HL-LHC Expected (14 TeV, 3000 fb™)

Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb™)

EWKinO masses in mUItipIe SearCheS 700] =a=w=a=: Run2Expected 95% CL Upper Limit (13 TeV, 137 fb™)

600 Higgsino-like e 5{2, )2:

------

500

* New higgsino interpretation explored 400
in phase space 300

\
K

200

JIIlIIII|IIII|IIII|IIII|III

z 1 .
[l ] -
*»? - . : ' T
'\” 5 S \ l: : -
100 «h 5 SR R
d . 1 ] ]
N 1 I z ]
01— Y ] 1 I 1 1 1 I 1 1 I | W 1 1 I 1 1 1 I 1~ q 1
200

* Hadronic analyses show promise to push O o taev)

discovery reach further in HL-LHC era Higgsino-like WX Search reach
projected to HL-LHC luminosity
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Backup
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WX Search Cont.

« MET trigger

Sources of Systematic Uncertainty

« 74-95% trigger efficiency at p7"*°= b veto b tag
(o) miss Source 0- and 1-res bkg. Rare Signal Top O0O-res Rare Signal
- miss Integr. luminosity — — 16 1.6 — — 16 1.6
(year-dependent at low p T ) CR data size 6-71 55  —  — 3100 235 —  —
MC sample size 8-25 8-30 14-24 2-5 2-28 340 4-27 2-5
ur and p 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 2-7 4
W-tag correction 12-28 622 11-15 15 1 9 7 9
V-tag correction 7-15 2-10 14 2 — — — —
W-tag nonclosure 3-48 3-48 — — — — — —
V-tag nonclosure 1-27 — — — — — — —
Fast simulation — — — 5 — — — 8
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HH Search Cont.

 MET trigger used for signal region Sources of Systematic Uncertainty

Relative uncertainty [%]

« 30-70% trigger efficiency for p7¥s$= 150 GeV, Source Resolved  Boosted

MC sample size 0-18 1-15

>99% for p7’17}iss > 260 GeV ISR modeling 0-2 0-18

. . . Renormalization and factorization scales yur and g 0-2 0-7

* Control samples from single- and di- lepton + MET triggers Ppiteup 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
piss modeling 0-14 0-12
mj resolution — 24
b tagging efficiency 0-1
b mistagging 0-1 —
bb tagging efficiency — 0-1
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WH Search Cont.

Sources of Systematic Uncertainty

 Combination of MET and lepton trigger

. . . . Source Typical values

’ 9?% trlg_ger efficiency achieved for events Simulation statistical uncertainty = 1-10%
with p7’1?1uss >225GeVand pT(f) >20 GeV Lepton efficiency <1%

b tagging efficiency <4%
H tagging efficiency 7-20%

» Cotranverse Mass Trigger efﬁcie?cy 1<57§
— et energy scale ~7%

* Discriminates tt and tW events which peak }et energ resolution 179,
at m r~150 when bs are correctly b jet energy scale 1-10%
identified from higher- m¢r signal pir and pip <1%

Initial-state radiation 1%
Integrated luminosity 1.8%
Mer = J 2p?1p?2(1 + cos(Agyp)) Pileup <2%
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