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1 Introduction
With the largest Yukawa coupling to the Higgs boson, the top quark is the heaviest particle
of the Standard Model. The top quark mass Mt plays a key role in radiative electroweak cor-
rections [1, 2], and in the mechanism of electroweak symmetry breaking [3]. Consequently,
the top quark mass is a fundamental parameter of the standard model (SM), that needs to be
determined as precisely as possible.

Since the first experimental evidence of the existence of the top quark in 1994 [4] and its ob-
servation in 1995 [5, 6], direct reconstruction measurements of its mass have been performed.
These methods, relying on the reconstruction of the top quark decay products, are currently
dominated by systematic uncertainties, mostly related to the (b) jet energy scale and the mod-
eling of soft QCD effects such as b quark hadronization [7].

Already in 1992, the idea of only partially reconstructing the top quark in leptonic final states
with J/y’s from the B hadron decays to measure its mass was suggested [8]. These techniques
were further refined in [9, 10]. They propose the selection of tt events where at least one top
quark decays in the leptonic channel, with a J/y created in the fragmentation of the b quark.
The b quark to J/y transition proceeds in two steps, with a B hadron as intermediary. The
B hadron production is described by fragmentation functions, while its decay modeling uses
previous experimental results from B hadron factories. Figure 1 shows the decay chain of in-
terest: The final state with three leptons, two of which originate from the J/y decay, constitute
a relatively background free sample. For a cleaner signature, the reconstruction of J/y ! e+e�
and t leptons is not performed. The branching ratio for tt ! Wb (W ! ` = {e, µ} n) (b !
J/y + X ! µ+µ� + X) is expected to be 3.2 · 10�4 [11]. The top quark mass is obtained through
its correlation with the invariant mass of the system formed by the J/y ! µ+µ� and the iso-
lated lepton (e or µ) from the W boson decay.
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Figure 1: Pictorial view of an exclusive J/� production in a tt̄ system.
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Figure 1: Pictorial view of an exclusive J/y production in a tt system.

The measurement is based on data collected in pp collisions recorded with the CMS detector
in 2012 at a center-of-mass energy of

p
s = 8 TeV. Both tt and single top quark productions

are treated as signal. The kinematic properties of these J/y’s are first examined and compared
to Monte Carlo (MC) simulations for the signal and for standard model backgrounds. Monte
Carlo simulations for several top quark masses are used to calibrate the method and evaluate its
performance, as well as for the estimation of the systematic uncertainties. The main advantage
of this analysis lies in the indirect determination of the top quark mass by using only leptons.
In this way, the dependence of the measurement on several dominant systematic uncertainties
linked to QCD, jet reconstruction and b-tagging techniques, is considerably reduced, while the
fragmentation modeling is of paramount importance. The drawback of this method is the very

Mt = 173.5 ± 3.0 (stat.) ± 0.9 (syst.) GeV.
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Figure 5: Distributions of the distance in the (h, f) plane between the reconstructed J/y can-
didate and the leading lepton (top), and of the invariant mass (bottom) of their combination,
in the µ/µµ/µe + Jets channel (left) and in the e/ee/eµ + Jets channel (right). Processes are
normalized to their theoretical cross section. The lower inset shows the ratio of the observed
over the expected distributions.
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Figure 5: Distributions of the distance in the (h, f) plane between the reconstructed J/y can-
didate and the leading lepton (top), and of the invariant mass (bottom) of their combination,
in the µ/µµ/µe + Jets channel (left) and in the e/ee/eµ + Jets channel (right). Processes are
normalized to their theoretical cross section. The lower inset shows the ratio of the observed
over the expected distributions.
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The other side of LHC ...
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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.
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t→ bW → bℓν

Soft is hard

t̃→ b χ⁺ → bℓνχ⁰



t→ bW → bℓν

Soft is hard

t̃→ b χ⁺ → bℓνχ⁰

New physics is SM-like

Better precision 
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SUSY as proxy to many other 
scenario fo new physics 

Generic  
issue of new physics searches 

Soft is hard
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Theory Options

more subtle signals ⇒ precision
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tough decays

flavor structure



Run2 ≃ Subtle New Physics



∫
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)
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Will not cover

• g̃→ ttχ 

• A_FB, A_c (e.g. review 1506.02800) 
• ttZ, ttγ, … 
• Gμν tσμνt   (σ(tt) 1210.2570, CMS-TOP-14-005 Δφ(ℓℓ), boosted 1412.6654) 
• Gμν T’σμνt (CMS-PAS-B2G-12-014 and alike) 
• … 

(well known) indirect limits

“closed” games



Will cover 
• Top as a background 

• Top as a source  

• Top as a trigger



Will cover 
• Top as a background for subtle new physics 

• Top as a source of subtle new physics 

• Top as a trigger for subtle new physics



Will cover 
• Top as a background for subtle new physics 

• Top as a source of subtle new physics 

• Top as a trigger for subtle new physics

BSM in precision hadronic scattering



Top as a background
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Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normalization
free with a fixed background normalization. The tt̄ nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fSM correspond to an anti-correlation of the top
and antitop quark spins. A value of fSM = 0 implies that
the spins are uncorrelated and values of fSM > 1 indicate
a degree of tt̄ spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [97].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default tt̄ sample generated by MC@NLO inter-
faced with HERWIG to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1
= 1 GeV) normalized to the

NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM tt̄ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM tt̄ plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42], the size of
the variation is compatible with the recent measurements
of additional jet activity in tt̄ events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and tt̄ produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [78, 99]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is found
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TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normalization
free with a fixed background normalization. The tt̄ nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fSM correspond to an anti-correlation of the top
and antitop quark spins. A value of fSM = 0 implies that
the spins are uncorrelated and values of fSM > 1 indicate
a degree of tt̄ spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [97].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default tt̄ sample generated by MC@NLO inter-
faced with HERWIG to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1
= 1 GeV) normalized to the

NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM tt̄ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM tt̄ plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42], the size of
the variation is compatible with the recent measurements
of additional jet activity in tt̄ events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and tt̄ produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [78, 99]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is found
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e↵ect of combining the �tt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e�cient t ! t̃�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃, m�0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�0

1
. 20GeV, while

it is not e↵ective for higher masses because signal rates
rapidily become too low with increasing m�0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �tt̄ presented in [59]. We show the
limits of this scenario in the (mt̃,mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �tt̄, thus compensating the e↵ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di↵erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

1407.1043 

mχ ≠ 1 GeV

light stop effects on top cross-section

variations of mtop reflected on σ(tt) 



BSM in precision 
hadronic scattering

mass measurement at ≲0.5%! ⇒ precision QCD

top quark physics is well under control 

suitable to look for subtle effects



RF - 1601.02684

15% deviations

mbℓ

SM/BSM

SM
SM+BSM

mt̃,mχ⁺,mχ=(200,150,100)

RF - in preparation

μ=2μ₀
μ=0.5μ₀

2μ₀/0.5μ₀

5% deviations

SM tt ̅(MCFM) as in TOP-14-014

NLO

New physics effect on mbℓ

Theory uncertainty is critical



mt̃,mχ⁺,mχ=(200,150,100)

15% deviations 10% deviations

New physics effect on mbℓ and Eb

Ebmbℓ

SM/BSM SM/BSM

cuts TOP-14-014

Theory uncertainty is critical

RF - in preparation



Adding more variables

pTℓ

• “large” difference in the tails, 
mtop is affected 

• not too bad for mtop  (1407.2763) 

• would be terrible if this was 
the effect of new physics 
sough for in these tails

μ=mtop

μ=HT/2
Eℓμ=mtop

μ=HT/2
MCFMMCFM

Theory uncertainty is critical

RF - in preparation



N-dim global analysis
mbℓ

Eb

Eℓ

Δφ(ℓℓ), m(tt)̅,  
… mT2(Subsystems)

 

 

RF - in preparation



Top as a source



Top as a trigger

Top as a source



Direct production of light states
despite being light, new physics can have

• low cross-section (EW states) 
• subtle signatures (hadronic states)

pp→tt ̅  becomes a trigger and a source for new physics



top decays to BSM

• t → bH⁺→ bτν (CMS-PAS-HIG-12-052) 
• t → t̃ χ    (few % BR in the MSSM) 
• t → τ̃ b → b b c  (RPV λ’) 

• t → cZ, cH (and c→q, 1508.05796, 1312.4194, PAS-TOP-14-020) 
• t → bcℓ   (BNV 1107.3805, 1310.1618) 
• t → qeμ (1507.07163) 
• t → qW (1404.2292) 
• t → bbc (1407.1724,1407.1725)

top as a “portal”

Indirect test through higher dimensional operators:

Direct production of light new physics:

• Generic (SM is tiny) 
• can be done → need to be done 
• indirect test, but some models in the reach (e.g. cZ, cH)

lots of dedicated searches, worth considering also BR measurement 1506.05074



t → t̃χ→ b ff’ χχ

t̃

χ

t
Br(t→t̃χ) can be 5% for χ=Bino

t̃→ b ff’χ

t→ t̃χ

stable LSP

t → t̃χ→ b ff’ χχ



t → t̃χ→ b ff’ χχ

t̃

χ

t
Br(t→t̃χ) can be 5% for χ=Bino

t̃→ b ff’χ

t→ t̃χ

stable LSP

soft challenge

softer visible products

t → t̃χ→ b ff’ χχ



An orthogonal playground

t → t̃χ→ b ff’ χχt̃

χ

t

Ferretti, RF, Petersson, Torre - 1502.01721
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An orthogonal playground
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Top as a trigger
hadronic stops in RPV SUSY

 

large QCD cross-section for direct production



Top as a trigger
hadronic stops in RPV SUSY

 

large QCD cross-section for direct production

larger QCD background!
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distribution in the average mass of selected dijet pairs has been investigated for localized dis-
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95 GeV. Limits are set on top squark pair production through the l00
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].
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trigger is a killer at low mass

lower trigger thresholds

cut&count w/sub-structure in ATLAS-CONF-2015-026
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Global picture  
of top decay fractions

Measured SM LEP

(top quark) (W )

�tt 178± 3 (stat.)± 16 (syst.)± 3 (lumi.) pb 177.3± 9.0+4.6
�6.0 pb

Bj 66.5± 0.4 (stat.)± 1.3 (syst.) 67.51±0.07 67.48±0.28

Be 13.3± 0.4 (stat.)± 0.5 (syst.) 12.72±0.01 12.70±0.20

Bµ 13.4± 0.3 (stat.)± 0.5 (syst.) 12.72±0.01 12.60±0.18

B⌧ 7.0± 0.3 (stat.)± 0.5 (syst.) 7.05±0.01 7.20±0.13

1506.05074

clearly a test for BSM (e.g. t→ b τ mET)

(BR measurement)

interesting to see interpretation in new physics scenarios  
(t→  b τ mET,   t → c mET, t → bff’ mET, … )

precise test of SM



10 8 Results

where the two terms on right-hand side have the W boson helicity fractions in common as
free parameters. The contribution of the W+jets background in each decay channel, b

µ(e)
W jet, is

also determined by the fit. The combined likelihood is used to extract the W boson polariza-
tions and the systematic uncertainties in Table 2. All theoretical and experimental uncertainties
are considered fully correlated between the two channels, except for the lepton trigger and
reconstruction efficiencies and for the limited size of simulated signal event samples. The com-
bination of the two measurements leads to

FL = 0.298 ± 0.028 (stat) ± 0.032 (syst),
F0 = 0.720 ± 0.039 (stat) ± 0.037 (syst),
FR = �0.018 ± 0.019 (stat) ± 0.011 (syst),

with a total correlation of �0.80 between FL and F0. The behavior of the combined FR value
being outside the interval of the FR in the muon and electron channels is a consequence of the
Â Fi = 1 constraint together with the different contributions of the two channels in the combi-
nation. The smaller statistical uncertainty in FR is because of the negative (FL, F0) correlation.
Moreover, correlations between the systematic uncertainties in the two channels, which are
taken into account by construction in the combined fit, lead to smaller systematic uncertainty
in the combined FR.

Figure 2 illustrates the combined measured left-handed and longitudinal W boson helicity frac-
tions with their uncertainties, compared to the SM expectation in the (FL; F0) plane. The right-
handed polarization, FR, is compared with the SM prediction and previous results in Fig. 3.

0F
0.65 0.7 0.75 0.8

LF

0.2

0.25

0.3

0.35

Data,
Stat. unc.
Syst. unc.
Total unc.
SM pred.

CMS  (8 TeV)-119.7 fb

(PRD 81 (2010))

Figure 2: Combined results from the muon+jets and electron+jets events for the left-handed
and longitudinal W boson helicity fractions, shown as 68% contours for statistical, systematic,
and total uncertainties, compared with the SM predictions [10].

The combined W helicities, which are consistent with the SM expectations, are used as input
to the TOPFIT [9, 45] program to exclude the tensor terms of the tWb anomalous couplings,
gL and gR, while assuming VL = 1 and VR = 0. The best fit values for gL and gR couplings
are �0.017 and �0.008, respectively. Figure 4 shows the exclusion limits with 68% and 95%
confidence levels (CL).

TOP-14-017

pp→ tt ̅pp→ tX
1410.1154

W helicity fractions

interesting to see interpretation in new physics scenarios  
(t→  b τ mET,   t → c mET, t → bff’ mET, … )



Conclusions

• global picture of top decay, including BSM decays 
several examples (light t̃, 4-fermions operators, … )

rare or soft BSM decays of W and b into tt ̅sample 
rare or soft BSM associated to tt ̅

large number of tops → better understanding of top

precision is an asset, can be “inherited” for BSM interpretations

• top as a source of new physics, also trigger

• “soft” new physics (mass~mtop) may be hard for searches 
BSM signals in precision top obs. ( σtt, Δφ(ℓℓ), mb , Eb, … ) 
N-dim strategy to isolate multiple small coherent signals 
mt̃ < mt  and mt̃ < mt -mχ   very worth looking at 

• top in association with other states 
• high precision study of top decay  (including studies on hadrons) 



Thank you!
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Improved by calculation at NLO ± 1.2 (syst.) ± 0.6 (th.)
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8 5 Evaluation of limits on B(t ! H+b)
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Et
. Data points, total SM backgrounds and charged Higgs

boson signal yields are separately normalized to unity. The “misidentified th” component is
estimated using the data-driven method. The area shaded with lines indicates the total uncer-
tainty.
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Table 1: Numbers of expected events in the µth final state for the backgrounds and the charged
Higgs boson signal from WH and HH processes at mH+ = 120 GeV, and the number of ob-
served events after the final event selection.

Source Nevents (± stat. ± syst.)
HH+HW, mH+=120 GeV, B(t ! H+b)=0.05 179.3 ± 8.7 ± 22.1

t fakes (from data) 222.0 ± 11.4
tt̄ ! WbWb ! (µnb) (thnb) 304.7 ± 2.8 ± 25.9
tt̄ ! WbWb ! (`nb) (`nb) 21.4 ± 0.7 ± 6.9

Z/g⇤ ! ee, µµ 0.4 ± 0.4 ± 0.1
Z/g⇤ ! tt 50.6 ± 17.6 ± 20.7
Single top 26.6 ± 1.2 ± 3.3

VV 4.4 ± 0.5 ± 0.7
Total expected from SM 630.1 ± 17.9 ± 46.9
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Figure 3: Distribution of Emiss
T (left) and th transverse momentum (right) after the full event

selection. Distributions obtained from data (points) are compared with simulation. The sim-
ulated contributions are normalized to the SM predicted values. The expected event yield in
the presence of the t ! H+b, H+! t+nt decays is shown as a dashed line for mH+ = 120 GeV
and under the assumption that B(t ! H+b) = 0.05. The last bin includes the overflow. The
hatched area shows the total uncertainty.
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Figure 3: Distribution of Emiss
T (left) and th transverse momentum (right) after the full event

selection. Distributions obtained from data (points) are compared with simulation. The sim-
ulated contributions are normalized to the SM predicted values. The expected event yield in
the presence of the t ! H+b, H+! t+nt decays is shown as a dashed line for mH+ = 120 GeV
and under the assumption that B(t ! H+b) = 0.05. The last bin includes the overflow. The
hatched area shows the total uncertainty.
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off-shell H⁺ also interesting

insist on well understood distributions to test SM and BSM



t → bcℓ
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Subtleties of the subtle effects
Δmtop≲300 MeV despite 5% deviations in the tails 

μ=mtop

μ=HT/2 • despite “large” difference in 
the tails, mtop is unaffected 

• good for mtop 

• would be terrible if this was 
the effect of new physics 
sough for in mtop

Eb



7

200 250 300 350 400 450 500

10

210

]
2

 [GeV/cjjjM

 B
 (

p
b

)
× 

!
9
5
%

 C
L

 L
im

it
 

CMS -1
 L dt = 35.1 pb"

 = 7 TeVs     

 Observed
 Expected

! 1± 

! 2± 
(Gluino)NLO!
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cross section for gluino production.
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9

1500 GeV gluino mass. To quote numerical results, we conservatively use the points where
the �1s-uncertainty curve for the NLO+NLL cross section crosses the expected- and observed-
limit curves. We additionally quote the result where the central theory curve intersects the limit
curves.

The production of RPV gluinos decaying into light-flavor jets is excluded at 95% CL for gluino
masses below 650 GeV, with a less conservative exclusion of 670 GeV based upon the central
theory value. These results extend our limit of 460 GeV [9] obtained with the 2011 CMS dataset.
Gluinos that decay into heavy-flavor jets are excluded for masses between 200 and 835 GeV,
which is the most stringent mass limit to date on this model of RPV gluino decay, with the less
conservative exclusion of 855 GeV from the central theory value.
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7 Conclusion

A search for hadronic resonance production in pp collisions at a center-of-mass energy of 8 TeV
has been conducted by the CMS Collaboration at the LHC with a data sample corresponding
to an integrated luminosity of 19.5 fb�1. The approach is model independent, with event se-
lection criteria optimized using the R-parity-violating (RPV) supersymmetric model for gluino
pair production in a six-jet final state. Two different scenarios for this RPV decay have been
considered: gluinos decaying exclusively to light-flavor jets, and gluinos decaying to at least
one bottom-quark jet and two light-flavor jets, with the assumption in both cases of a 100%
branching fraction for gluino decay to quark jets. Data-driven methods have been used to
derive standard model QCD multijet estimates. Events with high jet multiplicity and a large
scalar sum of jet pT have been analyzed for the presence of signal events, and agreement has
been found between the standard model background estimates and the numbers of selected
events. The production of RPV gluinos decaying into light-flavor jets has been excluded for
masses below 650 GeV at 95% CL. Heavy-flavor gluinos have been excluded at 95% CL for
masses between 200 and 835 GeV, which is the most stringent limit to date for this model of
gluino decay.
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FIG. 3. The observed (points) and expected (solid black line)
95% confidence level limits on the production cross section
σ(pp̄ → XX

′

) × BR(g̃g̃ → 3 jet + 3 jet) where X,X ′ = g̃, q̃,
or ˜̄q, including systematic uncertainties. The shaded bands
represent the total uncertainty on the limit. Also shown is
the model cross section from pythia corrected by an NLO
k-factor (dash-dot line for 0.5 TeV/c2 < m

q̃
< 0.7 TeV/c2,

dashed line for m
q̃
= m

g̃
+ 10 GeV/c2).

TeV/c2 < m
q̃
< 0.7 TeV/c2) we exclude gluinos below

a mass of 144 GeV/c2 (dashed line). In the case of a
squark mass which is nearly degenerate with the gluino
mass (m

q̃
= m

g̃
+ 10 GeV/c2) we exclude gluinos below

155 GeV/c2 (dash-dot line).

We have performed a first search for three-jet hadronic
resonances in a six or more jet final state using a data
sample with an integrated luminosity of 3.2 fb−1 collected
by the CDF II detector. A novel technique is introduced
that exploits kinematic features within an ensemble of
jet combinations that allows us to extract signal from
the QCD background. We observe no significant excess
in the data in an invariant mass range from 77 GeV/c2

to 240 GeV/c2 and place 95% confidence level limits on
the production cross section σ(pp̄ → XX

′

) × BR(g̃g̃→
3 jet + 3 jet) where X,X ′ = g̃, q̃, or ˜̄q, with q̃, ˜̄q → g̃ +
jet, versus gluino mass. The results are presented as lim-
its on RPV gluinos decaying to three jets, but are more
widely applicable to any new particle with a three-jet de-
cay mode. Two different squark mass scenarios have been
considered: decoupled squarks and squarks nearly degen-
erate in mass with the gluino. We can exclude gluinos
below 144 GeV/c2 and 155 GeV/c2 respectively.
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FIG. 1: E�ciencies and acceptances for stop pair production (left) and top pair production with one or two tops decaying to
stop and neutralino (right) in the CMS top cross section measurement considered [46]. The e�ciencies are normalized to the
SM top e�ciency of 0.12. Solid lines refer to a right-polarized stop (blue for the case of bino LSP, purple for the gravitino
LSP), while dashed lines to a left-polarized stop (red for bino LSP and orange for gravitino LSP). We use Pythia for 2(t ! t̃)
(dotted magenta), neglecting polarization and o↵-shell e↵ects.

Procedure: In practice, in the presence of a SUSY
contamination, the measured cross section is

�exp
tt̄ = �tt̄(mt)

✓
1 +

✏t̃t̃⇤(mt,mt̃,m�0
1
)

✏tt̄(mt)

�t̃t̃⇤(mt̃)

�tt̄(mt)

◆
(1)

where with ✏ we collectively denote the e�ciency and
acceptances for an event to be selected by the experi-
mental analysis. We keep the explicit mass dependence
of the various quantities, and for simplicity we include
only the top squark pair production contribution. This
formula gets further modified if the top is kinematically
allowed to decay to a stop, as described below. Note that
throughout this paper, we assume the stop always decays
to a lighter neutralino, leaving the possibility of decays
to charginos for future work.

For mt̃ ⇠ mt, �t̃t̃⇤ ⇠ 26 pb at
p
s = 7 TeV. Tak-

ing the e�ciencies ✏tt̄,t̃t̃⇤ to be the same, and adding
the theoretical and experimental uncertainties in quadra-
ture, one naively expects to set upper bounds at 95%C.L.
on �t̃t̃⇤ of 45 pb and 25 pb by using the SM NLO+NLL
and NNLO+NNLL predictions for �tt̄ respectively. This
clearly indicates that it was not possible [5] to use our
proposed method before the NNLO results were avail-
able. A similar result persists in a more careful analy-
sis [62] as illustrated below.

We now describe our method in detail. For concrete-
ness we focus on the CMS 7TeV 2.3 fb�1 cross section
measurement [46], based on dileptonic tt̄ final states and
using a cut and count approach, providing a measure-
ment uncertainty ��tt̄/�tt̄ ⇠ 4.5%, comparable to the
most precise LHC measurements. It is useful for illustrat-
ing our method, since, contrary to those analyses based
on multivariate (MVA) techniques, it allows us to repro-
duce fairly well its results without a detailed knowledge

of the unpublished inner workings of the analysis. More-
over, cut and count analyses tend to be more inclusive
than MVA ones and therefore they may accept a larger
fraction of the contaminating SUSY signal. We stress
that ultimately the study proposed here should be per-
formed directly by the experimental collaborations.

In the following we first discuss the case where the SM
top mass is known and use mt = 173.3 GeV. This as-
sumes that a possible stop contamination in the tt̄ sample
does not bias current top mass measurements. We leave
the investigation of this question to future work [64],
while we limit ourselves to showing its implications by
relaxing this assumption later in this letter.

The quantity in (1) that needs to be estimated
is ✏t̃t̃⇤/✏tt̄. For this purpose we generated events
with MadGraph 5 [65], showered and hadronized with
Pythia 6.4 [66], and performed jet clustering using Fast-
Jet 3.0 [67, 68]. Both o↵-shell and on-shell decays of the
top and stop have been properly included. In particular
we find that o↵-shell e↵ects are important also for the
region mt̃ > mt. We have implemented the CMS analy-
sis in the ATOM package [69] and validated it with the
information provided in the experimental paper. We find
very good agreement comparing the t̄t acceptance ⇥ ef-
ficiency, see Table I. Additional cross checks have been
performed with PGS4 [70].

To further reduce the recasting uncertainties, we will
always use the ratio ✏t̃t̃⇤/✏tt̄ with both ✏’s estimated with
the same tools. We use the NLO+NLL expression for
the stop cross section [71–73] and neglect SUSY e↵ects
in the top production cross section [74, 75] since they are
negligible for the spectrum considered here. Our findings
are shown in Fig. 1a for a massless lightest SUSY particle
(LSP). The e�ciency for stop pair production relative to
top quickly drops for mt̃ < mt, but it is still sizable for

B(t→ t̃χ) can be sizable 

more on distributions later …
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e↵ect of combining the �tt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e�cient t ! t̃�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃, m�0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�0

1
. 20GeV, while

it is not e↵ective for higher masses because signal rates
rapidily become too low with increasing m�0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �tt̄ presented in [59]. We show the
limits of this scenario in the (mt̃,mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �tt̄, thus compensating the e↵ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di↵erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

from end-point 
1304.5783
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Figure 8: Simultaneous fits to m2
n, MW , and Mt with 4.98 fb�1 of data. The red line is in all cases

the full fit while the blue and green curves are for the background and signal shapes, respec-
tively. Top Row: unconstrained fit; Middle Row: singly-constrained fit; Bottom Row: doubly-
constrained fit. The inset shows a zoom of the tail region in Mb` for the doubly-constrained
case to illustrate the level of agreement between the background shape and the data points.
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Top mass affected by BSM?
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Figure 2: The measured top quark mass as a function of the true top quark mass. The bias in the
measurement arises from the presence of a light t̃1 with mt̃1

= 170GeV and decaying via the
three-body process (left) or with mt̃1

= 175GeV and decaying via the two-body process.

mtrue
t mmeasured

t True �tt̄(m
true
t ) True �tt̄(m

measured
t ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 168.6 169.0 271.1 8.0 279.0 8.1 42.6 0.87 295.4 8.5
172.5 170.8 171.3 251.7 7.3 264.4 7.6 42.6 0.87 276.0 7.8
175 172.9 173.5 233.8 6.8 249.7 7.2 42.6 0.87 258.1 7.3

Table 1: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light
stop (mt̃1

= 170GeV) that decays via the three-body process. All masses are in GeV and all cross-
sections are in pb. The measured top quark mass is biased low from the true mass which results in
the true cross-section at the measured top mass, true �tt̄(m

measured
t ) to be higher than the true cross-

section at the true mass, true �tt̄(m
true
t ). The former quantity is what would be predicted under

the SM-only hypothesis in the presence of the 170 GeV stop. The measured �tt̄ is the sum of true
�tt̄(m

true
t ) and true �t̃t̃⇤ , corrected for the lower acceptance for the three-body decay.

mtrue
t mmeasured

t True �tt̄(m
true
t ) True �tt̄(m

measured
t ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 169.8 169.8 271.1 8.0 273.7 8.0 36.8 0.70 304.8 8.6
172.5 172.0 172.2 251.7 7.3 255.4 7.4 36.8 0.70 285.4 8.0

Table 2: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light stop
(mt̃1

= 175GeV) that decays via the two-body process. All masses are in GeV and all cross-sections
are in pb. For more details, see the caption for Table 1.
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Figure 3: Summary of the effects leading to the sneaky stop scenario: the shifts in the measured tt̄

cross-section and measured top quark mass. The solid line corresponds to an unbiased measurement
of the tt̄ cross-section as a function of the top quark mass. The dot-dashed line is what would be
measured in the presence of a t̃1 ! bW

�̃

0
1 with mt̃1

= 170 GeV for an unbiased top quark mass
measurement. However, under the SM+SUSY hypothesis the top quark mass measurement would
be biased which translates into what would actually be observed shown in the dashed line. For all
three lines, the band reflects the ⇠ 5� 6% theory uncertainty on the cross-section. For comparison,
the measured top quark mass and tt̄ cross-section are shown from recent CMS [9] and ATLAS [1]
results.
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NLO+NLL precision for the LHC8 [18], LHC14 [19], and Tevatron [20] settings.5 The LHC8 and
LHC14 t̃1 pair production cross-sections are provided with a fine granularity in mt̃1

, while for the
Tevatron the mt̃1

variations are obtained following the approach described in ref. [21]. For compar-
ison, the values for a stop quark mass of mt̃1

= 175GeV are 36.8 pb (LHC8), 143.4 pb (LHC14),
and 0.70 pb (Tevatron).

The events are reconstructed using the RIVET 1.8.2 framework [22] and jets are clustered using
FASTJET 3.0.6 [23] with the anti-kt algorithm [24] and radius parameter R = 0.4. Stable particles
(excluding electrons and muons) with pT > 500MeV and |⌘| < 5 are clustered into jets. Jets are b-
tagged6 by identifying b-hadrons from the Monte Carlo truth record within a �R =

p
��

2 +�⌘

2

cone of 0.4 of the jet axis. Events are selected which have a single electron or muon (lepton) in the
final state in order to identify tt̄ decays where one of the W bosons from the t ! bW decays into
leptons and the other decays hadronically. We require at least four jets with pT > 25GeV and at
least two must be b-tagged. Leptons are required to have pT > 25GeV and be at least �R > 0.4
from any jet. The missing transverse momentum is the negative of the vector sum of all stable
particles within |⌘| < 5. Three jets j1, j2, b1, exactly one with a b-tag (b1), are associated with the
hadronically decaying top quark by minimizing the following �

2-like estimator:

�

2 =
(mj1j2b1 �mb2l⌫)

2

(20 GeV)2
+

(mj1j2 �mW )2

(10 GeV)2
,

where ji are from the set of all non b-tagged jets with pT > 25GeV, b1 and b2 are the highest pT
b-tagged jets (not necessarily in order), mW ⇠ 80GeV, and the neutrino four-vector is determined
from the missing transverse momentum in the x and y coordinates and by requiring ml⌫ = mW

for the z component.7 A variable sensitive to the top quark mass is then given by mjjj ⌘ mj1j2b1 .
Figure 1 shows the distribution of mjjj for SM tt̄ production with mt = 172.5GeV along with
the same distribution for t̃1 pair production with a two-body t̃1 ! t

�̃

0
1 decay with mt̃1

= 175GeV
(and mt = 172.5GeV), and a three-body decay t̃1 ! bW

�̃

0
1 for mt̃1

= 170GeV. In all SUSY
scenarios considered, the lightest neutralino is assumed to be massless. The SUSY distributions are
significantly different than the one for SM tt̄. For the three-body decay this is because of the lack
of a resonant top quark. Even for the two-body stop decay, which contains a resonant top quark, the
distribution is shifted to slightly lower values due to the finite widths of both the stop and the top
(the top quark Breit Wigner is skewed low).

Due to the differences in kinematic distributions, the probability of passing the selection will also
vary by process. In the cases with a resonant top quark the acceptance for direct stop pair production
is very similar to tt̄, but the three-body model has a softer pT spectrum and so has a lower probability
of passing the kinematic selection (⇠ 60% lower).

One way of measuring the top quark mass is to measure the average value of mjjj in some window
and then relate this average to the true top quark mass via simulation. We use a window of 100–
200GeV and the calibration curve which relates the measured value of hmjjji to the top quark mass

5 The k-factor from NLO+NLL to NNLO+NNLL for the SM tt̄ process is at the per cent-level (see ref. [17]).
Hence, applying this k-factor to the stop signal (in order to treat both processes on the same footing) would not
change the results.

6We do not emulate an efficiency loss ✏ or mistag rate m. Such effects do not have a big impact and
are similar between signal and background. So long as the two true b-jets are leading and subleading, the
probability to choose a tagged jet which is not a true b-jet is ⇠ 4(1� ✏)m ⇠ 1%.

7The solution to ml⌫ = mW is quadratic in the neutrino pz and the value corresponding to the smaller �2

is used. In some cases, there is no solution to the quadratic equation in which case the neutrino pz is set to zero.
The neutrino is assumed to be massless.
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“proxy” for the kinematic fit used in the present “best” measurements 

mtop from mbjj that minimizes 
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mass potentially shifted by ~1 GeV

t̃→ bWχ⁰
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New physics effect on mbℓ and Eb

t→ bW → bℓν

Eb and mbℓ behave differently

t̃→ b χ⁺ → bℓνχ⁰

Harder Eb, softer mb

mt̃=300 GeV
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New physics effect on mbℓ and Eb
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Figure 3: The invariant mass distribution of the lepton and the b-jet. Note that the lepton and the b-jet do not
necessarily come from the decay of the same top quark, see text. The left panel shows the scale uncertainty bands
for µR = µF = [0.5mt, 0.75mt,mt, 1.25mt]. The right panel shows two NLO normalized mlb distributions for
mt = 171 GeV and mt = 179 GeV.

estimated theoretically. We have also chosen to calculate ⟨cos θlb⟩ for the b-jet that minimizes
the invariant mass mlb since in this case, there is a partial compensation of incorrect assignments
between the numerator and the denominator in Eq. (39). As the result, Mest becomes closer to
the input value mt as compared to the case when “correct” pairing of the b-jet and the lepton
is chosen to calculate ⟨cos θlb⟩ in Eq. (39). It is argued in Ref. [4] that with 10 fb−1 integrated
luminosity, the statistical and systematic uncertainties in the top quark mass of about 1 GeV each
can be achieved from ⟨m2

lb⟩ measurement.
To assess how realistic those uncertainties are, we consider five different values of the top quark

mass mt = [171, 173, 175, 177, 179] GeV. For each of these mt values, we compute Mest for four
values of the renormalization and the factorization scales µR = µF = [0.5mt, 0.75mt,mt, 1.25mt]
and for two sets of parton distribution functions CTEQ [28, 29] and MRST [30]. We use the
mean value and the standard deviation of these eight values to compute central value of Mest and
its error. Clearly, by no means this is an exhaustive scan through the parameter space7 but it
gives us an idea of the uncertainties on the theoretical side. Examples of mlb distributions and
the results of the calculation are shown in Figs. 3,4. The uncertainties on Mest do not depend on
mt in significant way; they are 0.1 (0.2) GeV at leading and next-to-leading order, respectively.
Performing the linear fit, we find

MLO
est = 0.8262mt + 23.22 GeV, MNLO

est = 0.7850mt + 28.70 GeV. (41)

The quality of the linear fit is very good; for example, the root mean square of the residuals of
the NLO fit is δrms = 0.032. It is instructive that the analysis of this observable at leading order
shows stronger correlation between mt and Mest than at next-to-leading order. In addition, the
theoretical uncertainty in Mest increases when NLO QCD corrections are included. The primary
reason for the increased uncertainty is stronger dependence of Mest on the renormalization and
factorization scales at NLO. This feature can be understood by considering the situation where
no phase-space cuts are applied and where all the assignments of a lepton and a b-jet are done
correctly. In this case, as follows from the discussion at the beginning of this Section, the estimator
equals to the top quark mass regardless of the renormalization and factorization scales and the
chosen parton distribution functions. At next-to-leading order, this is not true anymore because
of the gluon radiation in top decay that is sensitive to the value of the strong coupling constant
and, hence, to the renormalization scale. We note that we observe a very weak dependence of Mest

on parton distribution functions which implies that even with the phase-space cuts and incorrect
pairing, this variable is primarily sensitive to top quark decays rather than to top quark production

7For example, one can and perhaps should use different renormalization scales to compute numerator and
denominator in Eq. (39), to get a better idea of the scale uncertainties in Mest.
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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
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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.
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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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Table 1-7. SM and new physics model predictions for branching ratios of top FCNC decays. The SM
predictions are taken from [119], on 2HDM with flavor violating Yukawa couplings [119, 120] (2HDM (FV)
column), the 2HDM flavor conserving (FC) case from [121], the MSSM with 1TeV squarks and gluinos
from [122], the MSSM for the R-parity violating case from [123, 124], and warped extra dimensions (RS)
from [125, 126] .

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! Zu 7⇥ 10�17 – –  10�7  10�6 –

t ! Zc 1⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! gu 4⇥ 10�14 – –  10�7  10�6 –

t ! gc 5⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! �u 4⇥ 10�16 – –  10�8  10�9 –

t ! �c 5⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! hu 2⇥ 10�17 6⇥ 10�6 –  10�5  10�9 –

t ! hc 3⇥ 10�15 2⇥ 10�3  10�5  10�5  10�9  10�4

1.5.2.1 SM top FCNCs

SM contributions to top FCNCs are necessarily small, suppressed by both the GIM mechanism and by the
large total width of the top quark due to the dominant mode t ! bW [127, 128]. This essentially guarantees
that any measurable branching ratio for top FCNC decays is an indication of new physics. The values
in Table 1-7 are from the updated numerical evaluation in reference [119]. Note that the results are very
sensitive to the value of m

b

, since they scale as m
b

(m
t

)4. The di↵erence between decays involving u quark
and c quarks arises from the relative factor |V

ub

/V
cb

|2.

1.5.2.2 BSM top FCNCs

Many models for new physics predict new contributions to top FCNCs that are orders of magnitude in excess
of SM expectations. Extended electroweak symmetry breaking sectors with two Higgs doublets (2HDM) lead
to potentially measurable FCNCs. Parametric expectations are particularly large for 2HDM with tree-level
flavor violation, for which flavor-violating couplings between Standard Model fermions and the heavy scalar
Higgs H or pseudoscalar A are typically assumed to scale with quark masses, as
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remain consistent with limits on light quark FCNCs. The estimates in Table 1-7 are taken from references
[129, 120]. The flavor-violating decays arise at one loop due to the exchange of H,A, and the charged Higgs
scalar H±, with the rate that depends on both the tree-level flavor-violating couplings between fermions and
the heavy Higgs bosons and the masses of the heavy Higgs bosons themselves.

Even when tree-level flavor conservation is guaranteed in the 2HDM by discrete symmetries, the model
predicts measurable top FCNCs due to loop processes that involve the additional charged Higgs bosons. In
this case the rate for flavor-violating processes depends on the mass of the charged Higgs and the angle tan�
parameterizing the distribution of vacuum expectation values between the two Higgs doublets. In the Type-I
2HDM, the branching ratios are typically small; the most promising candidate is t ! gc ⇠ 10�8, with rates
for t ! hq several orders of magnitude smaller. In the Type-II 2HDM, the leading contribution to t ! hq is
enhanced by O(tan4 �) and may be considerable at large tan�. The most optimistic cases are presented in
Table 1-7, taken from [121] for Type I and Type II 2HDM. However, given that Higgs coupling measurements
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Figure 4: Evolution of CLs as a function of Br for the expectation in the absence of signal. The dashed
line corresponds to the conservative estimate of the background (see text). The corresponding limits with
looser cuts on jet pT are also shown (in blue / (dash-dotted)

- Limit calculated with the conservative background :
The signal confidence level as a function of Br is shown in Fig. 4 as a dashed line. The limit is
only slightly degraded : Br < 1.7 · 10−4 at 95% CL. The corresponding limit on the tcH coupling
is λtcH < 0.025.

Limits calculated with standard cuts :
The exact same procedure is used, giving the two curves labelled “loose jet pT cuts” in Fig. 4. With the
nominal (conservative) background the limit on Br is 1.2 ·10−4 (1.4 ·10−4).

5 Conclusions

Based on the data collected at 8 TeV, an estimate is presented of the sensitivity of ATLAS at HL-LHC
to the FCNC t → cH decay, followed by H → γγ. The extrapolation is based on ratios of acceptances
calculated at “truth level” at 8 and at 14 TeV. Specific efficiency losses at HL-LHC due to photon isolation
with respect to full simulation at 8 TeV are taken into account.

Two different sets of analysis cuts on jets are introduced: standard cuts, identical to those used at 8
TeV, and tight cuts aimed at being more robust against pile-up. The tight cuts have a sensitivity only
20% below the standard ones (for the branching ratio), which indicates that there will be some margin
for tuning the cuts when data at HL-LHC become available.

The expected upper limit at the 95% confidence level on the branching ratio, assuming a luminosity
of 3 ab−1 at 14 TeV is 1.5 ·10−4. The derived limit on the tcH coupling is 2.4%. This sensitivity should
be strong enough to rule out some of the models, or demonstrate their relevance in case a significant
signal is observed. Several models predict branching ratios of a few 10−5, somewhat below the presently
estimated limit. The contribution of decay modes in addition to H → γγ will enhance the sensitivity to
FCNC Higgs couplings beyond what is reported here.
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RPV t̃ χ⁺χ⁰ simplified model
LHC searches examined via the RPV MSSM Yevgeny KATS
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Figure 1: Stop decay processes. The higgsinos H̃ are assumed to be on-shell, while the sfermion ( f̃ = t̃R,
t̃L, t̃L, or ñt ) is assumed to be off-shell. The symbols f1, f2, f3 denote Standard Model fermions.

Scenario H̃+ ! H̃0
1 Final state

Coupling Mediator f̃ transition (for each stop)
A

UDD
312 t̃R YES tbqq

B 323 t̃R NO bbbq
C

LQD
323 t̃L YES tbbq

D 321 ñt NO tbqq
E 232 t̃L NO µbbq

Table 1: Benchmark models (referred to later by their labels A–E).

final states for each scenario we will discuss. Note that in the case of (2.2), leptons from stop and
antistop decays can have the same sign. In all cases, we will take

mH̃ = mt̃ �100 GeV , m f̃ � mH̃ . (2.4)

We will also assume the mass splitting between H̃+ and H̃0
1 , the size of the RPV coupling, and the

mass of f̃ to be such that all the decays are prompt.

3. Simulation of Searches

Our simulation framework includes a comprehensive set of ATLAS and CMS searches from
the 7 and 8 TeV LHC runs. Among the more recent searches added (relative to [1]), we would like
to mention in particular the exotic heavy quark searches from ATLAS [3] and CMS [4],2 the CMS
search for second-generation leptoquarks [5], and the ATLAS search for 6-7 high-pT jets [6]. In
addition to discussing existing searches and ways in which they could be strengthened in the context
of our scenarios, we will examine the expected sensitivity of a search, proposed in [7], for high-ST

events with a lepton, high jet multiplicity and a b tag (without a significant E/T requirement). We
have implemented this search as in Sec. 3.3 of [8], assuming 20 fb�1 at 8 TeV.

For generating events with RPV decays, we used MADGRAPH 5 [9] with the RPVMSSM
model [10], and then PYTHIA 8 [11]. For the technical details of how we simulate searches, see

2The single-lepton channel of the CMS search uses a boosted decision tree and is therefore not useful for reinter-
pretation studies like ours. The opposite and same-sign dilepton channels are included in our framework.
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Figure 4: Left: limits on model E, where t̃ ! µbbq, from [4, 5]. Right: limits on model B, where t̃ ! bbbq,
from [6].

4.4 Multiple b jets

In Fig. 4 (right), we consider a scenario with a jets-only final state. While all-jet scenarios
with stop production cross sections are generally difficult, in this particular scenario 6 of the 8 jets
are b-jets. Clearly, the background for such events is small, but there is no search that utilizes this
fact. The ATLAS search for 6-7 high-pT jets [6], which almost sets a limit at low masses, uses bins
requiring 0, 1 or 2 b-tags. Adding bins with larger numbers of b-tags would be beneficial. More
detailed kinematic properties of the signal, such as resonant structures, could also be exploited.

5. Conclusions

By examining a set of new physics benchmark models, we have identified certain well-defined
final states that are not optimally covered by existing LHC searches. We have proposed strategies,
which are modifications on existing searches for exotic heavy quarks [3, 4], leptoquarks [5, 16],
hadronic taus + jets + E/T [14] and multiple high-pT jets [6], that would be more sensitive to these
final states. We have also pointed out the value of designing a search based on the tt̄ cross section
measurement in the `+ th channel [17].

At this moment in time, when theory does not provide a clear guidance as to how new physics
will manifest itself, it is essential that all classes of final states are being covered experimentally.
Implementing the ideas presented here could greatly improve LHC reach, both for the RPV scenar-
ios we discussed explicitly and for any new physics scenarios with similar final states.
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