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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20.7 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e, µ 7 jets Yes 4.7 m(q̃)=m(g̃), cτLS P<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Moriond 2014

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



∫
L dt

[fb−1] Reference

ts−chan
total

95% CL upper limit 0.7 ATLAS-CONF-2011-118

95% CL upper limit 20.3 arXiv:1410.0647 [hep-ex]

W±W±jj EWK
fiducial

20.3 PRL 113, 141803 (2014)

Wγγ
fiducial, njet=0

20.3 arXiv:1503.03243 [hep-ex]

H→γγ
fiducial

20.3 Preliminary

Zjj EWK
fiducial

20.3 JHEP 04, 031 (2014)

t̄tγ
fiducial

4.6 arXiv:1502.00586 [hep-ex]

t̄tZ
total

95% CL upper limit 4.7 ATLAS-CONF-2012-126

20.3 ATLAS-CONF-2014-038

t̄tW
total

20.3 ATLAS-CONF-2014-038

Zγ
fiducial

4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

WW+WZ
fiducial

4.6 JHEP 01, 049 (2015)

Wγ
fiducial

4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ZZ
total

4.6 JHEP 03, 128 (2013)

20.3 ATLAS-CONF-2013-020

WZ
total

4.6 EPJC 72, 2173 (2012)

13.0 ATLAS-CONF-2013-021

Wt
total

2.0 PLB 716, 142-159 (2012)

20.3 ATLAS-CONF-2013-100

γγ
fiducial

4.9 JHEP 01, 086 (2013)

WW
total

4.6 PRD 87, 112001 (2013)

20.3 ATLAS-CONF-2014-033

tt−chan
total

4.6 PRD 90, 112006 (2014)

20.3 ATLAS-CONF-2014-007

t̄t
fiducial

4.6 Eur. Phys. J. C 74: 3109 (2014)

20.3 Eur. Phys. J. C 74: 3109 (2014)

Z
total

0.035 PRD 85, 072004 (2012)

W
total

0.035 PRD 85, 072004 (2012)

Dijets R=0.4
|y |<3.0, y∗<3.0

4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV

Jets R=0.4
|y |<3.0 4.5 arXiv:1410.8857 [hep-ex]0.1 < pT < 2 TeV

pp
total

8×10−8 Nucl. Phys. B, 486-548 (2014)

σ [pb]
10−3 10−2 10−1 1 101 102 103 104 105 106 1011

observed/theory
0.5 1 1.5 2

LHC pp
√
s = 7 TeV

Theory

Observed
stat
stat+syst

LHC pp
√
s = 8 TeV

Theory

Observed
stat
stat+syst

Standard Model Production Cross Section Measurements Status: March 2015

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV



L E P T O N S + P H O T O N S + J E T S + M E T

No   Signals   Of    Susy
S E A R C H E S  I N  F I N A L  S TAT E S  :

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.

 [GeV]q~m
400 600 800 1000 1200 1400 1600 1800

 [G
eV

]
0 1
χ∼

m

0

200

400

600

800

1000

1200

1400

0
1χ∼

 < m
q~m

)=100%0
1
χ∼ q → q~(B production, q~q~

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets

MEff or RJR (Best Expected)
All limits at 95% CL.

)c~,s~,d~,u~ (
R

q~+
L

q~

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
Exp. limits MEff
Exp. limits RJR

, 13 TeV)-10L obs. limit (3.2 fb

(a)

 [GeV]g~m
500 1000 1500 2000 2500

 [G
eV

]
0 1
χ∼

m
0

200

400

600

800

1000

1200

1400

1600

1800

0
1χ∼

 < 
m

g~m

)=100%0
1
χ∼ qq → g~(B production, g~g~

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets

MEff or RJR (Best Expected)
All limits at 95% CL.

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
Exp. limits MEff
Exp. limits RJR

, 13 TeV)-10L obs. limit (3.2 fb

(b)

Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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Figure 9: The 95% CL upper limit on the � ⇥ BR compared to the theoretical cross-section for the direct pair-
production of top squark with decays into (a) q̄q̄0 or (b) b̄s̄ and (c) high mass colorons decaying into qq and sgluons
decaying into gg. The dashed black and solid red lines show the 95% CL expected and observed limits respectively,
including all uncertainties except the theoretical signal cross-section uncertainty. The solid yellow (green) band
around the expected limit shows the ±1� (±2�) uncertainties around this limit. The shaded coloured cross-section
band indicates the ±1� variations due to theoretical uncertainties on the signal production cross-section given by
renormalisation and factorisation scale and PDF uncertainties.
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Figure 11: (Left) The 95% CL upper limits on the production cross section for the (upper left)
T2tt, (upper right) T2bb, and (lower) T2qq simplified models, shown as a function of the squark
and LSP masses meq and mec0

1
. The diagonal dotted line shown for the T2tt model corresponds

to meq � mec0
1
= mtop. The results labeled “one light eq” for the T2qq model are discussed in the

text. The meaning of the curves is described in the Fig. 10 caption.

15

FIG. 12. Observed 95% C.L. exclusion limit and most sensitive analysis per point for m�0
1
= 100 GeV. Diagonal dashed

(dashed-dotted) lines show shows the threshold for t̃1 ! be�±
1 (t̃1 ! te�0

2/3). Left: �L. Right: �S

do this we explored a number of di↵erent scenarios,
mostly notably examining the di↵erence between a small-
� case, where the LSP is dominantly a singlino and the
large-� case, where the LSP can contain a substantial
higgsino component. We also study in detail the di↵er-
ences that occur when the gluino is light enough that it
dominates the SUSY production cross-sections and what
happens when the gluino is pushed to a mass where LHC
production is no longer copious.

We find that, when constructing a realistic phenomeno-
logical model, the NMSSM-specific decay chains via in-
termediate heavy neutralinos often create an MSSM-like
topology, q̃

3

! q
3

�̃0

1

which can be preceded by g̃ ! q̃
3

q
3

if the gluino is light. If the branching ratio to these decay
chains are large, the limits very closely follow those of-
ten studied as simplified models in the MSSM. However,
the branching ratio depends on the size of the NMSSM-
coupling �. If it is large, all neutralinos have a sizeable
higgsino fraction and direct decays into the lightest neu-
tralino are significant. However, in case of small �, the
coupling of the squarks to the LSP is made small since
it has a large singlino content. Therefore decays via in-
termediate charged and neutral higgsinos are preferred if
kinematically allowed which lengthens the decay chains
seen. In addition, since di↵erent decay modes may be
competing with similar branching ratios, ‘asymmetric’
decay chains can often occur.

These longer decay chains can lead to weaker LHC
bounds for two particular reasons. First of all, the AT-
LAS searches have more focussed of the MSSM specific
signatures and consequently not been designed with these
final states in mind. Secondly, the longer decay chains
lead to a higher final state particle multiplicity but with

each individual particle carrying smaller pT . In addition
the same e↵ect reduces the final state Emiss

T as observed in
other studies with more complicated decay topologies e.g.
[87]. On the other hand, additional final states, namely
jets and leptons, can improve the sensitivity even though
the invisible transverse momentum is reduced. Therefore
an important conclusion of this study is that it is not ob-
vious if the e�ciency is smaller or larger in a particular
NMSSM scenario simply by looking at the spectrum and
decays. Instead it is crucial to test the model against
a large number of searches covering various final state
topologies.
Within this study we do test a large variety of di↵er-

ent analyses but still only use one signal region to define
the overall limit. In the models with extended and asym-
metric decay chains (where we observe a weakening of the
LHC limit), we expect the signal to populate a more var-
ied number of signal regions than if the model predicted
a single dominating decay chain. Therefore it may be ex-
pected that a combination of the sensitivities across all
analyses can significantly enhance the limits but this is
beyond the scope of this study.
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even in non-standard scenarios 
msusy> 500 GeV

After Run2 …
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Run2 ≃ Subtle New Physics



Run2 → Precision Physics
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New Physics In The 
“Top Quark Sample”

RF - in preparation



Why Top Quarks?
• Motivated in many BSM scenarios (hierarchy problem) 

• NLO+PS and NNLO precision recently achieved for 
differential distributions * 

• Blindspots of SUSY due to top quark background



Search Approach

S/B
S≫B



Search Approach

S/B
S≲B
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(200,150,100)

The   {t̃, χ̃+, χ̃0}={200,150,100} GeV  blindspot



Soft Is Hard
t→ bW → bℓν

t̃→ b χ⁺ → bℓνχ⁰



Soft Is Hard
t→ bW → bℓν

t̃→ b χ⁺ → bℓνχ⁰

N E W  P H Y S I C S  I S  S M - L I K E

B E T T E R  P R E C I S I O N
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Figure 2: Observed mmin
lb distribution as compared to the simulation using mt = 172.5 GeV.

The bullets represent the experimental data with their statistical uncertainties, shown by the
vertical error bars. The simulated rates for signal and different background contributions are
represented by the histograms of different styles. The corresponding ratios of the observed and
the predicted event rates are also shown. Here, the filled areas represent statistical uncertainties
on the prediction. These are combined with systematic uncertainties due to systematic varia-
tions into a total uncertainty, indicated by the hatched areas in both, top and bottom panels.
These systematic uncertainties do not account for luminosity and background normalization.
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Figure 3: The absolute (left) and relative (right) event rates as a function of mmin
lb for different

top-quark masses as predicted by the MADGRAPH+PYTHIA simulation.

CMS-PAS-TOP-14-014 

CMS-PAS-TOP-16-019

• NLO and NNLO precision top quark physics is a 
reality 

• SM precision predictions for many observables 

• Useful per se 

• Can show deviations from SM in subtle features
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mbℓNew Physics Effect On 
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T H E O RY  U N C E RTA I N T I E S

10-15% Deviation In A 
Distribution, Is It Enough To 
Claim New Physics/Put A Bound?
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N L O  +  PA RT O N  S H O W E R  ( 1 2 0 2 . 1 2 5 1 )

A Closer Look At Scale Uncertainties 
P O W H E G  V 2  ( 1 4 1 2 . 1 8 2 8 ) P O W H E G - R E S  ( 1 6 0 7 . 0 4 5 3 8 )

h→0 Fixed Order h→∞ Parton Shower + Matrix ElementH=h2/(h2+pT2)

h
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A Closer Look At Scale Uncertainties 

“B” scale sensitivity O F F - S H E L L



P O W H E G - V 2

A Closer Look At Scale Uncertainties 

“B” scale sensitivity O F F - S H E L L

C O M PAT I B L E  W I T H  N L O  T H E O RY  U N C E RTA I N T Y  



m(bℓ) and other observables used in 
precision top quark physics can probe 
still uncovered new physics scenarios
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Precision Di-Bosons 
At The Hi-Lumi L H C

RF, Panico, Pomarol, Riva, Wulzer - in preparation



Search Approach

S/B
S≲B



pp→ Goldstones

• directly relevant for EWSB 

• new physics can show-up at high-energy (e.g. OHq~(qLσaγμqL)(HDμ,aH) grows with E)  

• G ⊂ V  ⇒  never large S/B  (unless strong coupling) 

• precision SM di-bosons distributions (NNLO)



pp→ G±0G±0

• pp → WW, ZW, ZZ, ZH, WH  all potentially 
interesting 

• however most processes have large 
background from other processes (e.g.  tt 
fakes WW, V+jets fakes VH, …) 

• ZW stands out because can give a fully 
leptonic final state, hence S>B. Only then 
the chase for Gold starts…

Z W

S M : G 0G ±

B S M :  G 0G ±

TeV

E 2 E N H A N C E M E N T  O F  B S M

10% accuracy at 1 TeV should 
compare to 0.1% at 100 GeV



pp→ Z0W±
3x more TT 

 at LO in WW
1.5x more TT 
at NLO in WW

L E P T O N  A N G L E  I N  T H E  V- R E S T  F R A M E L E P T O N  A N G L E  I N  T H E  V- R E S T  F R A M E

• at LO qq → V V  is 3⊕1 of SU(2) 

• antisymmetry of 3 at t=u makes qq → ZW 
be suppressed in the central region 

• NLO corrections are important, but the LO 
effect is still noticeable -1.0 -0.8 -0.6 -0.4 -0.2 0.0
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pp→ Z0W±
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Figure 1: The distributions for the sum of all channels of the kinematic variables (a) the transverse momentum of
the reconstructed Z boson pZ

T, (b) the reconstructed Z boson mass mZ , (c) the transverse mass of the reconstructed
W boson mW

T and (d) the transverse mass variable mWZ
T for the WZ system. The points correspond to the data, and

the histograms correspond to the predictions of the di↵erent SM processes. All Monte Carlo predictions are scaled
to the integrated luminosity of the data using the predicted MC cross sections of each sample. The sum of the
background processes with misidentified leptons is labelled “Misid. leptons”. The Powheg+PythiaMC prediction
is used for the W±Z signal contribution. It is scaled by a global factor of 1.18 to match the measured inclusive W±Z
cross section. The open red histogram shows the total prediction; the shaded violet band is the total uncertainty of
this prediction. The last bin contains the overflow. The lower panels in each figure show the ratio of the data points
to the open red histogram with their respective uncertainties.
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Figure 1: The distributions for the sum of all channels of the kinematic variables (a) the transverse momentum of
the reconstructed Z boson pZ

T, (b) the reconstructed Z boson mass mZ , (c) the transverse mass of the reconstructed
W boson mW

T and (d) the transverse mass variable mWZ
T for the WZ system. The points correspond to the data, and

the histograms correspond to the predictions of the di↵erent SM processes. All Monte Carlo predictions are scaled
to the integrated luminosity of the data using the predicted MC cross sections of each sample. The sum of the
background processes with misidentified leptons is labelled “Misid. leptons”. The Powheg+PythiaMC prediction
is used for the W±Z signal contribution. It is scaled by a global factor of 1.18 to match the measured inclusive W±Z
cross section. The open red histogram shows the total prediction; the shaded violet band is the total uncertainty of
this prediction. The last bin contains the overflow. The lower panels in each figure show the ratio of the data points
to the open red histogram with their respective uncertainties.
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FA S T- D R O P P I N G  
R AT E !

• |cosθ*WZ |< 0.5 

• σ ~ 0.1 fb for pTZ> 200 GeV



pp→ Z0W±
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•  (cHq / Λ²) (qLγμσaqL)(HDμ,aH) 

• ε ~ v2/Λ2 

LHC, thanks to energy and large lumi, can catch O(10%) effects 
in TeV tails: a probe of new physics in EWSB at LEP-level.

M G 5 @ L O

Z W

S M : G 0G ±

B S M :  G 0G ±



S/B
TimeR U N 1 R U N 2 , 3 ,  H I - L U M I



Conclusions
• in the NNLO QCD epoch, SM differential distribution are powerful probes of BSM 

• top quark precision is sweet-spot for BSM motivation and QCD precision  

• results for mbℓ distribution are very promising for t̃,χ⁺,χ⁰ SUSY spectra 

• di-boson precision at high-energy sensitive probe of Goldstone bosons 

• pp→ ZW might deliver limits at HL-LHC that can reach LEP on weakly coupled BSM



Thank You!



Standard  Signatures

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions

35

(a) (b) (c)

(d) (e) (f) (g)

Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one

5
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Figure 11: (Left) The 95% CL upper limits on the production cross section for the (upper left)
T2tt, (upper right) T2bb, and (lower) T2qq simplified models, shown as a function of the squark
and LSP masses meq and mec0

1
. The diagonal dotted line shown for the T2tt model corresponds

to meq � mec0
1
= mtop. The results labeled “one light eq” for the T2qq model are discussed in the

text. The meaning of the curves is described in the Fig. 10 caption.



R-Parity  Violation

(a) t̃ t̃⇤ ! (d̄ s̄)(ds)
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t̃
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s
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(b) t̃ t̃⇤ ! (b̄s̄)(bs)

Figure 1: Diagrams depicting the direct pair-production of top squarks through strong interactions, with decays into
a d- and an s-quarks (left) or to a b- and an s-quark (right) through the � 00 R-parity violating couplings, indicated
by the blue dots.

5 Object reconstruction

Candidate jets are reconstructed from three-dimensional topological energy clusters [68] in the calorimeter
using the anti-kt jet algorithm [69] with a radius parameter of 0.4. Each topological cluster is calibrated to
the electromagnetic scale response prior to jet reconstruction. The reconstructed jets are then calibrated to
the particle level by the application of a jet energy scale (JES) calibration derived from simulation and in
situ corrections based on 13 TeV data [70–72]. The TightBad cleaning quality criteria [73] are imposed
to identify jets arising from non-collision sources or detector noise. Any event containing at least one jet
failing quality requirements with pT > 20 GeV is removed.

Jets containing b-hadrons (b-jets) are tagged by a multivariate algorithm (MV2c10) using information
about the impact parameters of inner detector tracks associated to the jet, the presence of displaced sec-
ondary vertices, and the reconstructed flight paths of b- and c-hadrons inside the jet [74]. A working point
with a 77% e�ciency, as determined in a simulated sample of tt̄ events, was chosen. The corresponding
rejection factors against jets originating from c-quarks and from light-quarks or gluons are 4.5 and 130,
respectively [75].

6 Event Selection

Each event is required to have a reconstructed primary vertex consistent in location with the beamspot
envelope, with at least two associated tracks with pT > 400 MeV. If more than one such vertex is found,
the vertex with the largest

P
p2

T of the associated tracks is chosen.

The final state under consideration consists of four jets forming two pairs, originating from a pair of equal
mass resonances. After the trigger requirement, only events with at least four reconstructed jets with
pT > 120 GeV and |⌘ | < 2.4 are retained in the analysis.
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Figure 9: The 95% CL upper limit on the � ⇥ BR compared to the theoretical cross-section for the direct pair-
production of top squark with decays into (a) q̄q̄0 or (b) b̄s̄ and (c) high mass colorons decaying into qq and sgluons
decaying into gg. The dashed black and solid red lines show the 95% CL expected and observed limits respectively,
including all uncertainties except the theoretical signal cross-section uncertainty. The solid yellow (green) band
around the expected limit shows the ±1� (±2�) uncertainties around this limit. The shaded coloured cross-section
band indicates the ±1� variations due to theoretical uncertainties on the signal production cross-section given by
renormalisation and factorisation scale and PDF uncertainties.
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Figure 1: Diagrams of the four simplified signal benchmark models considered. The first three models involve pair
production of gluinos with each gluino decaying as (a) g̃ ! tt̄ �̃0

1 ! tt̄uds, (b) g̃ ! t̄ t̃ ! t̄ b̄s̄, (c) g̃ ! qq �̃0
1 !

qqqq`/⌫. The fourth model (d) involves pair production of top squarks with the decay t̃ ! t �̃0
1/2 or t̃ ! b �̃±1 and

with the LSP decays �̃0
1/2 ! tbs or �̃±1 ! bbs; the specific decay depends on the nature of the LSP. In all signal

scenarios, anti-squarks decay into the charge-conjugate final states of those indicated for the corresponding squarks,
and each gluino decays with equal probabilities into the given final state or its charge conjugate.

Monte Carlo simulation. In addition, the background estimation procedure is validated with simulated
events, and some of the systematic uncertainties are estimated using simulated samples. The samples used
are shown in Table 1 and more details on the generator configurations can be found in Refs. [38–41].

4 Object reconstruction

For a given event, primary vertex candidates are required to be consistent with the luminous region and to
have at least two associated tracks with pT > 400 MeV. The vertex with the largest

P
p2

T of the associated
tracks is chosen as the primary vertex of the event.
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T before cuts for the benchmark point (blue) and a similar point
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MS̃ (GeV): 1 3 5 7 9 11 13 15 17

MH1
(GeV): REmiss

T :
87 .125
85 .134 .134
83 .147 .146 .145
81 .166 .169 .161 .160
79 .192 .194 .186 .186 .179
77 .232 .224 .225 .221 .211 .207
75 .273 .276 .268 .261 .266 .252 .247
73 .319 .316 .309 .310 .307 .302 .298 .294
71 .358 .366 .362 .359 .353 .355 .353 .345 .343

Table 2: Ratios REmiss
T of the number of events with Emiss

T > 160 GeV (before other cuts) in
the NMSSM, over the number of events in the MSSM (with the bino as LSP), as function
of MS̃ and MH1

keeping Mbino fixed at 89 GeV.

to 17 GeV andMH1
from 87 GeV to 71 GeV, keeping the bino mass fixed at 89 GeV. We first

studied the ratio REmiss
T defined by the ratio of the number of events with Emiss

T > 160 GeV
(before other cuts) in the NMSSM, over the number of events in the MSSM with the bino
as LSP. The results for REmiss

T are shown in Table 2. (The relative statistical error on REmiss
T

is about 2% for REmiss
T ∼ 0.15, decreasing slightly with increasing REmiss

T .)
We see that, for the singlino mass MS̃ in the kinematically allowed range, REmiss

T varies
little with MS̃ for fixed MH1

: on average, REmiss
T decreases slightly with increasing MS̃

towards the boundary of phase space. On the other hand, for fixed MS̃, REmiss
T has a

stronger increase with decreasing MH1
(away from the boundary of phase space).

As stated above, the impact of the “missing” Emiss
T on the signal rates in channel D [1]
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FIG. 12. Observed 95% C.L. exclusion limit and most sensitive analysis per point for m�0
1
= 100 GeV. Diagonal dashed

(dashed-dotted) lines show shows the threshold for t̃1 ! be�±
1 (t̃1 ! te�0

2/3). Left: �L. Right: �S

do this we explored a number of di↵erent scenarios,
mostly notably examining the di↵erence between a small-
� case, where the LSP is dominantly a singlino and the
large-� case, where the LSP can contain a substantial
higgsino component. We also study in detail the di↵er-
ences that occur when the gluino is light enough that it
dominates the SUSY production cross-sections and what
happens when the gluino is pushed to a mass where LHC
production is no longer copious.

We find that, when constructing a realistic phenomeno-
logical model, the NMSSM-specific decay chains via in-
termediate heavy neutralinos often create an MSSM-like
topology, q̃

3

! q
3

�̃0

1

which can be preceded by g̃ ! q̃
3

q
3

if the gluino is light. If the branching ratio to these decay
chains are large, the limits very closely follow those of-
ten studied as simplified models in the MSSM. However,
the branching ratio depends on the size of the NMSSM-
coupling �. If it is large, all neutralinos have a sizeable
higgsino fraction and direct decays into the lightest neu-
tralino are significant. However, in case of small �, the
coupling of the squarks to the LSP is made small since
it has a large singlino content. Therefore decays via in-
termediate charged and neutral higgsinos are preferred if
kinematically allowed which lengthens the decay chains
seen. In addition, since di↵erent decay modes may be
competing with similar branching ratios, ‘asymmetric’
decay chains can often occur.

These longer decay chains can lead to weaker LHC
bounds for two particular reasons. First of all, the AT-
LAS searches have more focussed of the MSSM specific
signatures and consequently not been designed with these
final states in mind. Secondly, the longer decay chains
lead to a higher final state particle multiplicity but with

each individual particle carrying smaller pT . In addition
the same e↵ect reduces the final state Emiss

T as observed in
other studies with more complicated decay topologies e.g.
[87]. On the other hand, additional final states, namely
jets and leptons, can improve the sensitivity even though
the invisible transverse momentum is reduced. Therefore
an important conclusion of this study is that it is not ob-
vious if the e�ciency is smaller or larger in a particular
NMSSM scenario simply by looking at the spectrum and
decays. Instead it is crucial to test the model against
a large number of searches covering various final state
topologies.
Within this study we do test a large variety of di↵er-

ent analyses but still only use one signal region to define
the overall limit. In the models with extended and asym-
metric decay chains (where we observe a weakening of the
LHC limit), we expect the signal to populate a more var-
ied number of signal regions than if the model predicted
a single dominating decay chain. Therefore it may be ex-
pected that a combination of the sensitivities across all
analyses can significantly enhance the limits but this is
beyond the scope of this study.

ACKNOWLEDGEMENTS

JT would like to thank Prof. Herbi Dreiner and the
Bethe Centre for Theoretical Physics at Bonn Univer-
sity for hospitality and support while part of this work
was completed. The work of JSK has been partially sup-
ported by the MICINN, Spain, under contract FPA2013-
44773-P, Consolider-Ingenio CPAN CSD2007-00042 and
the Spanish MINECO Centro de excelencia Severo Ochoa
Program under grant SEV-2012-0249.

1 5 1 0 . 0 4 8 7 1  

e.g.  NMSSM light Singlino: extra bb-resonance in a generic SUSY search



Softer

 0

 500

 1000

 1500

 2000

 0  100  200  300  400  500  600  700  800  900  1000

Ev
en

ts
 / 

20
 G

eV
   

 (L
in

t =
 2

0.
3 

fb
-1

)

ET
miss   (GeV)

√ s = 8 TeV

NMSSM BMP
MSSM-like

Figure 1: Spectra of Emiss
T before cuts for the benchmark point (blue) and a similar point

in the MSSM with a bino LSP (red).

MS̃ (GeV): 1 3 5 7 9 11 13 15 17

MH1
(GeV): REmiss

T :
87 .125
85 .134 .134
83 .147 .146 .145
81 .166 .169 .161 .160
79 .192 .194 .186 .186 .179
77 .232 .224 .225 .221 .211 .207
75 .273 .276 .268 .261 .266 .252 .247
73 .319 .316 .309 .310 .307 .302 .298 .294
71 .358 .366 .362 .359 .353 .355 .353 .345 .343

Table 2: Ratios REmiss
T of the number of events with Emiss

T > 160 GeV (before other cuts) in
the NMSSM, over the number of events in the MSSM (with the bino as LSP), as function
of MS̃ and MH1

keeping Mbino fixed at 89 GeV.

to 17 GeV andMH1
from 87 GeV to 71 GeV, keeping the bino mass fixed at 89 GeV. We first

studied the ratio REmiss
T defined by the ratio of the number of events with Emiss

T > 160 GeV
(before other cuts) in the NMSSM, over the number of events in the MSSM with the bino
as LSP. The results for REmiss

T are shown in Table 2. (The relative statistical error on REmiss
T

is about 2% for REmiss
T ∼ 0.15, decreasing slightly with increasing REmiss

T .)
We see that, for the singlino mass MS̃ in the kinematically allowed range, REmiss

T varies
little with MS̃ for fixed MH1

: on average, REmiss
T decreases slightly with increasing MS̃

towards the boundary of phase space. On the other hand, for fixed MS̃, REmiss
T has a

stronger increase with decreasing MH1
(away from the boundary of phase space).

As stated above, the impact of the “missing” Emiss
T on the signal rates in channel D [1]

7

χ̃ → S̃ H₁

1 4 0 6 . 7 2 2 1

E A C H  M O D I F I C AT I O N  M AY  N E E D  N E W  A D - H O C  S E A R C H E S

15

FIG. 12. Observed 95% C.L. exclusion limit and most sensitive analysis per point for m�0
1
= 100 GeV. Diagonal dashed

(dashed-dotted) lines show shows the threshold for t̃1 ! be�±
1 (t̃1 ! te�0

2/3). Left: �L. Right: �S

do this we explored a number of di↵erent scenarios,
mostly notably examining the di↵erence between a small-
� case, where the LSP is dominantly a singlino and the
large-� case, where the LSP can contain a substantial
higgsino component. We also study in detail the di↵er-
ences that occur when the gluino is light enough that it
dominates the SUSY production cross-sections and what
happens when the gluino is pushed to a mass where LHC
production is no longer copious.
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if the gluino is light. If the branching ratio to these decay
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ten studied as simplified models in the MSSM. However,
the branching ratio depends on the size of the NMSSM-
coupling �. If it is large, all neutralinos have a sizeable
higgsino fraction and direct decays into the lightest neu-
tralino are significant. However, in case of small �, the
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termediate charged and neutral higgsinos are preferred if
kinematically allowed which lengthens the decay chains
seen. In addition, since di↵erent decay modes may be
competing with similar branching ratios, ‘asymmetric’
decay chains can often occur.

These longer decay chains can lead to weaker LHC
bounds for two particular reasons. First of all, the AT-
LAS searches have more focussed of the MSSM specific
signatures and consequently not been designed with these
final states in mind. Secondly, the longer decay chains
lead to a higher final state particle multiplicity but with

each individual particle carrying smaller pT . In addition
the same e↵ect reduces the final state Emiss

T as observed in
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a large number of searches covering various final state
topologies.
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ent analyses but still only use one signal region to define
the overall limit. In the models with extended and asym-
metric decay chains (where we observe a weakening of the
LHC limit), we expect the signal to populate a more var-
ied number of signal regions than if the model predicted
a single dominating decay chain. Therefore it may be ex-
pected that a combination of the sensitivities across all
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Figure 3: LHC bounds for scenario 1, T ! t⌘. Left panel: Exact t-parity case. The

blue/orange shaded areas are excluded by the CMS [34]/ATLAS [35] searches for isolated

lepton, jets, and missing transverse momentum, assuming the same acceptance and cut e�-

ciency for spin-1/2 and spin-0 signal models. The dashed line indicates the bound from the

CMS cut-and-count search in the same channel [36], including the di↵erence in the cut e�-

ciencies. The purple area is excluded by the mono-jet search [37]. Right panel: Approximate

t-parity case, ⌘ ! jj. The blue shaded area is excluded by the ATLAS multijet analysis [38].

In both panels, below the horizontal gray line the Higgs decay h ! ⌘⌘ is kinematically

accessible.

do not consider the case where LtP lifetime corresponds to displaced decays inside a detector,

since displaced decays into jet pairs are very strongly constrained at the LHC independent of

the details of the event [33]. In all scenarios we assume 100% branching ratio in the channels

of interest for both T and the scalars.

3.1 Scenario 1: T T̄ ! tt̄⌘⌘

If the singlet ⌘ is the LtP, the decay T ! t⌘ dominates. We consider two cases: exact t-parity

(stable LtP) and broken t-parity (unstable LtP).

3.1.1 Exact t-Parity

The signal topology in this case is identical to that of stop squark (t̃) pair-production, where

the stop decays via t̃ ! tÑ and Ñ is a stable neutralino. Many searches for this SUSY process

have been performed at the LHC. In the region of the parameter space where a two-body

decay to tÑ is kinematically allowed, the strongest bounds can be derived from the ATLAS

and CMS searches for isolated lepton, jets, and missing transverse momentum (MET) [34–36].

The ATLAS collaboration supplies acceptances and e�ciencies to pass the selection cuts as a

function of mt̃ and mÑ for mt̃ < 800 GeV. We assume that these acceptances and e�ciencies
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1506.051301506.05130v2

Non Standard Top Partners Decay



N L O  F I X E D  O R D E R

A First Look At Scale Uncertainties 
M C F M  6 . 8



N L O  F I X E D  O R D E R

A First Look At Scale Uncertainties 
M C F M  6 . 8



N L O  F I X E D  O R D E R

A First Look At Scale Uncertainties 
M C F M  6 . 8



mt̃,mχ⁺,mχ=(200,150,100)

1 5 %  D E V I AT I O N S
1 0 %  D E V I AT I O N S

Ebmbℓ

S M / B S M S M / B S M

cuts TOP-14-014
MG5@LO

mbℓ and EbNew Physics Effect On 

Ebmbℓ



N-Dim Global Analysis

Δφ(ℓℓ), m(tt)̅,  
… mT2(Subsystems)

 

 

mbℓ
Eb

Eℓ



1210.2808

(⊃EW)

A L S O  1 3 0 1 . 7 1 3 3  N N L O  T O P  D E C AY

NNLO top decay

pp ! bb̄ + 4` resonance aware NLO+PS generator
[Jezo, Lindert, Nason, Oleari, S.P., 1607.04538] http://powhegbox.mib.infn.it

based on Powheg+OpenLoops

Precision improvements wrt standard tt̄ NLO+PS generators

full pp ! tt̄ + Wt ! bb̄ + 4` process with tt̄–tW interference

well defined M
(OS)
t with quantum corrections to top propagators

applicable to observables with unresolved b quarks (jet vetoes) thanks to mb > 0

NLO+PS top production and decay with multi-radiation scheme [Campbell, Ellis,

Nason, Re ‘15]

t

t̄

W

+

W

�

b̄

b

p

p

) t

t̄

W

+

W

�

b̄

b

p

p

Potentially very useful for

mt determinations

Wt measurements and top backgrounds with jet vetoes or high pT /missing ET

16 / 23

1607.04538  “bb4ℓ” POWHEG-RES
1412.1828  “tt_dec” POWHEG

NLO+PS w/top decay

encouraging results form 
“tt_dec” 

2 %  N N L O  C O R R E C T I O N



1210.2808

(⊃EW)

A L S O  1 3 0 1 . 7 1 3 3  N N L O  T O P  D E C AY

NNLO top decay

pp ! bb̄ + 4` resonance aware NLO+PS generator
[Jezo, Lindert, Nason, Oleari, S.P., 1607.04538] http://powhegbox.mib.infn.it

based on Powheg+OpenLoops

Precision improvements wrt standard tt̄ NLO+PS generators

full pp ! tt̄ + Wt ! bb̄ + 4` process with tt̄–tW interference

well defined M
(OS)
t with quantum corrections to top propagators

applicable to observables with unresolved b quarks (jet vetoes) thanks to mb > 0

NLO+PS top production and decay with multi-radiation scheme [Campbell, Ellis,

Nason, Re ‘15]
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Potentially very useful for

mt determinations

Wt measurements and top backgrounds with jet vetoes or high pT /missing ET
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1607.04538  “bb4ℓ” POWHEG-RES
1412.1828  “tt_dec” POWHEG

NLO+PS w/top decay

encouraging results form 
“tt_dec” 
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Challenges
• compressed ⇒ little visible energy


• diluted 


• delayed
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Challenges
• compressed ⇒ little visible energy


• diluted ⇒ spread on many channels


• delayed



Wait …

Figure 9: The two- and four-body decays widths (upper), the total widths (middle) and the branching ratios
(lower) as a function of �m = mũ1 � m�̃0

1
, applying a U(2) (left) and a U(3) (right) symmetry in the

left-handed squark sector.

elements W12 and W15 are O(103) smaller than for an assumed U(2) symmetry, leading to a much

smaller two-body decay branching ratio compared to Fig. 10 (left), where we have branching ratios

close to one for the major part of the parameter points.

The four-body decay width is dominated by the diagrams mediated by flavour-conserving cou-
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1408.4662

t̃→ b ff’χ⁰ + c χ⁰



Challenges
• compressed ⇒ little visible energy


• diluted ⇒ spread on many channels


• delayed ⇒ flavor tags may not work, signal is 
different than what originally thought 
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Figure 9: The distributions of the reconstructed jet-pair invariant masses after forcing each
event into four jets. The points are the data taken in year 2000, for (a) the 205 GeV sample and
(b) the 207 GeV sample. The solid histogram is the predicted Standard Model background. In
(c), the 95% C.L. cross section upper limit for sleptons (via LQD̄), sneutrinos (via LQD̄) and
squarks (via ŪD̄D̄) decaying directly to four jets is shown. The MSSM cross sections for pair
production of muon sneutrinos, left-handed smuons and right-handed squarks are superimposed.
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Figure 7: Selectron indirect decays via a λ coupling: upper limits at the 95% C.L. on the pair-
production cross-sections of a right-handed ẽR decaying indirectly. The dashed line shows the
lowest upper limit (eττνeττν final state) while the solid line shows the highest one (eµµνeµµν
final state).
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Figure 8: Charged slepton direct decays via a λ
′

coupling: upper limits at the 95% C.L. on the
pair-production cross-sections of ẽ (solid line) and µ̃/τ̃ (dashed line) decaying directly.
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Stop Lower Mass Limits (GeV)

Channels θt̃

0 rad 0.98 rad

t̃1 → e+q 100 98

t̃1 → µ+q 100 98

t̃1 → τ+q 98 96

t̃1 → qq 88 77

Table 14: Stop lower mass limits for the two extreme values of the mixing angle in the electron,
muon and tau channels as well as in the 4-jet channel.
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Figure 24: Squark direct decays via a λ
′′

coupling: upper limits at the 95% C.L. on the production
cross-section of squarks decaying directly. Also shown are the maximum (dashed-dotted line) and
minimum (dashed line) stop production cross-sections predicted by the CMSSM, corresponding
to mixing angles of 0 rad and 0.98 rad.

47

OPAL

0
0.05
0.1

0.15
0.2

50 60 70 80 90 100

λi22 Indirect decays

m(ν
∼

L) (GeV)

σ
 (p

b)

λi33

m(ν
∼

L) (GeV)

σ
 (p

b)

Figure 18: Sneutrino indirect decays via a λ coupling: upper limits at the 95% C.L. on the
pair-production cross-sections of sneutrinos decaying indirectly, for ∆m ≤ mν̃/2. The dashed
line shows the lowest upper limit (final states with 4 τ ’s and missing energy) while the solid line
shows the highest one (final states with 4 µ’s and missing energy).
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Figure 19: Sneutrino direct decays via a λ
′

coupling: upper limits at the 95% C.L. on the
pair-production cross-sections of ν̃e (solid line) and ν̃µ/ν̃τ (dashed line) decaying directly.
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Figure 8: Top: Contour lines of 68% and 95% CL allowed regions for fixed values of S and T with U = 0
for the present data (blue). Overlaid (dark red) is the predicted line for S and T for V 2 [0, 2] and
� 2 [1, 10] TeV. Bottom: Measurement of F versus V at 68% and 95% CL from a private combination
of present ATLAS and CMS results (orange), overlaid with the constraint of F versus V when including
the EW-fit (blue).


