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LHC status and perspectives

top quark physics at LHC is entering precision age


by 2018 LHC will have 0.1/ab=100/fb


in sight: new Higgs bosons and new electroweak 
states

flash



Menu

squarks in the difficult regions


light degenerate chargino (Higgsino-like)


light singlets (e.g. pp→ S → γγ)

despite the great prospects, some flies on the ointment:
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Dedicated searches  
 
 

All searches 
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Black line: combination of 0l and 1l searches 

Expected limit: 1 TeV 
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Challenges

compressed ⇒ little visible energy


diluted


delayed



Dilution

  [GeV]t~ m
100 200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

unpolarized top
BDT analysis

0
1
χ∼ t → t~*, t~ t~ →pp Observed limits

) = 1.00
1
χ∼ t→ t~BF(

) = 0.90
1
χ∼ t→ t~BF(

) = 0.80
1
χ∼ t→ t~BF(

) = 0.70
1
χ∼ t→ t~BF(

) = 0.60
1
χ∼ t→ t~BF(

) = 0.50
1
χ∼ t→ t~BF(

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS                                      

W

 = 
m

1
0

χ∼

 - 
m

t~m

t

 = 
m

1
0

χ∼

 - 
m

t~m



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-

21

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 



THE MORE THE MERRIER
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THE MORE THE MERRIER
INCLUDING CHARGINO IS EVEN MORE CHALLENGING 



AFTER 
SEVERAL 
YEARS OF LHC

BLINDSPOTS ARE STILL THERE

light stop searches seem very 
challenging 
situation is even more 
complex for t̃→ χ+ b



3.  Light stop

There has been much discussion at this workshop along the lines:

Light stop is highly motivated by naturalness of SUSY.

Light stop is difficult to observe at the LHC.   Current limits are 
weak.   Cases such as                    ,                              , 
competing decay 
channels subvert 
these limits.

So, why not

                    ?

m(�t) � mt m(��) � 200 GeV

m(�t) < 250 GeV

M. Peskin July 2012
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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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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
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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
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The size of the systematic uncertainties in terms of
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5� discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

Fig. 46: Expected discovery reach at the LHC Run2 for the t̃-� simplified model. The blue and the red lines
correspond to different assumptions for the knowledge of the backgrounds, the blue one being more optimistic and
the red one being more conservative (see text).
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space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total

integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number

of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours

using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events
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Fig. 47: The 95% CL expected exclusion (left) and discovery reach (right) for the t̃-� simplified model [318]. The
result for a boosted jet analysis strategy and for a search strategy optimized for spectra with small m

˜t � m� are
shown.

is assumed to follow the expected statistical improvement, but is considered to be at best 10%. The red
curve instead assumes the same relative uncertainty in the backgrounds as in the current searches. As
apparent from the comparison, in order to be able to discover the light stop scenario it is very important
to get improved background uncertainties.

The reach of a future 100 TeV machine for this simplified model has been investigated in Ref. [318].
The very high energy of the machine allows one to search for stops exploiting their large boost and jet
substructure techniques to differentiate the signal from backgrounds. With this type of approach stop
masses up to 8 TeV can be excluded for most values of m�, as shown in Fig. 47. For the difficult scenar-
ios where mt̃ � m� is small, Ref. [318] also reports studies and an alternative search strategy, which is
expected to exclude stop masses up to 3 TeV for any m�.

5.3.6 Experimentally difficult scenarios
We now turn to the discussion of scenarios in which sparticles might have escaped the present searches
because their experimental detection turns out to be more challenging. Such scenarios can still allow
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most of the 5σ discovery region is excluded at 95% C.L.
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Fig. 51: (left) Summary of the searches for electroweak SUSY states at ATLAS [356]. (right) Expected exclusion
and discovery reach at the 14 TeV run in the 3 leptons channel [357].

possibility to have large mET in the events. Similar production mechanisms can be used for electrically
charged particles, so that final states with sufficiently hard leptons, jets and mET can be obtained.

5.3.7.1 Pure Winos or Higgsinos
We now discuss the detection reach on electroweakinos in the extreme case in which only Winos or
Higgsinos are produced. The spectrum is thus made of a charged and a neutral state (Majorana in the
Wino case, Dirac in the Higgsino case). The two are degenerate at the tree level but they are split by
radiative corrections. Given the smallness of the mass difference, the search strategy must be based on
eq. (25) or, if the degeneracy is strong enough to make the charged particle sufficiently long-lived, on
disappearing tracks.

Let us first neglect disappearing tracks. Limits can be set at the 14 TeV run of the LHC, where the
production rate is sufficiently large. In Fig. 52 we report the estimates for the exclusions achievable for
a Wino-like and a Higgsino-like neutralino at the High Luminosity LHC 14 [358]. Wino masses up to
200-300 GeV and Higgsino masses up to 100-200 GeV can be probed. The uncertainty of the exclusion
reach reflects the expected knowledge of the backgrounds, usually dominated by pp ! (Z ! ⌫⌫)+ jets.

The above mass reaches, though interesting, are far from the values for which Winos or Higgsinos
can play the role of the Dark Matter particle (about 1 TeV for Higgsinos and 3 TeV for Winos thermally
saturating the relic density). On the other hand, it is possible to get much closer to those ranges at higher
energy colliders [358–361]. The larger energy available makes it possible to produce hard radiation more
easily and the process in eq. (25) acquires a sizeable cross-section even for large mass of the electroweak
sparticle. The expected performance of a 100 TeV machine is also shown in Fig. 52, from which we can
see that Wino masses up to 1.4 TeV and Higgsino masses up to about 900 GeV can be probed.

As mentioned, another search strategy that can be exploited for nearly degenerate weak multi-
plets is the lifetime of the heavier states in the multiplet. At tree-level the states in the weak multi-
plets are degenerate, however EW symmetry breaking loop effects give rise to a mass splitting of order
↵W mW ⇠ 100 MeV which is know to two loops accuracy [362] and is equal to 164.6 MeV for a Wino
and about twice as much for the Higgsino. The lifetime is in the range of c⌧ ⇠ 10 cm, so that it be-
comes possible to observe the chargino track in the tracker of the LHC experiments. Such a track would
suddenly disappear somewhere in the tracker region. Despite the many backgrounds (from instrumental
defects, to coincidences of tracks, and irreducible backgrounds from QCD long-lived hadrons), the AT-
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5� discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

Fig. 46: Expected discovery reach at the LHC Run2 for the t̃-� simplified model. The blue and the red lines
correspond to different assumptions for the knowledge of the backgrounds, the blue one being more optimistic and
the red one being more conservative (see text).
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space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total

integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
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using the heavy stop and compressed spectra searches.
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An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events
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Fig. 47: The 95% CL expected exclusion (left) and discovery reach (right) for the t̃-� simplified model [318]. The
result for a boosted jet analysis strategy and for a search strategy optimized for spectra with small m

˜t � m� are
shown.

is assumed to follow the expected statistical improvement, but is considered to be at best 10%. The red
curve instead assumes the same relative uncertainty in the backgrounds as in the current searches. As
apparent from the comparison, in order to be able to discover the light stop scenario it is very important
to get improved background uncertainties.

The reach of a future 100 TeV machine for this simplified model has been investigated in Ref. [318].
The very high energy of the machine allows one to search for stops exploiting their large boost and jet
substructure techniques to differentiate the signal from backgrounds. With this type of approach stop
masses up to 8 TeV can be excluded for most values of m�, as shown in Fig. 47. For the difficult scenar-
ios where mt̃ � m� is small, Ref. [318] also reports studies and an alternative search strategy, which is
expected to exclude stop masses up to 3 TeV for any m�.

5.3.6 Experimentally difficult scenarios
We now turn to the discussion of scenarios in which sparticles might have escaped the present searches
because their experimental detection turns out to be more challenging. Such scenarios can still allow
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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.
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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-
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light stop effects on top cross-section

variations of mtop reflected on σ(tt) 



A window on heavier new physics
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A window on heavier new physics

mτ̃>mt

mH+>mt

of course these are just “templates” for thinking, lots of possible signals
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• t → t̃ χ    (few % BR in the MSSM, t-t̃-χ coupling) 
• t → τ̃ b → b b c  (RPV λ’, AFAIK not fully covered at LEP) 
• t → bH⁺→ bτν (CMS-PAS-HIG-12-052) 

• 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) 

• global BR measurement (1506.05074)

top as a “portal”

Indirect test through higher dimensional operators:

Direct production of light new physics:

top decays to BSM



Accumulating evidence indicates that gaps in 
searches are difficult to fill at the LHC


Projections are difficult, but a breakthrough seems 
needed to do better with standard searches strategies

 


 

 

Summary and outlook

Precision in top quark physics has already proven it can 
be useful for BSM (Δφ , total cross-section, … )

more precision studies interpreted for BSM are needed



Summary and outlook
BSM needs top quark precision physics!

two examples discussed:


t̃ production

t → BSM (e.g. t → t̃χ0) and t→ SM via HDO


new colored states in blindspots

focus on  
light (M≲v) new physics, subtler signatures



Thank you!
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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).

OPAL

0

0.2

0.4

0.6

50 60 70 80 90 100

λ′1jk Direct decays

m(l
∼

L) (GeV)

σ
 (p

b)

λ′2jk , λ′3jk

m(l
∼

L) (GeV)

σ
 (p

b)

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.
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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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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).
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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

p
m

q

m
t

/m2
W

, in order to
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

Community Planning Study: Snowmass 2013

1311.2028, ATL-PHYS-PUB-2013-012, CMS-PAS-FTR-13-016
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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.

10

t→ cH→ γγ


