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MOTIVATION

= Higgs boson at ~126 GeV exists and top quark plays important role
— interesting to search for 3" generation squarks
= Naturalness = light top squark

= Bottom squark may also be light P
= Overwhelming evidence for dark matter . —2 Guinndi
— include dark matter candidate = ffff:ifffi
Assume R-parity conservation 3 : ’
LSP (x,°) E{™s signature .
sparticle pair production ;;::::;:% _____ tr__
H
Search for signatures of top/bottom g
squarks decaying to LSP natural SUSY decoupled SUSY
— top/bottom quarks + E;™ss Papucci, Ruderman, Weiler, arXiv:1110.6926 [hep-ph]
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Top squark pair production mostly via gg (dominant) and qq

# events in 2012 sample (~ 20 fbT)
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~10'-10* O
b tagging important to distinguish signal = Main issue is the tt background

Searches are challenging 0 ., /shottom
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OVERVIEW OF SIGNATURES Z.C
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TOP SQUARK DECAY 2,
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TOP SQUARK SIGNATURE -
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Signal looks like “tt + E;™s” from the invisible LSPs

Signature depends on tt decay modes

Fully hadronic channel
Branching

12 channel ot
raction

Backgrounds
20 channel
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ep~ex/3l;?)rl" Searcy,
= Event pre-selection = Main backgrounds 8. 1586
" 1high pyisolated e or = tt— 22 dominant in M tail
= >4 jets with > 1 b-jet el
= Veto events with a second l
lepton \ v=> E
= Moderate E;™Miss " b
= Search in M, tail 5
M (2, E;mi%) >> M, 7 ve> E
! Dominant backgrounds: g [ —=> ‘missed’

Norm. Entries

tt = 2+jets, W+jets
= ML, V) <My

= Single lepton backgrounds:
Signal: 2 LSP’s tt—2+jets & single top s/t-
= M; > My, channel (12 top), W+jets

= Rare processes:

—_ .
M, [GeV] mainly tt+W/Z/y, tW
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SIGNAL DISCRIMINATION SUS-13-011"
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Main analysis combines several variables in BDTs

2002
: — signal regions defined by cuts on BDT output

190F Cross checked with cut-based analysis

92 0 02 04 06 08
BDT Output
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BACKGROUND ESTIMATION AND VALIDATION

Estimate backgrounds from simulation, normalized using background-
dominated data and validate predictions in data control samples
Control Sample
2+isolated track or hadronic T
tt validation

Control Sample b-veto
W-jets validation

cMS ls=8TeV, [Ldt=19.51b" CMs ls=8TeV, [Ldt=19.51"
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Data yields consistent with
background predictions in iy
signal regions

No evidence for top squarks 100

200 300 400 500 600 700 m; [GeV]

AM = m{ — mXﬂ
off-shell

small mg,,

BDT1 Loose | BDT1 Tight

Total Expected | 763 + 102 124 + 21 8+16 134 29+1.1 8718

small AM «<—>large AM  top

Data 728 104 56 8 2 76
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RESULTS: BDT ANALYSIS ti? SUS-13-011" 8

Looser BDT signal regions target low m_, and low Am

stop
cMs ls=8TeV, [Ldt=19.51" CMS s=8TeV, [Ldt=19.51b"
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RESULTS: BDT ANALYSIS t§° SUS-13-011"

Tighter BDT signal regions target high m , and large Am

stop
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Set limits using results from BDT signal regions

i — X,

[
t
~0
X—

Results probe m(t) < 650 GeV for m(°) < 225 GeV
Sensitive to the AM <m,,, and m
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RAZOR ANALYSIS

= Razor kinematic variables study
dijet topology of two squarks
decaying to a quark and neutralino

( q q )

R2

s 0.3 -‘

CMS Simulation {s = 8 TeV
Razor MultiJet Box | L=19.3b"
_ pp=tt. 1= 17’ 0=0.01 pb

e

\ @x' \® )

2000 3000
My, [GeV]

= Reconstruct decay of two chains
— cluster all objects in an event
Into two ‘megajets’

CMS Simulation ys = 8 TeV
Razor MultiJet Box [ L=19.3fb"
SM Backgrounds tt+jets, W/Z+jets
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= Discriminate peaking signal on a 7 i
falling background in razor LI T "
variables R? vs. Mg ? : . . Z
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RAZOR ANALYSIS

CMS Preliminary Vs =8 TeV -¢-Data
-+— Total Bkgd

azor MultiJet Bofo: 19.3 b
— 1 b-tag
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Data/Bkgd

" Events classified based on ny and ny
and a simultaneous fit of R? and Mg
is used to estimate the background
for each category

= Use b-jet multiplicity information
— enhance sensitivity to 3™
generation signatures

0.5¢

0.3}

Low M, sideband: M,<550 GeV and R*>0.3

Low R® sideband: M >550 GeV and R?<0.3

Extrapolation region: MR>55O GeV and R?>0.3

500

. | ! !
1000 2000 3000 4000

Mg[GeV]
2] F
% oL CMS Preliminary /s =8 TeV -¢-Data
10
0 Razor MultiJet Bofo _ 193 fp ™ Total Bkgd
— 1 b-tag
10° & B i
= —— =2 b-tag
10 = ——]
1 ;* A
107
3E I = e
2 =
1 —.—-—.—

500

1000 1500 2000 2500 3000 3500 4000

Data/Bkgd
Ovilll ) &

My, [GeV]

November 11th, 2013

SUSY at the Near Energy Frontier, FNAL 15




INTERPRETATION: R ty” SUS-13-004 | 8

Sensitivity mainly from: 02 + >1 bjet + >4 jets, 02 + >2 bjets +2-3 jets, 1 U + jets

CMS Preliminary, 19.3 b, (s =8 TeV
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Results probe m(t) <710 GeV for m()°) < 150 GeV

Sensitive to higher m,, regions than 12 search

November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 16



SUS-13-011 [€
TOP SQUARK RESULTS sUS-13-011
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Results sensitive to top squarks with masses in range
100-700 GeV
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TOP SQUARK SCENARIOS

Alternative decay modes possible if a light chargino exists

tr — ttx X

tt* — bbx, x; — bW W

XX

@)

Two decay modes have the same objects in the final state

Signal looks like “tt + E;™” from the invisible x° LSPs

November 11th, 2013
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Dedicated search in 1€ analysis targeting alternative scenario

H* byty~ bWV T —voyY SUS-13-011
tt — bbx. X — bW W RO,
CMS Vs =8 TeV, [Ldt = 19.5 fb"
';' - L e s 1 02 E
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Results probe m(t) < 660 GeV for m()?) < 225 GeV
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Limits for medium/heavy charginos are qualitatively similar to the top-neutralino
scenario but sensitivity degrades as the chargino gets lighter

medium chargino light chargino
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t— f——
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1Q INTERPRETATION: B F

In spectrum with nearly mass-degenerate chargino/neutralino,

limits depend strongly on BF(t — t %°)

CMS \s=8TeV, [Ldt=19.5fb"
| [ | T 1771 | L | L | L L LI I. .I L
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BOTTOM SQUARK DECAY -

bb* — bbx %Y

S

ETINISS ~0

\ 4
7 X1

Signal looks like “bb + E;™” from the invisible ° LSPs

Fully hadronic signature with b-jets

November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 22



= Suppress backgrounds with fake E;mss
(QCD) using the o; variable

= Add b-tagging — suppress EW bkg

= Classify signal regions: nj, Ny, i, and Hy

jets,
» Background mainly tt = estimated from
data control samples with extrapolation

factors from simulation

1 +jets control sample
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Sensitivity from regions with n = 2-3 and n, = 1 or 2

bb* — bbxO%Y

b

Results probe m(b) < 600 GeV for m(}?) < 200 GeV

| T |~ ~I~ | T | T ,.|, T
700~ pp—-bb,b—>b 7{1’; m(§)>>m(b)
----- Expected Limit +1 o exp.
600 oNLO+NLL .1 5 theory
- CMS, 11.7 fb", Vs = 8 TeV

m, op (GeV)
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95% CL upper limit on o (pb)
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BOTTOM SQUARK SCENARIOS -

bb* — bbx %Y bb* — tTxT X7 — bBWTW 010
b
t
bl |~
X
. W
X —

HW W+ miss

bb-+Em — bHWWWW 4 E,miss

In chargino scenario, signal looks like “2b + 4W + E™'ss”
Sensitivity with leptonic signatures & b-jets
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SUS-13-008 [@ Vs

LEPTONIC SEARCHES WITH B TAGS ~ sus-13-002 58

SUS-13-013

= Signal with multiple W bosons can have of 22 of same charge (SS) or > 32
— low branching fractions but low backgrounds

Dominant background typically tt

e/
Additional “fake” lepton

mostly from b-decays
— estimate from rate of
b non-isolated 2" leptons

» =» ‘fake’ lepton

e/ L or jets

= Add b-tagging — suppress EW background & sensitivity to 3" generation
= Background from ‘rare’ SM processes such as tt+W/Z/H can be important
Classify signal regions: Ef™, Hy, ni, Ny,

o — sensitivity to range of signals
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SUS'1 3'008 C

LEPTONIC SEARCHES WITH B TAGS ~ sus-13.002 58

SUS-13-013% &

>3 0 + b tags CMS Preliminary Vs =8TeV,L =19.5fb"
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SUS-13-008 [¢

INTERPRETATION: ty* — bWW" SUS-13-002| %

SUS-13-0136 &

Sensitivity mainly signal reglons with 1-2 b tags, high H and E;miss

— n b-b* production, b— tx —tW" ¥ X
* ~1 ~— —
bb % tt > 600 [T T 1T | T T 1T | T T 1T | T T 1T | T TT | | T T 1T | T T TT | T T T
X]_ Xl & ECMS Preliminary — sys.13-013ss+b 195 " -
‘/‘/ + ‘/‘/ —3v 010 3 0 s = 8 TeV = SUS-13-008 3l+b 19.5 fb™ E
— bb X1X1 £ 'Nov 2013 | 1
Q 500 = SUS-13-002 multileptons 19.5 fb™' |
~ £ - — Observed .
b g I Observed -1 0y %% N
S 450 :_ - - - Expected _:
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t 400 |~ -
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W 300 -
~0 250 -
X 5 :
200 — —

5 1 1 | | I | I | I | L= I | 1 le | | | |1 L 111
800 350 400 450 500 550 600 650 700
sbottom mass [GeV]

Results probe m(b) < 575 GeV
for m(¥*)~150-375 GeV and m(x?) = 50 GeV
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bb* — b}V XY

bb+Emiss

In two neutralino scenario, signal looks like “2b + 47 + E
Sensitivity with leptonic signatures & b-jets

S

bbZZ+E,miss

”
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INTERPRETATION: by," = bZ%,%  sus-13-008 b

7 1% 1700 CMS Preliminary, 19.5 fo”, s = 8 TeV
bb* — be2X2 —~ 450 ~10
% pp—>'515’*1,51—> bZ)”(? NLO+NLL exclusion 9 £
P | C
— beZXl Xl O 400| =O0bserved = 1 Oyneory o
s === Expected = 10,, ¢ iment —8 O
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2 1 —7 (2}
b ‘ 1 S
b 300(~ - 1 2
i 1 s S
~0 250 ] £
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- ¥o)
-O o

| 1 ! 1 . 1 !
300 350 400 450 500
(GeV)

Alternative
bbZZ+E,miss
interpretation in

Results probe m(b) < 450 GeV for m(x,%) < 175 GeV GMSB scenario
SUS-13-002
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SUMMARY OF FINAL STATES

WW + E,miss 77 + E,miss

Existing searches
cover broad set

tt of signatures
SUS-13-013: 22 SS+b Exploring alternative
SUS-13-011: 12 My SUS-13-008: > 32+b scenarios & closing
SUS-13-004: razor SUS-13-002: multi-2 loopholes
bb

SUS-12-028: o+ b SUS-13-011: 12 M; SUS-13-008: > 32+b
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THE GAPS ‘

Areas of kinematic phase space not covered in existing searches

CMS, pp—tt,* production Is=8TeV, [Ldt=19.5fb"

; 500 ~ | L | L | L | L | L | L | LI I0 I -
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GAP AROUND Miop

Areas of kinematic phase space not covered in existing searches

CMS, pp—tt,* production Is=8TeV, [Ldt=19.5fb"
; 500 ~ | I I I I | I I [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ |0 [ -
o) - : s 1L, SUS-13-011,T=t%. 3
@ 450 Gap in sensitivity . Observed 1
Ecix—4005— at mstop_mLSP - mtop - - Expected =
350 To target region
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GAP AT LOW AM

Areas of kinematic phase space not covered in existing searches

CMS, pp—t.t.* production Vs =8 TeV, [Ldt=19.5 fo
;‘ 500 :I 11 | L | T 1T T | T 1T 1 | T 1T 1 | L | T T 1 | T |0 |
()] - . . 1L, SUS-13-011,t—t ¥
O] 450 Challenging region at low A M — Observed %
cixr4oo;— - = Expected
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GAP AT LOW AM ;

Areas of kinematic phase space not covered in existing searches

CMS, pp—t.t.* production Vs =8 TeV, [Ldt=19.5 fo
;‘ 500 :I L | L | T 11 | L | L | L | L | T |O !
) - ) : 1L, SUS-13-011,t—=t
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HIGH MASS REGION

Areas of kinematic phase space not covered in existing searches

CMS, pp—t.t.* production Vs =8 TeV, [Ldt=19.5 fo
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\Ooo o //_/j CMS Preliminary

20— gl 1T | L I L I L L | L | L | L | L=

bf-r 10— 2 600 - pp_>”t‘t'*,'t“_>t5g:’ 8 TeV, 20 fb' ]

0 ! ) ~ 1-lepton channel  ==meee 14 TeV, 300 fb' (scenario A)

. Qs - Based on SUS-13-011 - === 14TeV, 300 fb' (scenario B) 7

o) 10 ] i € 500 [~ Estimated 50 discovery reach . —
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stop mass [GeV] Expect discovery reach up to
m ~ 750-950 GeV
Significant increase in discovery potential at high m,,,
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SUMMARY & OUTLOOK -

Searched for signatures of top/bottom squarks in several decay modes

= No excesses observed — results probe top and bottom squarks
up to m ~ 700 GeV, interesting range from naturalness considerations

Despite current exclusions, there are several scenarios where top and
bottom squarks may have eluded detection in existing searches

Current and future LHC runs provide unique opportunity to search for
3rd generation squarks

= |Improve analysis, larger dataset and higher energy — next few years key!

Other CMS talks at this workshop featuring top/bottom squarks

Gluino mediated RPV Searches GMSB Searches
stop/sbottom searches M. Walker P. Thomassen
J. Thompson

More details in CMS SUSY Results Twiki Page
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SIGNAL REGION DEFINITIONS

SUS-1 3-011

Signal regions target different decay modes and a range of signal kinematics

t
t—tx} t— bx;
cut-based cut-based
Selection BDT Low AM  High AM BDT Low AM  High AM
EXiss(GeV) yes > 150,200, > 150,200, yes > 100,150, > 100, 150,
T 250, 300 250, 300 200, 250 200, 250
MY (GeV) yes > 200 yes > 200
min A¢ yes > 0.8 > 0.8 yes > 0.8 > 0.8
Hratio yes yes
hadronic top x? (on-shell top) <5 <5
leading b-jet pt (GeV) | (off-shell top) yes > 100
AR(¢,leading b-jet) yes
lepton pr (off shell W)
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KINEMATIC VARIABLES: M,V SUS-13-011

CMS Simulation Vs =8 TeV, det 19.5 fb’

hep-ph/1203.4813 T T T T A
1400F 1 oqz0cey. V00 E
- Wy > ¢ Cltd—u -
1200+ [ | w+jets ]
B - rare ]
1000~ e 170 (650/50) 100
800/~ .
600 | — -
s00)- B MT2W > 200 GeV -
200/~ _ .
0_— T e . 1

100 150 200 250 300 350 400 450 500
MY, [GeV]

2

Py +ph = BB p2 =0, (p1 + pe)? = p? = ME,, ”
(p1+ Do+ py,)? = (P2 + py)? = M

M7, = min {my consistent with:

M,V is minimum mother particle mass consistent with p;’s and mass constraints

Kinematic endpoint M,V < m,, for tt
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SENSITIVITY AROUND M, SUS-13-011] %

CMS Preliminary s=8TeV,[Ldt=19.5 b!
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SUS-13-002/E8
GMSB STOP WITH Z OR HIGGS ¢ 15014

/e
= Natural GMSB scenario CMS Preliminary, /s = 8 TeV, L df = 19.5 b

= Higgsino mass splittings 5 GeV 5 .. | °
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Pr =t . 10 >

A 300_— /l\
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B See talk by

P. Thomassen
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GMSB Stop wWITH Z OR H SUS-13-002

= Multilepton signatures
= Classify events based on N(2) and flavor, M(22), N(bjets), E;™ss, H;
= Sensitivity to this model from signal regions with b jets

CMS Preliminary (s=8TeV, fl- dt =19.5 b CMS Preliminary (s=8TeV, fl- dt =19.5 fb
S\ T I T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T I 1] S\ 500 1— T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T

[ " Natural Higgsino NLSP (GMSB) ] () [ Natural Higgsino NLSP (GMSB) ]
Q) 700~ Br(;}? — zG) =1, Strong and Weak Production ] O 450 — Br(%? — hG) =1, Strong and Weak Production —
": _ - observed 95% CLs Limits ] ": _ - observed 95% CLs Limits =
Ix [ ——— Theory uncertainty (NLO+NLL) ] 1x - —— Theory uncertainty (NLO+NLL) =
S 600 EEETELTE expected 95% CLs Limits ] S 400 EEELEEED expected 95% CLs Limits ]
: expeCted * 10experim(—)n(al ] - eXpeCted * 10experimental m
500 — 3501 ]
400 - 300 — =
- . 2501 -
300 7 C ]
= . 200F -
200}~ = - :
; I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I ; 1 50 +_ Il Il Il Il ‘ Il Il Il Il ‘ | N S | Il Il ‘ Il Il Il Il _+

200 300 400 500 600 700 800 200 250 300 350 400 450 500
mo=m.-5GeV,m,=m.+5GeV m- (GeV) mo=m.-5GeV,m,=m.+5GeV m- (GeV)

% X1 %, X1 t % X1 %, X1 t

See talk by
P. Thomassen
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GMSB STOP WITH H = vy LS. 13.014 8

= Events yy + > 2 bjets split into 3 categories: > 3 bjets, on/off H
= Background estimate from fit to yy spectrum sidebands
= Results consistent with SM expectations

CMS Preliminary, Vs = 8 TeV, f Ldr=19.5 fb’! CMS Preliminary, \'s = 8 TeV, f Ldr=19.5 fb!
> j T | T T 1T ‘ T T ‘ T 1T ‘ T 1T ‘ T 1T ‘ .W 1T { T TT L § 500 :|_ T T T T | T T T T | T T T T | T T T T | T T T T T T T T ]
L ol e Daa 2b-jetsonH 1 7, T Natural Higgsino NLSP (GMSB) ]
O i Sideband Fit ] (\D/ 450 :_ Br(i? — hG) = 1, Strong and Weak Production _:
E“) L [ MCSigna M =300 M, =20 ] s C observed 95% CLs Limits ]
Y S — E 400 — Theory uncertainty (NLO+NLL) -]
i - mmmmee expected 95% CLs Limits ]
S : 350 r expected ilo'experimemal 7
S 6H _ - s -
> 300 "‘ :
= . - !
; : 250 i E
07\ | |H T B l{--i .‘-. A O R I o HJ | }I 150 :_| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 :I' 1 1 | 1 1 1 1 |_:
100 110 120 130 140 150 160 170 200 250 300 350 400 450 500
MY y (GeV) mz? =m. - 5 GeV, m~2 =m. + 5 GeV m- (GeV)
= Sensitive to top squarks M <400 GeV See talk by

P. Thomassen
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