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Searching for strong SUSY in leptonic tinal states

Leptons appear naturally in decay chains of strongly produced SUSY

In decays of top quarks from (virtual) In decays involving sleptons In decays from W/Z/H bosons from
top squark decays. chargino/neutralino decays
Leptonic final states of interest:
o Light stops in "natural" SUSY models + tlavor conservation = top quarks — leptons
o Charged leptons are measured with large efticiency and precision in CMS

o Main background processes well understood and can often be estimated from data
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Covered searches for strong SUSY in leptonic final states
Dilepton searches (OS, LS):

o CMS-SUS-16-034: Search for new phenomena in final states with two opposite-sign, same-flavor

leptons, jets, and missing transverse momentum in pp collisions at/s= 13 TeV
o arXiv:1709.08908

o CMS-SUS-16-035: Search for physics beyond the standard model in events with two leptons of same
sign, missing transverse momentum, and jets in proton-proton collisions at/s= 13 TeV.

o arXiv:1704.07323
Multilepton search:

o CMS-SUS-16-041: Search for new physics in events with multileptons and jets in 35.9 fb™' of proton-
oroton collision data at/s= 13 TeV

o arXiv:1710.09154

o The electroweak SUSY searches with CMS covered by Laurent Thomas (Thursday)

o The direct slepton and stau production searches with CMS covered by lllia Babounikau (Thursday)
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Searches for SUSY with opposite sign dileptons:

Search for new phenomena in final states with two opposite-sign, same-tlavor leptons,
jets, and missing transverse momentum in pp collisions at \/s= 13 TeV

CMS-SUS-16-034
arXiv:1709.08908
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SUSY with opposite sign dileptons

Sbottom induced:

o cascade decay resulting in kinematic

edge in invariant mass (“Ec

o or off-shell Z boson
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Gluino induced:
o probes gauge mediated
supersymmetry breaking (GMSB)
o resonant Z production ("“On-Z")
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Search strategy: OSSF

35.9 fb™' (13 TeV)
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o binning in b-jet and jet multiplicity, Ht and pr
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Edge like feature in my, outside the Z window (“Edge”): MT2 [GeV]

ms|ep = OO GeV
ms|ep = 80 GeV

o counting experiment binned in my; and a multivariate Msiep =320 GeV
discriminant to classify events as tt or non-tt like

o tt likelihood

o kinematic fit for edge shaped teature in full mass range
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ETH-urich

Flavor symmetric (data driven) (tt):

Search strategy: OSSF
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o main background in Edge search

o relies on the lepton universality of W decays

o #same flavor =

opposite flavor lepton pairs

o ee and pp signal estimated from ep control sample
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Z+jets (data driven):

o main background in On-Z search

miss

o pr*%in Z =28 is mainly from jet
mismeasurements

missS mIssS

o predict pt™"**in Z+jets with pt™** in
v+jets

Remaining backgrounds (MC):

o such asWZ—3¢, 27248, tt/

o normalization checked in 32 and 44
control regions

o translation factor of 1.31+0.29
for ttZ
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Results and interpretation: OSSF

35.9 fb" (13 TeV)
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Results and interpretation: OSSF
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These results publicly available for Moriond17’

o however a new result in the same final state released for SUSY17'

» o

o direct slepton production

o 2 opposite sign same flavor leptons and

no |ets

o improving Run | results by 200 GeV

o See lllia’s talk on Wednesday on slepton

and stau production
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Searches for SUSY with same sign dileptons:

Search for physics beyond the standard model in events with two leptons of same sign,
missing transverse momentum, and jets in proton-proton collisions at./s = 13 TeV.

CMS-SUS-16-035
arXiv:1704.07323
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SUSY with same sign dileptons

SM processes with same sign final states are rare

o however, can appear in a wide variety of strong produced SUSY scenarios

Final states with 4 W bosons:

o 4 b-jets

&

N

_—

(a) T1tttt o 2 b-jets and 2 light flavor jets

o 4 light tlavor jets
o 2 b-jets

(d) Thttcc (e) T5qqqqWW (f) TottWW
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Search strategy: same sign dileptons
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Background prediction: same sign dileptons
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Results and interpretation: same sign dileptons

Leonora Vesterbacka, SUSY17, Strong production of SUSY in leptonic final states, 11th December 2017

Interpretation in a variety of SUSY models (all in backup)

o Run | limits on gluino and bottom squark masses are improved by 200-300 GeV
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Searches for SUSY with multileptons:

Search for new physics in events with multileptons and jets in 35.9 fb™! of proton-proton
collision data at/s= 13 TeV

CMS-5US-16-041
arXiv:1710.09154
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SUSY with multileptons

>3{ processes are rare in the SM, but can be natural to SUSY production

Strong production ot SUSY
| resulting in final states with

o 4 b-jets and =32 from 4 W bosons
o 2 b-jets =3¢ from 4 W bosons

o 4 light flavor jets and =342 from Z/
W bosons

o 2 b-jets and =3¢ from Z/H bosons

16
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Selection:

Search strategy: multileptons

o 232, my; > 12 GeV tor OSSF, =2 jets,

5SS > 50 GeV

o On-Z regions:

o OSSF pair with |mg; — mz |< 15 GeV

o Off-Z regions:

events

o OSSF pair with |[mg — mz [= 15 GeV

Signal regions:

MISS

o Binning in (b-) jet multiplicity, Hy, pt™**,

Mypyp and M-

o 46 signal regions

Data/pred
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Non-prompt leptons (data driven):

o same estimation method as same sign analysis

Diboson production and rare SM processes (MC):

o same estimation method as same sign analysis

o translation factor of 1.14+0.28 for ttZ
Other rare backgrounds: ZZ, ttW, VVV, X+y (MC)
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Results and interpretation: multileptons

Interpretation in a variety of SUSY models (all in backup)

o Interpretation on many of the same signals as for the same-sign search
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Summary

Searches for Strong Supersymmetry in leptonic final states has been presented
o Opposite sign leptons (CMS-SUS-16-034)
o Same sign leptons (CMS-SUS-16-035)
o Multileptons (CMS-SUS-16-041)
o All using data collected by the CMS detector at/s= 13 TeV in 2016

All searches reporting a large translation factor for ttZ
o 1.31 tor opposite sign, 1.26 for same-sign and 1.14 for multileptons
o interesting observation

No significant excess reported

o limits set on a variety of SUSY models, greatly exceeding the Run | exclusion and 2015 Run |l
exclusion

o aggregated signal regions provided to facilitate reinterpretation: http://cms-results.web.cern.ch/
cms-results/public-results/publications/SUS/
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Backup
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Isolation variables to reduce non prompt backgrounds

Relative Isolation | :

. . . |
o defined as the ratio of the amount of energy measured in a cone around the lepton to the p; of the lepton, pr,

with a pr dependent radius
o AR < 10 GeV/(min(max(p-, 50 GeV), 200 GeV))

ratio

P

o defined as the ratio of the lepton p; and that of the jet geometrically closest to the lepton: p

ratio

| jet
opr :py/ pTJ

o provides a way to identity low-p; leptons from b-jets which has a larger opening angle
rel

Pt -

o defined as the magnitude of the component of the lepton momentum perpendicular to the axis of the closest jet

o this variable allows the recovery of leptons from accidental overlap with jets in Lorentz-boosted topologies
ratio rel

g <l;AND (p; >, ORp; >15)

o where I, |, and |5 are tlavor dependent values
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Tight-to-loose ratio

Tight-to-loose ratio
o used to predict background from non-prompt leptons same sign and multilepton analyses

o Yield is estimated in application region that is similar to signal region but contains at least

one lepton that fails the tight identification and isolation requirements but satisfies the
loose requirements

o The events in this region are weighted by t/(1-f) where the tight-to-loose ratio t is the

orobability that a loosely identitied lepton also satisties the full set of requirements

o t measured as a function of lepton pr and eta in a control sample of multijet events that is
enriched in non-prompt leptons

22
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Opposite sign dileptons backup

23
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Summary of signal regions

Strong-production on-Z (86 < myy < 96 GeV) signal regions

Region Niets | Np-jets Hry [GeV] M, (£8) [GeV] pss binning [GeV]
SRA b veto | 2-3 =0 > 500 > 80 100-150, 150-250, > 250
SRB b veto | 4-5 = > 500 > 80 100-150, 150-250, > 250
SRCbveto | 26 | =0 - > 80 100-150, > 150
SRA b tag 2-3 > 1 > 200 > 100 100-150, 150-250, > 250
SRB b tag 4-5 > 1 > 200 > 100 100-150, 150-250, > 250
SRC b tag >6 | >1 - > 100 100-150, > 150
Electroweak-production on-Z (86 < myy < 96 GeV) signal regions
Region Njets Np-iets Dijet mass [GeV] | Mtz [GeV] p’f‘iss binning [GeV]
VZ >2 | =0 m; < 110 My, (£€) > 80 100-150, 150-250, 250-350, > 350
HZ >2 | =2 mpp < 150 My, (€bfb) > 200 | 100-150, 150-250, > 250
Edge signal regions
Region Niets p?iss [GeV] | Mo (£4) [GeV] tt likelihood my; binning [GeV]
Edge fit >2 | >150 > 80 - > 20
.y 20-60, 60-86, 96-150, 150-200,
tt-like >2 | >150 > 80 < 21 200-300, 300-400, > 400
not-tt-like | >2 | > 150 > 80 > 21 same as tt-like
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On-Z strong results

35.9fb" (13 TeV

N
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SRA, bveto | pF [GeV] 100-150 | 150-250 | > 250
DY+ jets 13.6+3.1 | 25=09 | 3.3=24
FS 04703 | 02%92 | 02'92
Z+v 0.8+03 | 1.4=04 | 2.4=08
Total background | 14.84+3.2 | 4.0=1.0 | 59=25
Data 23 5 >

SRA,btag | p= [GeV] 100-150 | 150-250 | > 250
DY+jets 8.2+2.1 | 1.2=05 | 0.5=03
FS 23+08 | 1797 | 01%33
Z+v 1.9+04 | 2.0=05 | 1.8=06
Total background | 12.44+2.3 | 49=1.0 | 2.5=0.7
Data 14 7 1

SRB, b veto | pT [GeV] 100-150 | 150-250 | > 250
DY+jets 128423 | 0.9=03 | 04=02
FS 0403 | 04%03 | 01+02
Z+v 03+0.1 | 0.7=02 | 1.2=04
Total background | 13.6+2.4 | 2.0=05 | 1.6=04
Data 10 4 0

SRB, b tag pr o [GeV] 100-150 | 150-250 | > 250
DY+jets 7.7+32 | 4034 | 0.1=0.1
FS 14408 | 11493 | 02*%2
Z+v 20+05 | 2.3=06 | 1.0=03
Total background | 11.1433 | 74733 | 1.3%53
Data 10 5 0

SRC, b veto | p= [GeV] 100-150 | > 150
DY+jets 1.2+04 | 0.1=0.1

+03 +0.2

FS 0475 0.1751
Z+v 0.1+0.1 | 0.5=0.2
Total background | 1.74+0.5 | 0.773
Data 4 0

SRC,btag | p™ [GeV] 100-150 | > 150
DY+ jets 0.1+04 | 0.0=0.3
FS 0.0" 8}) 0.3=0.2
Z+v 0.6+0.2 | 0.6=0.2
Total background | 0.8+£0.5 | 0.9*03
Data 2 2
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E d e resu ‘.t S myy range [GeV] FS DY+jets | Z+v | Total background | Data
g tt-like
2060 291720 | 0.4+0.3 | 1.4+0.5 29373, 273
o first MET bin used for normalization 60-86 181112 | 0.9+0.7 | 8.8+3.4 190712 190
— : : : : +15 1 4 +16
o over prediction in high MET bins in EWK 2-150 176254 | 1109 | 60224 182735 i
. 150200 73710 | 0.1£0.1 | 04402 74+10 66
WZ region Ny
200-300 469784 | <01 |03%0.1
o causing better observed limits than expe 300-400 185757 | < 0.1 <01
> 400 43737 | <01 | <01
35.9 fb"' (13 TeV) ' —
12 CIMISIIIIIIIIIII Not-tt-like
-
G,  Data | |FS 20-60 33732 | 07205 | 14205
L . 3.2 4 4
lz v lDY+|ets 60-86 33732 | 1.6£13 | 6.9+2.7
96-150 6.6757 | 1.9+1.5 | 6.8+2.7
not-tt-like 150-200 5537 | 02+03 | 0.7£0.3
200-300 3312 | 02+0.2 | 0.5+0.2
300400 3312 | <01 |02+0.1
> 400 11723 | <01 | 04%0.2
| L | | Aggregate SRs (not-tt-like)
$ 3 283 3338333873 ¢3 20-86 6539 | 23£1.5 | 8.3+3.2 17.1+33 25
@ » 8 8 8 8 8 3 » 8 8 8 8 8 +5.8 4 4 +7.0
$E:38 33 E8&;:38%8 33 > 96 19.6738 | 24+1.6 | 85+34 30.6179 44
£ &€ = 88 g g g Lo 88 g
E " o i = " i o =
E E E E E E
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ETHzurich . p
Opposite sign dileptons: 3L control region for ttZ

3 lepton control region for ttZ
o derived in data and used to scale the simulation

o == 2 b tagged jets, pr™ > 30 GeV, 3 leptons, two
of which must form an OSSF pair with m) close to Z
Mass

o SF of 1.31+-0.09 for ttZ

28
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N

ttbar discriminant

Background rejection:
In the edge/ counting search, ttbar is ~the only background. Diagram of a fully leptonic ttbar process:
Top likelihood classification: '

o Use four characteristic ttbar variables:

o dR between the leptons, di-lepton pr, Et™, sum of
the two my,'s

o Extract these events in data by selecting opposite " L
flavour leptons (~100% ttbar) \

Diagram of a signal SUSY process:_
o The NLL variable is defined as -2log(Likelihood)

o where the likelihood is the product of the probabilities

from the four ttbar pdf's
This NLL allows us to bin in ttbar efficiency

o ttbar like (95% efticiency) and non-ttbar like (5%
efficiency)




ETHzuricn =2

ttbar discriminant

o The tour characteristic ttbar variables used as input in the NLL variable:

o dR between the leptons, di-lepton pr, E-™° sum of the two my,'s
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ttbar discriminant
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The M+, is a generalization of the transverse mass for

decay chains with two unobserved particles

o Division of events into two massless pseudo jets

oM
o thi

0

(m)=min [max(M(Tl),M(TZ))

~c(1) —-c(2)=—-miss

P +pL e =p] |
s gives M < Ef™* for SUSY events and M, —

for multijet-like events

o If all masses are known, M+, will have an endpoint at

the parent mass (~Mr)

o Very efticient to reduce ttbar and other backgrounds

Events/ 10 GeV

Leonora Vesterbacka, SUSY17, Strong production of SUSY in leptonic final states, 11th December 2017
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Systematic uncertainty

Source of uncertainty Uncertainty (%)
Integrated luminosity 2.5
Lepton reconstruction and isolation 5
Fast simulation lepton efficiency 4

b tag modeling 0-5
Trigger modeling 3
Jet energy scale 0-5
ISR modeling 0-2.5
Pileup 1-2
Fast simulation p** modeling 04
Renorm. /fact. scales 1-3
Statistical uncertainty 1-15

Total uncertainty 9-18
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Leonora Vesterbacka, SUSY17, Strong production of SUSY in leptonic final states, 11th December 2017

Same sign dileptons backup

34
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Same sign dileptons: 3L control region

3 lepton control region

o derived in data and used to scale the simulation 5, 2E R [ =
D\CG 1; * 22X X K2l X X X X XXX/,\,\,\,\,\,\,\,E
o applicable for SM backgrounds as WZ and ttZ 8§ %3 . . . E
. iss . CMS Supplementary 35.9 fb' (13 TeV)
o <2jets, pr > 30 GeV, 3 leptons, two of which must form 8 F exviosomes | E
an OSSF pair with m close to Z mass 5o F A E
C [ ttZ .
o based on a template fit to the distribution of the number of 600 = A
O |ets 500 e o -
E o X+ ]
o SF of 1.26+-0.09 tfor WZ and 1.14+-0.30 for ttZ 00 —! E
3002— —

200

100
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Same sign dileptons: signal regions

HH

Leonora Vesterbacka, SUSY17, Strong production of SUSY in leptonic final states, 11th December 2017
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HH regions HL regions LL regions J production of SUSY in leptonic final states, 11th December 2017

Expected SM Observed | Expected SM Observed | Expected SM  Observed
SR1 468 L 9§ 435 419 £ 100 442 120 £ 39 12
SR2 | 162+25 166 100 + 20 101 1.88 + 0,62 3
SR3 244 + 54 30 92 +24 6 155 +£47 17
SR4 | 176+ 30 24 150 + 45 13 1.42 + 0.69 4 . . . .
SRS | 17.84 39 2 73415 14 424 14 5 Aggregate inclusive signal regions
SR 78%+15 6 41 +12 5 0.584 £ 048 2 ; .
SR7 | 196+ 047 2 1.01 £ 028 0 0.95 + 0.52 0 SR | Leptons | N | Ny, | Hy (GeV) | Ef™ (GeV) | m{™ (GeV) | SM expected | Observed | N1
SR8 | 438 4051 3 300 £ 82 346 0.09 £ 0.07 0 InSR1 =2 0 | =1200 =50 - 400 £ 0.79 10 12.35
SR | 363+075 3 Nx17 O InSR2 >2 | 22| >1100 =50 - 363 + 0.71 4 5.64
SKI0 | &80 S 30 =0.6) : InSR3 20 — =450 — 372 4 0.83 4 5.62
SK11 313 £ §7 3N 224 £ 087 1 . .
sr12 | 10¢ £ 20 11 128 4 33 ,2 InSR4 >2 | »2| — >300 — 332 4+ 0.81 6 8.08
SR14 87 +20 11 45+ 13 5 InSR6 HH >2 | 22 — >150 >120 382 +0.76 7 9.06
SRI5 | 144429 17 47 + 16 1 InSR7 =2 | 0 =0 =200 — 56 + 1.1 10 10.98
SK16 127+ 26 10 23+1.1 1 InSRS >2 | 22 =9 =200 —_— 58+13 9 9.77
SRI7 | 73+12 1 0.73 +0.29 1 InSRY >7 | — — =50 — 101 +2.7 9 7.39
SRIS | 3.92+079 2 54 412 62 INSR10 >4 | — — >50 >120 152+ 35 22 16.73
SR19 | 326 £0.74 3 237 £49 24 InSR11 >2 | >3 — =50 —_ 133+ 34 17 13.63
SR20 |  26+27 4 059 +0.17 ; InSR12 =2 | 0 | =700 =50 — 3.6 +25 3 491
il | R =075 3 036020 . InSR13 >2 | — | — >200 — 19129 10 11.76
SR22 | 280 +057 | 52412 9 meris | | S5 B 50 B 2155 . e
povell I Al - . : InSR15 >2 | >3] — =50 — | 106+099 | 0 231
SR24 | 357459 %0 097 + 027 0 2c | 2 = : :
SR25 | 399 4073 2 1.79 4 0.74 0
SR26 | 268 +0.80 0 1.01 + 027 1
SR27 | 97418 9 1.03 4 0.44 n . . .
Skos | 79£25 8 | 1BE06l 0 Aggregate exclusive signal regions
SR29 | 278 +058 1 289 +0.99 3
SR30 | 1.86 + 038 1 224 £0.79 2 SR | Leptons | Ny | Ny | EF™ (GeV) | Hy (GeV) " (GeV) SM expected | Observed
SR31 | 220 +054 1 027 £ 0.30 1 ExSR1 >2 [0 50-300 <1125 | <120 for Hy > 300 | 700 £+ 130 685
SR32 | 1851039 3 0.79 +033 I ExSR2 =2 | 0 | 50-300 | 300-1125 >120 11.0£22 11
S | L) =6a2 ¢ ot S ’ ExSR3 >2 | 1| 50-300 | <1125 | <120for Hy >300 | 4774120 | 482
orrs | oo | S ’ ExSR4 =2 | 1| 50-300 | 300-1125 =120 84 %35 5
crae | 143+ 037 - et ; EXSR5 >2 | 2 | 50-300 <1125 | <120for Hy > 300 | 137 £ 25 152
e | 22413 ; P 5 EXSR6 | HH | >2 | 2 | 50-300 | 300-1125 >120 49412 8
SR | 029 + 034 0 1.54 + 0.50 4 ExSR9 >2 | — =300 =300 —_ 257 £ 54 31
SR41 | 080 +£022 3 1.23 £ 053 1 EXSR10 22 | — | 50-300 >1125 — 10.1 =22 14
SR42 | 134419 19 ExSR11 =2 | — | 50-300 <1125 <120 1070 =250 | 1167
SR43 | 80+30 8 EXSRI2 [ . | 22 | — | 50-300 <1125 >120 133 + 0.46 1
SR44 | 333 +074 3 ExSR13 =2 | — | =300 =300 —_ 9.9 425 12
SR45 | 0.94 +£026 1 ExSR14 >2 | — | 50-300 >1125 - 47 418 8
SR46 | 292 £ 0.50 3 ExSR15 | LL >2 | — =50 >300 — 37 £ 12 43
SR47 | 1.78 +0.42 3
SR48 | 1.95+039 5
SR49 1.23 £ 030 3
SR50 146 = 031 0
SR51 | 074 +£0.18 0 37
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Same sign dileptons: results
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Same sign dileptons: systematics

Source |_'I'xpical uncertainty (%)
Integrated luminosity 2.5
Lepton selection 4 - 10
Trigger efficiency 27
Pileup 0—-6
Jet energy scale 1-15
b tagging 1-15
Simulated sample size 110
Scale and PDF variations ‘ 10 — 20
WZ (normalization) 12
ttZ (normalization) 30
Nonprompt leptons 30 — 60
Charge misidentification 20
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Same sign dileptons: Interpretations

Interpretation in a variety of SUSY models

o no significant deviation in any of the SRs

5ttbbWW

N

o Run | limits on gluino, LSP and bottom squark masses are improved by 200-300 GeV
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Multileptons: 3L control region

3 lepton control region

o derived in data and used to scale the simulation

CMS Preliminary 35.9fb" (13 TeV)

o applicable for SM backgrounds as WZ and ttZ 2 600[- — -
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Npies  Hr [GeV] 50(70) < pT™° < 150GeV | 150 < pT" < 300GeV | pT*= > 300 GeV

2

>3
inclusive

Leonora Vesterbacka, SUSY17, Strong production of SUSY in leptonic final states, 11th December 2017

Multileptons: signal regions
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Multileptons: results

Oft Z OnZ

, CMS 35.9 fb”' (13 TeV) , CMS 35.9 b (13 TeV)
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Multileptons: results

Oft Z OnZ
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Multileptons: results
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Multileptons: additional interpretation
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Multileptons: systematics

Source Effect on the backgrounds [%]| Effect on si [%]
Integrated luminosity 2.5 2.5
JES 1-8 1-10
b tag efficiency 1-8 1-10
Pileup 1-5 1-5
Lepton efficiencies 9 15
HLT efficiencies 3 3
Nonprompt application region statistics 10-100 -
Nonprompt extrapolation 30 -
WZ control region normalization 10 -
ttZ control region normalization 25 -
Limited size of simulated samples 1-100 10-100
ISR modeling - 1-10
Modeling of unclustered energy - 1-20
Ren., fact. scales, cross section (ttW, ttH) 11-13 -~
Ren,, fact. scales, acceptance (ttW, ttZ, ttH, signal) 3-18 3-18
PDFs (ttW, ttZ, ttH) 2-3 -
Other rare backgrounds 50 -
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