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Outline:
Physics motivation

Single-lepton searches for:
¢ Stop production through gluino decays
¢ Direct stop production
¢ Associated stop — Higgs production
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Physics motivation-

Experimental results @7 TeV show no evidence of SUSY
¢ Constrained SUSY models cornered —though not excluded yet

Motivation for SUSY at the EWK scale: naturalness
o Top/bottom squarks [3G] and gluino masses at ~TeV scale

>

Mass [GeV]

~ 1000

Giudice,
Dimopoulos (1995
Fine tuning ~ 10%
Mstop~<0.6 TeV
Mgluino~<1.4 TeV

,._, _ f.-,;,e
B HT
- Q12,11 2,d,
; W SIIZIZZZizz:s
Within LHC reach : e
: br
g
____________ tr tr
____________ EL e mmmmm— .
i
natural SUSY decoupled SUSY

Papucci, Ruderman, Weiler
hep-ph 1110.6926

Barbieri et al.
hep-ph 9512388

Loukas Gouskos
(CMS, UCSB)

HSSHEP 2014 - Naxos
Single-lepton SUSY searches in CMS



P

stop production
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Gluino-induced stop search
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_ _ CMS-PAS-SUS-13-007 [acc. PLB]
Gluino-induced stop searc

llep: Largest BR; sensitivity competitive to all hadronic

Event selection:

+ lisolated lepton [e/ y] , | Dominant bkg:

o N26, N 22 ttbar + jets

Handles that characterize the event “energy” scale
+ Hadronic sector: H; = Zp[jets]
e In SUSY events generally harder jets compared to SM
¢ Leptonic sector: S{¢° = p;[lep] + ME+
e In SUSY larger values of ME; : pT[l] and MET less correlated

Additional kinematic variable: SMi w___ Vie IMEfl
¢ MET and charged lepton less aligned lep
In SUSY events [ 3 sources of ME-] SUSY LSp
e Angle between W and charged lepton 4 Vi
[A@(W,D] quite powerful { lep
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CMS-PAS-SUS-13-007 [acc. PLB]

A@: Strategy & EWK bkg estimation

Require A@>1 [A@<1 control region] g % ;555;;}93@77u;[;;f"'s'T'e"’:
. > - H; > 500 GeV ::Zf: ]
Define transfer factor Req: T Nze Nzs o TR o
- Control Region E-DI &°
10 3 Ag<1 ‘E j(?fgoi? Xy
------ {1000,600) .
2 Pt
II_|II|I:
1.5 2 2.5 3
AO(W,I)
* CMSI Simulatilon ||{§=8‘Tt=.-v
Cy e o [ S=450cev .
Two possibilities to extract Req: 10l o o

¢ Use MC; assign large systematic unc. & - P35 9 ]

--------- Total SM + Signal (1250,0)

¢ Use a data-driven approach S

Rcs dependence on Ny very weak — 1otp e
_ | | g : |
¢ measurein datain N,=1, usein N, =2,23 |
102 2 3 =4
¢ K5 [MC] for residual differences | _ N,
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CMS-PAS-SUS-13-007 [acc. PLB]

A@: QCD Bkg estimation

QCD background small compared to other bkgs

+ negligible in the muon channel

Estimate QCD contribution using well tested method
[PRL (2011) 107:02180, CMS-SUS-11-015, CMS-SUS-12-010]

¢ Invert electron id variables and estimate
QCD shape from anti-selected data sample

¢ Binned likelihood fitin Lp
to estimate total QCD

e EWK template from MC
¢ Calculate R 5[QCD] from anti-selected data

Nocp<9% of total data, negl. for Ap>1

¢ Subtract contribution in control region
Prediction in electron channel:

NSMest(AQ( ) ) EWK (Ndata(AO( ) ) NQCD(AQ( ) ))

_ Pr(l) - Pr(W)
| Pr(W)[2

CMS Prelimina

111111

* Data
—— Fit result ]
- EWK template b
—————— QCD template
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CMS-PAS-SUS-13-007 [acc. PLB]

A@: Method validation and results

All ingredients of the analysis tested in bkg dominated
sample [3=sN;s5] in data

Control sample [3<=N;<=5]

Results @ 19.4 fb1

L=19.4 fb-!
3=N =5 Nj = 6

S{FP [GeV] || Control Pred. Obs. || Control Pred. Obs.
[250, 350] 548 342454 30 112 3.84+1.8+0.6 9
. [350, 450] 174 5.1+1.9 8 28 2.7+1.94+08 2
I =450 61 5.612.1 1 9 0.04+0.440.2 0
2-:' [250, 350] 632 41.94+5.6 59 141 6.0+2.2409 9
[350, 450] 188 8.5124 11 24 1.43+1.11+04 2
=450 71 2.5x1.3 1 9 0.00.70.2 0
[250, 350] 70 3.9109 2 45 1.91091+04 4
e [350, 450] 12 0.340.2 2 7 0.94+0.7+04 0
Al =450 4 0.340.2 0 0 0.0+=0.11+0.03 0
= [250, 350] 59 3.91+0.8 5 28 1.94+0.84+:04 0
[350, 450] 25 1.1+0.4 0 13 0.64+0.540.3 0
=450 7 0.310.2 0 2 0.0x=0.22x 0.1 0

Stat. uncertainties only

Good agreement between prediction

and observed data [©]

total uncertainty (stat +/- sys)

Observed data agree with
SM expectations [®]
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CMS-PAS-SUS-13-007 [acc. PLB]
Interpretationing - tt > t

Limits set for gluino-induced stop production using
SMS models:

o T1tttt [stop off-shell]
e Free parameters: M(gluino) and M(lsp)
e top squark M(stop) >> M(gluino)

T1tttt ¢

o T1tlt [stop on-shell]
e Free parameters: M(stop) and M(Isp)
e M(gluino) =1 TeV [fixed]

o T5tttt [stop on-shell]
e Free parameters: M(stop) and M(gluino)
e M(Isp) =50 GeV [fixed]

Results:
¢ Simultaneous fit over all search regions
Loukas Gouskos HSSHEP 2014 - Naxos
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T1tttt
[BR 100%]

CMS 19.3fb™

1-lep searches

Vs =8 TeV
FUUBVEMEMP T A
PP —9g,9 — 1y,

NLO+NLL exclusion
=— obs. = 1o theor. (A¢)
exp. = 1o exp. (Ad)
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A ]
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95% CL exp. upper limits on cross section [fb]

Probes Mg~1280 GeV
and Mz, ~ 570 GeV

CMS-PAS-SUS-13-007 [acc. PLB]

Interpretation in g — tt - tty",

Add O-lep, 22-lep

0-g production, g—tt 5‘(?

= SUS-13-004 0+1-lep (razor) 19.3 fb™

r i = SUS-13-007 1-lep (n = 6) 19.3 fb”
r Moriond 2014 ——— SUS-13-016 2-lep (OS+b) 19.7 fb™!

- —— Observed
- Observed -1 ©
- - - Expected

LSP mass [GeV]

susy ——— SUS-13-013 2-lep (SS+b) 19.5 fb™'
theory —— SUS-13-008 3-lep (31+b) 19.5 fb™'

IIII\I[HHIHI\'I

L 7
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0
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— 1llep: most competitive results

— 2 2lep: quite sensitive in compressed
spectra due to low ME; requirement
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CMS-PAS-SUS-13-007 [acc. PLB]

Interpretation in g — tt - tty",

T5tttt
CMS 19.3 fo' \s=8TeV CMS 19.3 fo \s=8TeV

AR BSSBARSOR AAREF AR AARRERRRRR R A0 o) =T | T | A o)
- pp —dd, gett%ttx m.=1TeV - = ~ pp—Tg, g—>tt—>ttx m,, _soeev . =
650 NLO+NLL exclusion - < [ NLO+NLL exclusion ) S
[ == obs.+ 1o theor. (A¢) - I3 —= obs. = 1o theor. (A¢) = 5
600 ; exp. = 1o exp. (Ad) _: 8 i exp. = 1o exp. (Ag) ] 8
L = ) - = [4)]
5501 E S - = S
u 1 o i | o
500 - 5 - : &
- : 2 . = 2
450[ ] E - § E
r 7] 5 - | 5
400 1] & : 1| &
C ] -] L _ =)
B ] | |
350 ; E 3 u | 3
C & 3 X - E X
300 At S S 'gq ~EEERE . T el M 'gq

400 450 50N ’;50 600 650 700 750 800 1000 1100 1200 1300 1400

M[gluino]=1TeV m.[GeV] M[lsp]=50 GeV m, [GeV]
Probes light stops
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Direct stop search
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| EPJ C (2013) 73:2677
Direct stop search: selectio

Event selection:

1isolated lepton [e/p], N;24, Ny21 >
ME>100 GeV [suppress QCD]

M:(I,ME;)>120 GeV [suppress tt(1l) & W+jets]
Veto events with additional isolated track [suppress tt(2])]

Dominant bkg:
ttbar (2lep)

*
*
*
*

Additional kinematic variables:

¢ My, W: generalization of M, [event with 2 undetected particles]

PL+PE = EF™p3 =0 (py+ p)* = 13 = My, } }

MY, = minimum { 1, consistent with:
T2 { Y |i (P1+ p1+pp,)* = (P2 + pp,)* = m3

e suppress tt(2l) when 29 [ep lost; BKG: low M, ; SUSY high

. (M s — Mp)® (M j, — Mw)? only used in:
¢ Hadronic top x?= 5 T+ 5 T
T T i [{ = cxi— bWy,

e suppress tt(2lep) by identifying the hadronic top decay

Additional topological variables:

¢ MinAgQ[j, ,,ME,] and H;"@"° [fraction of H; in ME-hemisphere]
Loukas Gouskos ’ HSSHEP 2014 - Naxos
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Two search approaches:.

EPJ C (2013) 73:2677

() Boosted Decision Tree
type of multivariate technique

BDT O [primary approach] S
+ BDT inputs [in addition to slide 14]: =T

e pT [lead b], AR(l,lead b], pT[lep] .|
¢ Separate BDTs based on Am ol

Cut-based [x-check]

200 300 400 500 600 700

m; [GeV]

¢ Search in different MET regions; selection for low & high Am

Vs = 8 TeV, _[Ldl = 19.5 b

CMS CMS Vs = 8 TeV, [Ldt = 19.5 b
O 2 | ] ') 2
% 1 51 - e g _ 4 _+_ % 1 .517 _ _ _ . N N _|
© 0.5 — w© 0.5 ]
— s (=] (0]
= ryrryeyryrryrTTTTrYTYrTTve T T T T T T T T T L L L L
8 . Preselection —®— Data = 107 Preselection —e— Data
n 10 O 1/ top = f— 1% [ 1/ top
= I B8 1osf Regont — U
w 10 [ w+jets = [ Wijets
.% _ rare I_ICJ s _ :are i
= gt peeman ., - T — 1%° (650/50) x1000 10 e t — 1% (250/50) %30
R
1o EE ] tes-n.. 10% 0 Eeen g oo
1oL e, R = e = [
102
10
10
1
O 0.6
100 150 200 250 300 350 40(3“450 500 BDT output [
)
LOUkaS TuUuUoONnuUo MTg‘L(;_:‘e‘\_f] -—014 R A
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EPJ C (2013) 73:2677

Direct stop search: BKG e

BKG shapes from simulation

Estimate scale factors from a signal depleted-region
using the “peak-to-tail” method:

+ Normalize MC to data in M;-peak region [50-80 GeV]

o Extrapolate results in M-tail region [> 120 GeV]

Partial or full cancelation of o o= 8oV, fuat =105 "

. . 1 . % 1-%_3 - - - —.—+ > —+= +—
uncertainties associated to: 5 os[ == B
+ Luminosity, process x-section & F i weoricee | lpaa
.. S L R -1_£ top ]
o Lepton efficiency e = STy
+ JES, etc.. 510
107
WH+jets validation cak
N,=1, N,=0 > B
;
150 200 250 300
M; [GeV]
Loukas Gouskos HSSHEP 2014 - Naxos
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Direct stop search: BKG

EPJ C (2013) 73:2677

Background estimation methods validated in control

regions in data:

+ 3 CRs: tt(2lep), tt(llep) + tt(2lep), W+jets
+ “rare” bkgs [i.e. multi-V, tV, ..] from MC with large uncertainties

tt(2l) validation, N,,=2

tt(2D), tt(IT) validation, 1 iso track

cmMms Vs =8 TeV, [Ldt=19.5 fo™ cms Vs=8TeV, Jldi=19.5 i
(&) 2 % 1 gi |
= 1.5 - et - - —e—]
R S i A— S oar -
= o5 — S
S o o
S — AN — T T A AL
g 800E T 15?.? BDT1 Loose (@) _o Data g © t— tx? BDT1 Loose - Data
= 700 CR-2 Ei/top Al cRit : @1 top
£ Mtz 7 S 107 Btt—»>u 3
= 600 [C1W+jets 5 g CW+jets 3
500F- Bl rare = r Erare
E 10% &
400 — E
300 _E =
200 é 107

0.4 0.5 0.6 o}

BDT Output

0.4

0.5 0.6
BDT Output

Systematic uncertainties / process derived from these

control regions
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EPJ C (2013) 73:2677
Direct stop search: resu

Search performed in 18 SR [BDT] ; 16 SR [cut-based]
No statistically significant excess observed

Results @ 19.5 fb-1 [BDT]

N cms is=8TeV, [Ldt=19.51b"
Tﬁtyg} &) 2

= 1.5 | —

' BDTI-Loose BDTI-Tight BDT2 ~ BDT3  BDT4  BDIS £ og” p———
0

il D83 @I 46£10 S£2 0 0303 413 2 3of_"%l't£°'é'n+;"'""'i'?ﬁ;'"”"”'(é')"'_f

— o op 1

1£10p 51493 41T RE1D 443 08309 0+ @ o 1t 1 E

W+ jes 747 742 6£2 241 08+03 S+£2  E = B e ]

Rare 1423 1146 0£5 341 0+05 442 TR 00000 U SM +1 17, (850150)

Toul 3102 14+ 85£16 13E4 29411 §7£18 ]

Data 78 104 56 8 ) O - : :

S005050) 285485 50435 28426 44£10 0 03403 34429
> (77 (630550) 12402 72402 98402 65402 43£01 29401 8 : : ©  BDTOoutpst

Results for t—bx™" in back-ups

Loukas Gouskos HSSHEP 2014 - Naxos
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EPJ C (2013) 73:2677

Direct stop search: inter

Direct stop production — 2 decay modes
Use signal region with best expected limit

It—>tX1—>bWXI It—)bX — bW Xll
CMs /s =8TeV, [Ldt=19.5fb" CMS /s =8TeV, [Ldt = 19.5 fb"
| o | _I TrTrT I L I LI I TroTT | UL ) | TrorT I T T 102 L | m— _l T | L | L | T rrT | L | LI B B 102 L |
% 400 pp - £, T 17 ==== Observed (t1"*™") ﬁ %‘} 400Fpp i, ioby === Observed (+16™) ﬁ
g E BDT analysis ——— Expected (+15) - g - BDT analysis —— Expected (110) =
r350:_unpnlarlzed top 10 E _350__ 10 E
EC‘H = = ga c =
BUD:— E 300 — &t ﬂh}
- Q - v Q
250 1 Q 250 &b 1 o
C 3 C b =
— M~ *‘\"
200E © 200 e( ©
- i - Z 10"
150 10 150
- 100
1[:0E 102 . 10°
50 - 50
. \ B
0 100 200 300 400 500 600 700 800 1 0 1 D
m: [GeV]
| Probes M,,, up to ~620 GeV | | Probes MStolo up to ~650 GeV
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Assoclated stop — Higgs production
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| CMS-PAS-SUS-13-021
Direct stop search with H: strat

¢ Leptonic final state
¢ H—bb [large BR]
¢ Focus on scenarios where:

M(t)-M(x7)~M(t)

e Challenging kinematic region [low ME-]

Event selection:

+ lisolated lepton [e/u], N;24 (5), N,24 (3)

¢ M(I,ME;)>120 (150) GeV [suppress tt(1ll) & W+jets]

¢ ME>50 GeV [WH+]ets]

¢ Veto events with additional isolated track [suppress tt(2l)]

In addition to 1-lep, a 2-lep search is carried out
¢ details not discussed here

Loukas Gouskos HSSHEP 2014 - Naxos
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P 7
Ve

Direct stop search & H: B

Main BKGs [i.e tt(1llep) & tt(2lep)] from side-bands in
data and transfer factors from simulation
o Inversion of M; cut s T—— oI e

S ———
Advantage: | B o[ e o owa T 1edep, Ny>=4
partial or full cancelation of 3, = 1 e
uncertainties associated to:  F.og SN RO T @79

¢ Luminosity, process x-section ] S e B ey A
¢ Lepton efficiency
¢ JES, etc.. 190 Gew:

“Rare” BKGs [i.e ttV, 2-V, 3-V, V+jets] from simulation
with large uncertainties

Control regions in data used to derive scale factors

Loukas Gouskos HSSHEP 2014 - Naxos
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| CMS-PAS-SUS-13-021 |

Direct stop search & H: results

Results for both 1-lep & 2-lep channels

+ No statistically significant excess Results @ 19.5 fb-?
Sample 11 + 3b 11 + >4b 21 + 3b 21 + >4b
tt — £ + jets 6.1 +1.1 13.2 3.2 0.0 0.1 0.1 0.1
tt — ££ 4+ jets 3.2 4+0.9 10.4 + 4.3 72421 88 +3.8
Rare 0.8 +0.1 3.2+ 0.8 1.24+0.2 1.7 = 0.6
Total background prediction 10,0 +=1.8 | 26.8 = 5.6 844+27 | 10.6 =5.1
Total relative uncertainty [“%o] 17.5 20.9 31.7 48.2
Data 14 31 15 3

CMS Preliminary \s=8TeV, [Ldt=19.5fb"
% L ot Tt? = oveorea e B 2
O 450 pp~ 2lo) i 1Y X1 B Observed (x1o ) — :
o s [ MB-MER=1TSG] g g 1 E
S 400 B | B 6
375 oy ~
TPy | © Probes Mg,,,, ~450 GeV
325 0.28 0.21 i —~
sl R for Mg, ~250 GeV
275 PR go5o ., 018 ""?.15
250 AN TR N s o ||
- W e S
225 0.21 0219 ?.16 0.1.5 ?.13_
200 025 023 o..i;a -!).16 o.i-s 013
175 _ 031 0z | o024 o.fz} L5 | ol 5_.13_% 1
325 350 375 400 425 450 475 500 10
M(t,) [GeV]
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Summary
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Naturalness requires light gluinos, stops and sbottoms
¢ [probably] within LHC reach

Several searches [based on lepton multiplicity] for
direct & indirect stop/sbottom production in CMS
¢ Single-lepton searches provide very competitive results!

No excess found: limits in m ;0. Migp, Mgy, tightened

¢ Myino ~<1280 GeV, Mg;,,~< 650 GeV [~10% fine tuning]

Natural SUSY constrained; still large open param.space
Upcoming 13 TeV run significantg = ———x= Krir;eretal
impact on SUSY prod. x-section ° « \I Stay uned ] B u.

=== ii*bh* 8Tev
— e 14 Tav

e Largest impact on gluino prod. 1[N0 e A e
107
102 N .
107 =
CMS SUSY results: 500 1000 9500 2000
L e : : m [GeV]
https:/twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
Loukas Gouskos HSSHEP 2014 - Naxos
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Additional material

Loukas Gouskos
(CMS, UCSB)

HSSHEP 2014 - Naxos
Single-lepton SUSY searches in CMS

26



EPJ C (2013) 73:2677
Direct stop search: res

T—b¥tx =025

- - F— Sample BDTI BDT2 BDT3
t —=by — bW y I
1 n

tt—= EF 18+ 4 22413 1.24+1.0
1€ top 105 40X 1.8 1.5 0.8
W+ jets 341 2007 0703
Rare 442 1.6 0.8 1.0+0.5
Total 35+ 6 QgEx+24 4414
Data 20 T 2

T— b¥t (450/50/0.25) 194+2.9 11 +2.2 524+1.5
T— b¥ ™t (600/100/0.25) BEXO8 7508 5607

T—b¥tx=05

Sample BDTI1 BDT2Z-Loose BDT2-Tight BDT3 BDT4
tt—= £F 40 x5 214 442 612 100+ 16
1€ top 24 =10 157 413 4412 3312
W+ jets 541 541 241 341 541
Rare B4 B4 341 442 84+4
Total TT£12 509 134 174 146 4+ 21
Data 67 35 12 13 143

T— bt (230/50/0.5) 45 £ T.6 24452 57+2.4 5.2+ 2.6 55+ 8.1
T— b¥+ (650/50/0.5) 3.5+£04 9.5 0.7 5.6 0.5 8.3 06 32104

T— byt x=0.75

Sample BDTI BDT2 BDT3 BDT2
fi—> £F IT+S 9+ 31+13 248 + 22
1£ top 1749 6+5 16+1.6 188 + 70
W+ jets 41 441 1.6+ 0.6 2246
Rare 442 4+ 1.8+ 0.9 20+ 10
Total 61+ 10 2246 B.1+23 478 =74
Data 50 13 5 440

T— b+ (250/50/0.75) 115+ 13 21+56 BO+3.7 S18 + 28
T— b+ (650/50/0.75) 319+04 B4+ 0.6 6.8+ 0.6 55105

Loukas Gouskos HSSHEP 2014 - Naxos
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EPJ C (2013) 73:2677
Direct stop search: inter

‘t—:-bx — bW* Xl‘

CMS s =8TeV, [Ldt = 195 fb” cMs 's =8 TeV, [Ldt = 195 fb”

| | _llllllIII|I|||||III|I|||||III 1yl_| L | _|||||||||I||I||I|I|II|I||III|I|II 1§|—|
= fe) c 0

:u’, 400 pp - TF, T b7 === Observed (+1""") Q :ﬁ; 400F- pp - i, i b === Observed (+16™*™") Q
O, = Expected (+15) e O F eoTanalysis = Expected (+15) 4
£ 0 10 E

F— = H—

ﬂh} g 300 EI-J

Q Q

Q 250 1 a

-] S

© b

200

—
=

150

100

—_—
=
Pa

50
3 3
gm 300 400 500 600 700 800 10 0 200 300 400 500 600 700 8OO 10
mi:-0.25 m.+0.75 mﬂif m- [GeV] mi:-=0.?5 m. +0.25 mﬁ m. [GeV]
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| EPJ C (2013) 73:2677 |

Direct stop search: interpretation

CMS Vs =8 TeV, [Ldt = 19.5 fb™

[ I T T T T I T T T T I T T T T | T T T T T T T T T I T T T T T T T T T
400 — pp—ILi=t .:Jf: Observed (unpolarized top)

----- Observed (right-handed top)
-------- Observed (left-handed top)
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| CMS-PAS-SUS-13-021 |

Direct stop search & H: results

Sensitivity driven by 2-lep search

CMS Preliminary \s=8TeV, [Ldt=19.5fb"
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From Greg Landsberg’s talk

+ Lets Iook at the parton umlnosﬁ S

WJS2

100 ;
n . 0
In gg fusion: ] Runl: My > 1.4 TeV @ 95% CL
for -'~.'§=1TeV, ; 1 = Probe M;=15TeV
for *'S 2TeV, ; 1 = Corresponds to sqrt(s) = 3 TeV
2 vl fOF *'S JTeV, /o 1 b = Produced via g-g
= qq _ _
: for V& =4 TeV, . = boost in x-section @ 14 TeV ~ factor
2 10 ' | of 45
g = Exclusion sensitivity of M;~1.5 TeV with
= ~0.5 fb
E
=

10 fb

MSTW2008NLO
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