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Natural SUSY: " A definition”
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Natural Higgsino and Stop masses

|pl?

» Tree-level Higgsino: A(|,u|2) ~ 10 x (200GV)?

» 1-loop stop leading log contribution:

(mﬁ m;2)1/2

3y7
A(Csmilu’stcm) = 8 tg (m03 + mu3 + [A¢] )Iog
1/2
~ 10 x

x (450 GeV)2 3

Papucci et. al.
Amess is the messenger mass scale.

» %, tr, b typically heavier than Higgsinos.



Low mass states of Natural SUSY

» Only consider stops, sbottoms and Higgsinos

» Higgsino mass splittings for natural gaugino masses:

M2, 21
m s —mo = My (1 —sin2(5 — Mz)

M3, 24
meo —m = oM, <1 —sin28 + M2>

Mz
+27I\l//l‘i tan® Oy (1 — sin 23)

» Small enough splitting to avoid triggering but large enough to
not produce displaced vertices.

» Minimize stop contribution to EWSB scale
éAt—Oét[_ tR b[_ bR

» Higgs mass set by enlarging Higgs sector (e.g. NMSSM).



The compressed Higgsinos
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LHC Electroweak-ino Limits
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Weak constraints on Compressed Higgsinos



Monojet Searches Limits on Higgsinos

Channel Obs. Limit Exp. Limit Cut (GeV).
ATLAS SR1 50 GeV 52 GeV P MET > 120
ATLAS SR2 70 GeV 69 GeV Pl MET > 220
ATLAS SR3 67 GeV 73 GeV p’T,MET > 350
ATLAS SR4 103 GeV 63 GeV P MET > 500

CMS SR1 64 GeV 60 GeV MET > 250
CMS SR2 68 GeV 63 GeV MET > 300
CMS SR3 70 GeV 68 GeV MET > 350
CMS SR4 71 GeV 71 GeV MET > 400
CMS SR5 73 GeV 80 GeV MET > 450
CMS SR6 71 GeV 74 GeV MET > 500
CMS SR7 68 GeV 68 GeV MET > 550

T T

LHC-14 TeV
L= 3000 fb*
pp > EP™

160

1&0

1&0 1é0
1 (GeV)

1é0 260

Han et. al.

LHC limits as weak and project reach requires large luminosity.



Improving on the Trilepton Search

20 Exclusions
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» Required ISR jet to boost leptons: p’T > 30 GeV
» Use A¢(j1, MET), MET/p’} and p{rl/p’% to suppress bkg.

» The 3/ channel is technically challenging for mass gaps below

~ 12 GeV



Going beyond Monojet and tri-lepton Signals

Signal: 1j +1¢ + MET
Osignal
> —Uivj ~ 1/500.
» Signal also peaks at low m7 = 2MET p%(1 — cos ¢y meT)
(due to low p7 of the leptons) like the background.
» Not many other handles.
Signal: 2j + 1/ + MET
» Signal: pp — j + xIxT — it vioxdxg
pp =+ x3x3 = AN /
pp — J+x3x5 = NS, E XN
> Backgrounds: VVj, tt, Zj — jT77 — j{TLT + 4v, fakes:
Whb, W + jets, j + 3fv ...

More handles and lower bkg. 0 = 2j + 1/++MET more promising.



Simulation Details

» Events generated with Madgraph5-+Pythia8.

» Particles (except for leptons) grouped into 0.1x0.1 bins in
(1, ¢) corresponding to HCAL granularities.

> Jets clustered using the anti-kt with R = 0.4.

» MET > 100 GeV and exactly 1j with pr > 100 GeV (to pass
event trigger)

» No smearing of leptons

» Require > 2 isolated leptons with p1 > 7 GeV



Background Reduction

» Suppress tt by requiring no second jet with pr > 30 GeV and
bjet veto.
» Zj — jTT7 suppressed by cutting on the reconstructed Z
mass in the collinear approximation.
» Assume v pairs are collinear with the lepton.
» Solve for the magnitude of pairs, subject MET constraint.
» Require m,. > 150 GeV.

8 i
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B Jjlwy
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Additional Backgrounds

Number of events/ 2GeV'
TTTT T TTT[T7T

Light flavor fakes (estimate): o ~ 0.06 X oy
> W(— Iv)+j: p* and MET cut at 8 TeV = o ~ 38 pb.
» Showered /hadronized jets replaced by lepton = o ~ 10.2¢ pb
» Fake rate ¢ = (0.6 — 3) x 107° Curtin et. al.
Heavy flavor fakes (estimate): o ~ 0.05 X oy

» W(— Iv)bb: Isolation, clustering and clustering.

14—

of 'XLL Tri-leptons: WZ + j and W~* +
r 7z}

» One lepton lost in detector
DPS: 04t ~ 0w/z+jos/12mb

» B = (Drell-Yan: oo ~ 1072 fb >>
QCD resonances ~ heavy flavors)




Cut Table

o(fb) at 8 TeV
Jjllvv | tt | 7T signal
(110 GeV)
plr. MET > 100 GeV/ | 19.0 | 9.6 | 130.4 5.2
two isolated leptons 178 | 88 | 46.5 0.8
m.- > 150 GeV 173 | 8.6 3.7 0.6
o(fb) at 14 TeV
Jllvy | tt JTT signal signal
(110 GeV) | (150 GeV)
pr, MET > 100 GeV/ | 48.4 | 30.8 | 339.0 14.0 5.8
two isolated leptons 452 | 28.0 | 120.9 2.2 0.9
m,, > 150 GeV 439 | 27.6 9.7 1.7 0.7




The Dilepton invariant mass @ 14 TeV 100 fb~!
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=200, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=250, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=300, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=350, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=400, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=450, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=500, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=550, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=600, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=650, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=700, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=750, p=110, tanB=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=800, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=850, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=900, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=950, u=110, tanp=10
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The Dilepton invariant mass @ 14 TeV 100 fb~!

M1=1000, M2=1000, u=110, tanp=10
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The dilepton invariant mass cut: 8 TeV vs 14 TeV

8 TeV 14 TeV
M1=400, M2=400, u=110, tanp=10 M1=400, M2=400, u=110, tanp=10

Cut on my to maximize 5/\/§
Larger My, M> = smaller mass splittings.
Smaller mass splitting = greater efficiency.



What is OSSF fraction in the m;?

u=110GeV, fraction of opposite sign same flavor dileptons
(R T T T ™

800}
3 6001
o
N
=
085
a0l O8
ZOO’N
e L \- L L L
200 400 600 800 1000

M1(GeV)

Low my; = 90% of signal is OSSF
Large my smaller OSSF events



Significance

Events/GeV
=
=]

SVB (GeV)

Relevance of (T and J/%) +j + MET production

Y(1,2,3S)
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Reach © 100 fb!
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it = 110 GeV: 50 discovery for most regions
1 =150 GeV: 20 evidence for most regions



Conclusions

» The combined stop and sbottom limits lead to two regions of
parameter space.

» Either a compressed neutralino-stop spectrum or heavy stops

are possible.
> In the compressed region oggp(_;++) is enhanced at 10 — 15%.
» The heavy stop region has SM like Higgs rates.

» Tri-lepton and mono jet searches are weak probes of
compressed Higgsinos.

> j+ 20+MET with p’;,MET > 100 GeV channel an alternate
channel

» Can achieve 5(2)c significance for most regions of parameter
space at 14(8) TeV with 100(20) fb~1



What

SM Higgs rates known to ~ 20%.

we know?
Found the

Higgs
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The EWSB Scale and Fine Tuning

» At leading order and large tan 5 EWSB condition

%m2z mHu |M|2

» Characterize contributions to EWSB as Aa = ’ /2.

Z

Barbieri et. al.
> Larger stop masses and A; = greater fine tuning.

Delgado et. al.



Gaugino Contributions

> 1-loop Majorana Wino:

3g A
A(Sm} lwino) = =-5|Ma|?log T
( Hu’ ) | 2| ‘le
~ 10 x |M2|2 |0g /\moss/|M2‘
- (930 GeV)? 3

> 2-loop Gluino:

2a y A A
A 5 2 uin — s/t M 2| mess I mess
( mHU’gl 0) | | Og ( 'i. mtz)l/z Og ‘M3‘
= 10 x |M3|2 log Amess/(mﬁ m52)1/2
(1200 GeV)? 3
|0g /\mess/‘MZ%’
1.5
1-loop gluino log enhancement to the stop 1-loop log

enhancement to mf_,u.



Dirac Gauginos

» Dirac gluinos contribution to stop mass is finite

f ™ M2
!

» In the presence of D-term breaking, M?dj ~ I\/Igirac.
Fox et. al.
» Dirac gluino = finite 2-loop contribution to EWSB scale.
> A MPTee = 5M§"Iajorana gives the same contribution to EWSB
scale.
Kribs et. al.

Gaugino contributions to fine tuning are model
dependent.



Stop and sbottom decays

» Squark decays set by yukawa couplings:

W = y,uRQLH, + yadiQLHqg
ytu,%(uLHS —d H)

Q

» Attan B ~ 10 y: > yp

» Upto y,tan 5 corrections
BR(tr — bxF) : BR(tr — txd) ~1:1
BR(;L — tXcl)) ~1
BT\’,(T)L — tXit) ~1

How do LHC limits translate to Natural SUSY?



LHC 34 gen. searches

~r— .
- - N t-t production
tt, production, t, > t% /t,>Wb¥ /t>C¥% Status: SUSY 2013 —
] ] ] S 500 [T T T [T T [T T T T T T
5 L e e e B L o o s o I > F'cMs Preliminary ]
o | (0] F Bl
8 400 ATLAS Preliminary L, =20-2116"1s=8TeV L, =4.7 16" 157 TeV__ > B S=8TeV _ Observed B
or E-oLioty oL CONF-2013.026 oLpzo081aan 5 a FS= B
. =8 Lo 1LCONF 2013057 Li12082500 ] E 400 SUSY 2013 --- Expected E
-it‘?‘::ﬁw im: :::x A rnsten 9 % F —— SUS-13-004 0-lep+1-lep (Razor) 19.3 16" (i t77) ]
B 0L mono-jelc-1a0.1-» ¢ ¥ oL monostctag CONE 2013.068 ] ~ as0f . =
CDF 261" (1203.4171] — | —— SUS-13.011 1-lep (leptonic stop)19.5 fb ' (-~ t7,) Bl
— Observed limits ==+ Expected limits ] £ ) PR B
A st 050 O 3 300 F —— SUS-13-011 1-lep (leptonic stop)19.5 fb " (i b7, x=0.25) 3
] 250 E
] 200 E
E 150 E
] 100F- E
E 50F E
] AV 47T A ST I Y AR R
100 200 300 400 500 600 700 800
m; [GeV] stop mass [GeV]

Many assumptions: Single f, b production, Branching ratios, Mass
hierarchies ...

[m] = =




Details of the Recast

Scenario ‘ pw<m<TeV ‘ m>1TeV

. - . I t t1, by, b
» 3 simplified scenarios: R L oL PR
I tr, br tr, br
1 4, b, 1g br

> All remaining SUSY mass parameters > TeV.
> Recasting the 7, b analyses from May 2013.

> Generated Signal using PYTHIiA6, o normalized to SUSY WG
values and used the same pdf/tunes as CMS.

» DELPHES detector simulator along with b-tagging(fake rates) =
70%(10%)

» Limits calculated using the quoted backgrounds and systematic
uncertainties.



Stop Searches: Semi-leptonic
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800 000
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black dashed: CMS Simp. T2tt Model
brown dashed: ig — tB Model
blue solid: Scen. | 95% excl.
green solid: Scen. Il 95% excl.

orange solid: Scen. Il 95% excl.

Require 3j + 1/+MET with one
b-tag jet.

ATLAS-CONF-2013-037

CMS-SUS-12-023

Bin signal and background in mt
and MET, ATLAS used an
additional W tag for the top.
Scen. | limit is weak due to only
tr — tx pass the cuts as leptons
from g — by are too soft.

Strong limit on Scen. Il and Ill



Stop Searches: All Hadronic
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black dotted:m; — mgo = 150 GeV
black dashed: CMS Simp. T2tt Model
brown dashed: ig — tB Model
blue solid: Scen. | 95% excl.
green solid: Scen. Il 95% excl.

orange solid: Scen. Il 95% excl.

> > 6 jets+MET, with > 2 btags

ATLAS-CONF-2013-024

The 6 hardest jets form 2 three-jet
"top-candidates’ with

80 < my; < 270 GeV

Again Scen. | limit is weak due to
only g — tx{ pass the cuts.

Strong limit on Scen. Il and Il

Sharp increase in limit in
compressed region due to
by — i‘XJr.



Sbottom Searches
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black dashed: CMS Slmp T2tt Model
brown dashed: ir — tB Model

red dashed: CMS T2bb Simp. Model

blue solid: Scen. | 95% excl.

green solid: Scen. Il 95% excl.

orange solid: Scen. Il 95% excl.

2j or 3j+MET with 1 or 2 btags,
no leptons

ATLAS-CONF-2012-165
CMS-SUS-12-028

Use a1, Hr and MET to suppress
backgrounds.

No leptons and lower jet
requirements = high efficiency for
Scen. |

Weaker limits on Scen. Il and Il
due to their top rich events.

Lower Scen. | than T2bb
efficiencies because lepton
rejection.



Combining LHC Searches with Higgs Limits
™xBR(h-yy)mssm/o™xBR(-yy)su ™xBR(h-yy)mssm/o™xBR(-yy)su

incl

MXBR(h-yy)mssw/o " XBR(h-y7)sy

| o ;
. 100" .
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
m,(GeV) m,(GeV) m,(GeV)
Light tg Light t;, by

nght ’i-LJ BLJ %R7
Preferred regions of Natural SUSY are the
"compressed wedge” and the " kinematic threshold” .



LEP Limits on Charginos
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LEP limit on Charged Higgsino ~ 103 GeV
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