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34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.
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What	have	seen	at	both experiments and both runs?

CMS 1408.1682,	local	significance	2.6σ ATLAS	1506.05988
Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 40

ttH(multilepton) – Results split by Flavour

J.	Hauk,	Moriond EW	2016

ttH, H->W+W-

Table 5: Observed and expected 95% CL upper limits, derived using the CLs method, on the strength parameter µ = �tt̄H,obs/�tt̄H,SM
for a Higgs boson of mass mH = 125 GeV. The last column shows the median expected limit in the presence of a tt̄H signal of
Standard Model strength.

Expected Limit
Channel Observed Limit �2� �1� Median +1� +2� Median (µ = 1)
2`0⌧had 6.7 2.1 2.8 3.9 5.7 8.4 5.0

3` 6.8 2.0 2.7 3.8 5.7 8.5 5.1
2`1⌧had 7.5 4.5 6.1 8.4 13 21 10

4` 18 8.0 11 15 23 39 17
1`2⌧had 13 10 13 18 26 40 19

Combined 4.7 1.3 1.8 2.4 3.6 5.3 3.7

Table 4: Leading sources of systematic uncertainty and their
impact on the measured value of µ.

Source �µ
2`0⌧had non-prompt muon transfer factor +0.38 �0.35
tt̄W acceptance +0.26 �0.21
tt̄H inclusive cross section +0.28 �0.15
Jet energy scale +0.24 �0.18
2`0⌧had non-prompt electron transfer factor +0.26 �0.16
tt̄H acceptance +0.22 �0.15
tt̄Z inclusive cross section +0.19 �0.17
tt̄W inclusive cross section +0.18 �0.15
Muon isolation e�ciency +0.19 �0.14
Luminosity +0.18 �0.14

the combined fit is expected to return µ = 1.0+1.2
�1.1. The µ = 0

hypothesis has an observed (expected) p-value of 0.037 (0.18),
corresponding to 1.8� (0.9�). The µ = 1 hypothesis (the SM)
has an observed p-value of 0.18, corresponding to 0.9�. The
likelihood function can be used to obtain 95% confidence level
(CL) upper limits on µ using the CLs method [95, 96], leading
to the results in Table 5. The observed (expected) upper limit,
combining all channels, is µ < 4.7 (2.4).

This analysis is a search for tt̄H production; as such, pro-
duction of tHqb and tHW is considered as a background and set
to Standard Model expectation. Including this contribution as a
background induces a shift of �µ = �0.04 compared to setting
it to zero. A full extraction of limits on the top quark Yukawa
coupling including the relevant modifications of single top plus
Higgs boson production is reported in Ref. [97].

The results are sensitive to the assumed cross sections for
tt̄W and tt̄Z production, and use theoretical predictions for these
values as experimental measurements do not yet have su�cient
precision. The best-fit µ value as a function of these cross sec-
tions is

µ(tt̄H) = 2.1 � 1.4
 
�(tt̄W)
232 fb

� 1
!
� 1.3

 
�(tt̄Z)
206 fb

� 1
!

Figure 3: Best-fit values of the signal strength parameter
µ = �tt̄H,obs/�tt̄H,SM. For the 4` Z-depleted category, µ < �0.17
results in a negative expected total yield and so the lower un-
certainty is truncated at this point.
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What	does	it	mean	that	ttH is	high?
SM+A	larger	top	Yukawa?	

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 7

ttH – Knowledge from Run 1

> Combination of all Higgs analysis channels
> µttH dominated by: ttH(γγ), ttH(multilepton), ttH(bb)

µµµµ (ttH)
ATLAS 1.9 +0.8  -0.7
CMS 2.9  +1.0 -0.9
Combined 2.3  +0.7  -0.6

Observed (expected) significance
4.4σ (2.0σ) 
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1 Introduction
Since the discovery of a new boson by the CMS and ATLAS Collaborations [1, 2] in 2012, exper-
imental studies have focused on determining the consistency of this particle’s properties with
the expectations for the standard model (SM) Higgs boson [3–8]. To date, all measured prop-
erties, including couplings, spin, and parity are consistent with the SM expectations within
experimental uncertainties [9–13].

One striking feature of the SM Higgs boson is its strong coupling to the top quark relative to
the other SM fermions. Based on its large mass [14] the top-quark Yukawa coupling is expected
to be of order one. Because the top quark is heavier than the Higgs boson, its coupling cannot
be assessed by measuring Higgs boson decays to top quarks. However, the Higgs boson’s
coupling to top quarks can be experimentally constrained through measurements involving the
gluon fusion production mechanism that proceeds via a fermion loop in which the top quark
provides the dominant contribution (left panel of figure 1), assuming there is no physics beyond
the standard model (BSM) contributing to the loop. Likewise the decay of the Higgs boson
to photons involves both a fermion loop diagram dominated by the top-quark contribution
(center panel of figure 1), as well as a W boson loop contribution. Current measurements of
Higgs boson production via gluon fusion are consistent with the SM expectation for the top-
quark Yukawa coupling within experimental uncertainties [9–12].

Probing the top-quark Yukawa coupling directly requires a process that results in both a Higgs
boson and top quarks explicitly reconstructed via their final-state decay products. The pro-
duction of a Higgs boson in association with a top-quark pair (ttH) satisfies this requirement
(right panel of figure 1). A measurement of the rate of ttH production provides a direct test of
the coupling between the top quark and the Higgs boson. Furthermore, several new physics
scenarios [15–17] predict the existence of heavy top-quark partners, that would decay into a
top quark and a Higgs boson. Observation of a significant deviation in the ttH production rate
with respect to the SM prediction would be an indirect indication of unknown phenomena.
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Figure 1: Feynman diagrams showing the gluon fusion production of a Higgs boson through
a top-quark loop (left), the decay of a Higgs boson to a pair of photons through a top-quark
loop (center), and the production of a Higgs boson in association with a top-quark pair (right).
These diagrams are representative of SM processes with sensitivity to the coupling between the
top quark and the Higgs boson.

The results of a search for ttH production using the CMS detector [18] at the LHC are described
in this paper. The small ttH production cross section—roughly 130 fb at

p
s = 8 TeV [19–28]—

makes measuring its rate experimentally challenging. Therefore, it is essential to exploit every
accessible experimental signature. As the top quark decays with nearly 100% probability to a W
boson and a b quark, the experimental signatures for top-quark pair production are determined
by the decay of the W boson. When both W bosons decay hadronically, the resulting final state
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Would expect gluon fusion to be high as well



A	large	Yukawa	coupling	is	very	dangerous

16⇡2 d�
d lnµ = 24�2 + 12�y2

t � 9�(g2 + 1
3g02)� 6y4

t + 9
8g4 + 3

8g04 + 3
4g2g02

Peisi Huang (UChicago/ANL) baryogenesis 18 / 18

A small perturbation in the top 
Yukawa would completely change 
the fate of our universe. 

yt > 1.00045yt
SM, the life time of 

our vacuum is smaller than the 
age of the universe.

Bezrukov,	Shaposhnikov

New physics for an enhanced tth, see M. Badziak’s talk



Before	worrying	about	the	fate	of	our	universe
If combine all channels in tth searches,
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Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.

The excess became less significant, or the signal strength is  more SM-like



What	we	call	a	tth search	may	have	nothing	to	do	with	tth

What	are	we	seeing	exactly?
tth, h->W+W-

It	is	really	a	search	for	2t	+	2W,	
or	equivalently	2b+4W	final	
states
2b	+	4W	gives	rise	to	the	multi-
lepton	+	multi-(b)jets	+	MET	
signatures
tth, h->W+W- is really not 
about tth, but about new 
physics!

2 3 Object reconstruction and identification
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Figure 1: Feynman diagrams for ttH production at pp colliders, with the Higgs boson decaying
to WW⇤, ZZ⇤, and tt (from left to right). They represent examples of final states with four
leptons, three leptons, and two same-sign leptons, respectively.

2 Data and simulated samples
The dataset used for this analysis has been collected in 2015 and corresponds to an integrated
luminosity of 2.3 fb�1. The events are selected by requiring the presence of either one, two,
or three leptons (electrons or muons) at trigger level. The minimal transverse momentum
(pT) thresholds are 20 (23) GeV for muons (electrons) for the single lepton trigger, and 17 and
8 (12) GeV for muons (electrons) for the double lepton trigger. The three lepton triggers apply
a threshold of 5 (9) GeV for muons (electrons) on the third lepton in order of pT.

Simulated samples for the ttH signal and background processes are used for building the signal
model, optimizing the event selection and estimating the systematic uncertainties. ttH events
are simulated with Madgraph5 aMC@NLO [13], including up to one additional hadronic jet at
NLO QCD accuracy. The same generator is used for the main backgrounds: ttW, tt+jets, and
ttg+jets. Other minor backgrounds are simulated with different generators, such as POWHEG[14–
19] and Madgraph at LO QCD accuracy. All generators are interfaced to PYTHIA8 [20] for the
parton shower and hadronization steps. Pileup interactions are simulated with the multiplicity
observed in data. All events are finally processed through a detailed simulation of the CMS de-
tector based on GEANT4 [21], and reconstructed using the same algorithms used for the data.
Moreover, they are required to satisfy the same trigger requirements as in the data.

3 Object reconstruction and identification
The CMS particle-flow (PF) algorithm [22, 23] provides a global interpretation of the event by
combining the information from all sub-detectors to reconstruct and identify individual parti-
cles. They are classified into charged hadrons, neutral hadrons, photons, muons and electrons.

Particle-flow candidates are clustered into jets using the anti-kT algorithm with a distance pa-
rameter of 0.4, as implemented in the FASTJET package [24, 25]. Charged hadrons that do not
originate from the selected primary vertex are discarded. Jet energy corrections are then ap-
plied as a function of the pT and pseudorapidity (h). Only jets with pT > 25 GeV, |h| < 2.4 and
separated from any lepton candidate by DR =

p
Dh2 + Df2 > 0.4 are retained.

Jets that are likely to originate from the hadronization of b quarks are identified by using a b-
tagging algorithm [26]. Information about secondary vertices and track impact parameters are



ATLAS&CMS	SUSY	SS2L	Search
SR3b SR0b SR1b SR3Llow SR3Lhigh

Observed events 1 14 10 6 2

Total expected background events 2.2± 0.8 6.5± 2.3 4.7± 2.1 4.3± 2.1 2.5± 0.9

p(s = 0) 0.50 0.03 0.07 0.29 0.50

Expected signal events 3.4± 0.7 24.3± 3.5 16.4± 3.0 10.6± 1.0 5.0± 0.8

for chosen benchmark models

Components of the background
t¯tV , t¯tH, tZ and t¯tt¯t 1.3± 0.5 0.9± 0.4 2.5± 1.7 1.6± 1.0 1.3± 0.7

Dibosons and tribosons < 0.1 4.2± 1.7 0.9± 0.4 1.2± 0.6 1.2± 0.6

Fake leptons 0.7± 0.6 1.2+1.5
�1.2 0.8+1.2

�0.8 1.6± 1.6 < 0.1

Charge-flip electrons 0.2± 0.1 0.2± 0.1 0.5± 0.1 – –

Systematic uncertainties
on expected background
Fake-lepton background ±0.6 +1.5

�1.2
+1.2
�0.8 ±1.6 < 0.1

Theory unc. on dibosons < 0.1 ±1.5 ±0.3 ±0.4 ±0.4

Jet and Emiss

T

scale and resolution ±0.1 ±0.7 ±0.4 ±0.4 ±0.3

Monte Carlo statistics ±0.1 ±0.5 ±0.2 ±0.4 ±0.4

b-jet tagging ±0.2 ±0.5 ±0.1 < 0.1 ±0.1

Theory unc. on t¯tV , t¯tH, tZ and t¯tt¯t ±0.4 ±0.3 ±1.7 ±1.0 ±0.6

Trigger, luminosity and pile-up < 0.1 ±0.1 ±0.1 ±0.1 ±0.1

Charge-flip background ±0.1 ±0.1 ±0.1 – –
Lepton identification < 0.1 ±0.1 < 0.1 ±0.1 ±0.1

Table 4. Number of observed data events and expected backgrounds and summary of the systematic
uncertainties on the background predictions for SR3b, SR0b, SR1b, SR3Llow and SR3Lhigh. The
p-value of the observed events for the background-only hypothesis is denoted by p(s = 0). By
convention, the p(s = 0) value is truncated at 0.50 when the number of observed data events is
smaller than the expected backgrounds. The expected signal events correspond to the SUSY models
considered for each signal region in figure 4 with their experimental uncertainties. The breakdown
of the systematic uncertainties on the expected backgrounds, expressed in units of events, is also
shown. The individual uncertainties are correlated and therefore do not necessarily add up in
quadrature to the total systematic uncertainty.

predicted background event yields are quoted as symmetric, except where the negative error
reaches zero predicted events, in which case the negative error was truncated.
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Table 1. Definition of the signal regions (see text for details).
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``

computed with opposite-charge same-flavour leptons.
As detailed in table 1, the selection requirements of the five signal regions are:

• SR3b: SS or 3L events with at least five jets and at least three b-jets;

• SR0b: SS events with at least three jets, zero b-jets, large Emiss

T

and large m
T

;

• SR1b: similar to SR0b, but with at least one b-jet;

• SR3Llow: 3L events with at least four jets, small Emiss

T

and Z boson veto;

• SR3Lhigh: 3L events with at least four jets and large Emiss

T

.

The Z boson veto in SR3Llow rejects events with any opposite-charge same-flavour lepton
combination of invariant mass 84 < m

``

< 98 GeV. An additional m
e↵

requirement is applied
to maximise the expected significance of selected SUSY models in each signal region. This
requirement on m

e↵

is relaxed in the model-dependent limit-setting procedure described
in section 7.2. The signal regions are all mutually exclusive. An SR3b veto, which rejects
events satisfying the SR3b selection, is included in the definition of other signal regions that
would otherwise have a small overlap with SR3b.

Each signal region is motivated by different SUSY scenarios and different SUSY pa-
rameter settings. The SR3b signal region targets gluino-mediated top squark scenarios
resulting in signatures with four b-quarks. This signal region does not require large values
of Emiss

T

or m
T

, hence it is sensitive to compressed scenarios with small mass differences
or to unstable LSPs. The SR0b signal region is sensitive to gluino-mediated and directly
produced squarks of the first and second generations, which do not enhance the production
of b-quarks. Third-generation squark models resulting in signatures with two b-quarks, such
as direct bottom squark or gluino-mediated top squark ! c�̃

0

1

production, are targeted by
SR1b. The 3L signal regions have no requirement on the number of b-jets. They target
scenarios where squarks decay in multi-step cascades, such as gluino-mediated (or direct)
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CMS,	in	the	>=2	bjets,	HT >	400	GeV,	50	GeV	<	MET	<	120	GeV	region,	7.2	expected,	18	observed		



ATLAS	vector-like	quark	searches

Definition Name

e±e± + e±µ± + µ±µ± + eee+ eeµ + eµµ+ µµµ, Nj ≥ 2

400 < HT < 700 GeV

Nb = 1 SRVLQ0

Nb = 2 Emiss
T > 40 GeV SRVLQ1 SR4t0

Nb ≥ 3 SRVLQ2 SR4t1

HT ≥ 700 GeV

Nb = 1
40 < Emiss

T < 100 GeV SRVLQ3

Emiss
T ≥ 100 GeV SRVLQ4

Nb = 2
40 < Emiss

T < 100 GeV SRVLQ5 SR4t2

Emiss
T ≥ 100 GeV SRVLQ6 SR4t3

Nb ≥ 3 Emiss
T > 40 GeV SRVLQ7 SR4t4

e+e+, e+µ+, µ+µ+, Nj ∈ [2, 4], ∆φℓℓ > 2.5

HT > 450 GeV Nb ≥ 1 Emiss
T > 40 GeV SRttee, SRtteµ, SRttµµ

Table 4: Definitions of the different signal regions. Nj is the number of jets that pass the

selection requirements, and ∆φℓℓ is the separation in φ between the leptons. In regions

SRVLQ0–SRVLQ7, contributions from all lepton flavours are summed.

6 Systematic uncertainties

Tables 5 and 6 show the sources of systematic uncertainties that contribute more than 1%

uncertainty on the expected background or signal yield for the four-top/b′/VLQ selection.

These uncertainties have similar impact on the expected yields for the other signal models.

For the yields derived from simulation, the largest source of uncertainty is the cross-section

calculation. For the tt̄W/Z background, this is based on variations in the PDFs, variations

of the renormalization and factorization mass scales (varied up and down by a factor of four

from the nominal value of 172.5 GeV) [85], and variations in the parameters controlling

the initial-state radiation model, resulting in a 43% uncertainty. For other background

contrbutions, varying the renormalization and factorization scales results in uncertainties

of 30% for WZ and ZZ production, 25% for W±W±jj production, +38%/ − 26% for

tt̄W+W− production, and 10% for tt̄H, tH, WH, ZH, tWZ, WWW and ZWW produc-

tion. These uncertainties, applied to the event yields shown in tables 8 and 9, result in the

overall cross section uncertainties reported in table 5. The uncertainty on the integrated

luminosity is 2.8% [86]. This uncertainty applies only to the backgrounds estimated from

simulation, not to the data-driven estimates of the fake/non-prompt lepton and electron

charge mismeasurement backgrounds, so the overall contribution of the luminosity uncer-

tainty shown in table 5 is less than 2.8%. The largest detector-specific uncertainties arise

from the jet energy scale [83], the b-tagging efficiency [84], and the lepton identification

efficiency [77, 79].

Systematic uncertainties on the background contributions estimated from data are

evaluated separately. Six effects are considered when assigning the systematic uncertainty

on the predicted yield of events from electron charge mismeasurement: i) the statistical

uncertainty on the probability for an electron to have its charge mismeasured, ii) the

– 15 –

SRVLQ5/SR4t2 SRVLQ6/SR4t3 SRVLQ7/SR4t4

tt̄W/Z 1.87 ± 0.09 ± 0.80 2.46 ± 0.11 ± 1.06 0.57 ± 0.05 ± 0.25

tt̄H 0.31 ± 0.04 ± 0.05 0.44 ± 0.04 ± 0.06 0.08 ± 0.02 ± 0.02

Dibosons 0.33 ± 0.14 ± 0.10 0.04 ± 0.12 ± 0.03 0.00 ± 0.12 ± 0.00

Fake/Non-prompt 1.03 ± 0.97 ± 0.60 0.00 ± 1.02 ± 0.28 0.04 ± 0.83 ± 0.24

Q mis-Id 1.17 ± 0.16 ± 0.38 1.09 ± 0.14 ± 0.34 0.30 ± 0.09 ± 0.10

Other bkg. 0.16 ± 0.08 ± 0.02 0.23 ± 0.08 ± 0.05 0.14 ± 0.08 ± 0.08

Total bkg. 4.9 ± 1.0 ± 1.0 4.3 ± 1.1 ± 1.1 1.1 ± 0.9 ± 0.4

Data 6 12 6

p-value 0.46 0.029 0.036

Table 9: Observed and expected numbers of events with statistical (first) and systematic

(second) uncertainties for three of the signal regions defined for VLQ, chiral b′-quark and

four-top-quark production searches. The p-values for agreement between the observed yield

and the expected background in each signal region are reported.

Model σ(pp → tt) [fb] Coupling const.

Exp. Obs. Observed

Contact interaction model |C|/Λ2 [TeV−2]

Left–left 64 62 0.053

Left–right 53 51 0.137

Right–right 40 38 0.042

Higgs-like FCNC model κutH or κctH
uu → tt (mH = 125 GeV) 37 35 0.16

uu → tt (mH = 250 GeV) 21 20 0.17

uu → tt (mH = 500 GeV) 12 11 0.20

uu → tt (mH = 750 GeV) 9.3 8.4 0.24

cc → tt (mH = 250 GeV) 71 69 0.81

cc → tt (mH = 500 GeV) 37 35 1.02

cc → tt (mH = 750 GeV) 28 27 1.29

Table 10: Observed and expected 95% CL upper limits on the cross section for same-sign

top-quark production, and on the coupling constants.

VLQ, b′-quark, and four-top-quark production exhibit an excess over expected background.

The excess is largest in the subset of the signal regions used for the four-top-quark search,

where at least two b-tagged jets are required. While it is still of interest to limit the set

of models consistent with the data as described above, it is also important in this case

to assess the consistency of the data with the background-only hypothesis. This is done

by computing p ≡ 1 − CLb. The resulting p-values depend on the signal model and the

signal regions considered, as shown in figures 5a and 5b. For signals where all eight signal

– 19 –



Excess	in	6	searches!

• Six different analyses looking at multilepton+ b-jets + MET 
all see excesses with varying degrees of significance  (2 from 
CMS run-I, 1 from CMS run-II, 3 from ATLAS run-I)

• These analyses looked at three independent data sets, with 
different background subtraction methods

• Including	
ØSUSY	SS2l,	ATLAS	+	CMS
Øtth search,	CMS	Run-I	and	Run	II,	ATLAS	Run-I
ØVector-like	quark	search	ATLAS	



When	you	see	excesses	in	multi-lepton	+	b-jets	+	MET
2b + 4W final states, 
exactly what you 
would do when you 
search for sbottoms
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Figure 2: Diagrams of t̃1 and b̃1 pair production and decays considered as simplified models: (a) b̃1b̃1 ! b�̃0
1b�̃0

1; (b)
t̃1 t̃1 ! t�̃0

1t�̃0
1; (c) three-body decay; (d) four-body decay; (e) t̃1 t̃1 ! c�̃0

1c�̃0
1; (f) t̃1 t̃1 ! b�̃±1 b�̃±1 ; (g) b̃1b̃1 ! t�̃±1 t�̃±1 ;

(h) b̃1b̃1 ! b�̃0
2b�̃0

2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
–m�̃0

1
plane that are taken into ac-

count. They are identified by di↵erent values of �m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
-m�̃0

1
. In the region where �m

⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The region where mW + mb < �m

⇣

t̃1, �̃
0
1

⌘

< mt is char-
acterised by the three-body decay3 (t̃1 ! Wb�̃0

1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m

⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.
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A little complicated, 
can not have 100% 
Branching Ratio
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Figure 2: Diagrams of t̃1 and b̃1 pair production and decays considered as simplified models: (a) b̃1b̃1 ! b�̃0
1b�̃0

1; (b)
t̃1 t̃1 ! t�̃0

1t�̃0
1; (c) three-body decay; (d) four-body decay; (e) t̃1 t̃1 ! c�̃0

1c�̃0
1; (f) t̃1 t̃1 ! b�̃±1 b�̃±1 ; (g) b̃1b̃1 ! t�̃±1 t�̃±1 ;

(h) b̃1b̃1 ! b�̃0
2b�̃0

2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
–m�̃0

1
plane that are taken into ac-

count. They are identified by di↵erent values of �m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
-m�̃0

1
. In the region where �m

⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The region where mW + mb < �m

⇣

t̃1, �̃
0
1

⌘

< mt is char-
acterised by the three-body decay3 (t̃1 ! Wb�̃0

1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m

⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.
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Just	an	example,	a	right-handed	stop

We-considered-the-“sboUom”-case-a-simplified-model,-because-in-MSSM-the-sboUom-
could-have-another-decay-channel:-

-
-
-
A-more-“realis6c”-scenario-is-to-consider-the-following-stop-spectrum:-
-
-
-
-
-
-
-
-
-

b̃1 ! b+ �̃0
1

t̃1 = t̃R ; 550 GeVA-pure-right_handed-stop:-

A-pure-Bino:-

Pure-winos:- �̃±
1 = W̃±; �̃0

1 = W̃ 0; 260 GeV

�̃0
2 = B̃ ; 340 GeV

We-considered-the-“sboUom”-case-a-simplified-model,-because-in-MSSM-the-sboUom-
could-have-another-decay-channel:-

-
-
-
A-more-“realis6c”-scenario-is-to-consider-the-following-stop-spectrum:-
-
-
-
-
-
-
-
-
-

b̃1 ! b+ �̃0
1

t̃1 = t̃R ; 550 GeVA-pure-right_handed-stop:-

A-pure-Bino:-

Pure-winos:- �̃±
1 = W̃±; �̃0

1 = W̃ 0; 260 GeV

�̃0
2 = B̃ ; 340 GeV

t

W

Stops are pair produced, 2t + 2W

A pure right-handed stop 
does not couple to winos, 
100% BR

The neutralino mass 
difference is smaller 
than the Higgs mass, 
100% BR

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601



More	on	the	spectrum
We-considered-the-“sboUom”-case-a-simplified-model,-because-in-MSSM-the-sboUom-
could-have-another-decay-channel:-

-
-
-
A-more-“realis6c”-scenario-is-to-consider-the-following-stop-spectrum:-
-
-
-
-
-
-
-
-
-

b̃1 ! b+ �̃0
1

t̃1 = t̃R ; 550 GeVA-pure-right_handed-stop:-

A-pure-Bino:-

Pure-winos:- �̃±
1 = W̃±; �̃0

1 = W̃ 0; 260 GeV

�̃0
2 = B̃ ; 340 GeV

We-considered-the-“sboUom”-case-a-simplified-model,-because-in-MSSM-the-sboUom-
could-have-another-decay-channel:-

-
-
-
A-more-“realis6c”-scenario-is-to-consider-the-following-stop-spectrum:-
-
-
-
-
-
-
-
-
-

b̃1 ! b+ �̃0
1

t̃1 = t̃R ; 550 GeVA-pure-right_handed-stop:-

A-pure-Bino:-

Pure-winos:- �̃±
1 = W̃±; �̃0

1 = W̃ 0; 260 GeV

�̃0
2 = B̃ ; 340 GeV
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Bounds disappear
once the LSP is heavier 
than 240 GeV

260 GeV

t

W

No decay through a higgs
< 260 + 125 , call it 340 GeV 

550 GeV, a signal 
strength  for 
ss2l~ 2.83

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601

The-LSP-mass-is-chosen-to-avoid-trilepton-constraint;-
The-neutralino-mass-differences-is-chosen-to-suppress-
-
Then-the-stop-decay-BR-is-preUy-much-100%:--

t

ATLAS : µ = 2.8+2.1
�1.9

CMS : µ = 5.3+2.1
�1.8

�̃0
2 ! �̃0

1 +H

t̃1 = t̃R ; 550 GeV

W⌥

µ
˜t = 1.83

µ
tot

= 2.83

�̃0
2 = B̃ ; 340 GeV

�̃±
1 = W̃±; �̃0

1 = W̃ 0; 260 GeV

Follow the CMS tth
analysis, normalize 
the signal strength to 
the SM tth
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ttH(multilepton) – Results split by Flavour

J.	Hauk,	Moriond EW	2016

pT > 20 GeV. If the event contains exactly two signal leptons, they are required to have the same electric
charge.

To maximise the sensitivity in di↵erent signal models, four overlapping signal regions are defined as
shown in Table 1, with requirements on the number of signal leptons (Nsignal

lept ), the number of b-jets with
pT > 20 GeV (N20

b�jets), the number of jets with pT > 50 GeV regardless of their flavour (N50
jets), Emiss

T and
the e↵ective mass (me↵), defined as the scalar sum of the pT of the signal leptons and jets (regardless of
their flavour) in the event plus the Emiss

T .

Table 1: Summary of the event selection criteria for the signal regions (see text for details).

Signal region Nsignal
lept N20

b�jets N50
jets Emiss

T [GeV] me↵ [GeV]

SR0b3j �3 =0 �3 >200 >550

SR0b5j �2 =0 �5 >125 >650

SR1b �2 �1 �4 >150 >550

SR3b �2 �3 - >125 >650

Each signal region is motivated by a di↵erent SUSY scenario. The SR0b3j and SR0b5j signal regions are
sensitive to gluino-mediated and directly produced squarks of the first and second generations leading to
final states particularly rich in leptons (Fig. 1(a)) or in jets (Fig. 1(b)), but with no enhancement of the
production of b-quarks. Third-generation squark models resulting in final states with two b-quarks, such
as direct bottom squark production (Fig. 1(c)), are targeted by the SR1b signal region. Finally, the signal
region SR3b targets gluino-mediated top squark production resulting in final states with four b-quarks
(Fig. 1(d)).

The values of acceptance times e�ciency of the SR selections for the SUSY signal models in Fig. 1
typically range between 1% and 6% for mg̃ = 1.2 TeV or mb̃1

= 600 GeV, and a light �̃0
1.

5 Background estimation

Three main sources of SM background can be distinguished in this analysis. A first category consists of
events with two same-sign prompt leptons or at least three prompt leptons, mainly from tt̄V and dibo-
son processes. Other types of background events include those containing electrons with mis-measured
charge, mainly from the production of top quark pairs, and those containing at least one non-prompt or
fake lepton, which mainly originate from hadron decays in events containing top quarks or of W bosons
in association with jets.

5.1 Background estimation methods

The estimation of the SM background processes with two same-sign prompt leptons or at least three
prompt leptons is performed using the MC samples described in Section 3. Since diboson and tt̄V events
are the main backgrounds in the signal regions, dedicated validation regions with an enhanced contribu-
tion from these processes are defined to verify the background predictions (see Section 5.3).

7

Table 4: The numbers of observed data and expected background events for the validation regions. The “Rare”
category contains the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ, Wh, Zh, and
triboson production. Background categories shown as “�” denote that they cannot contribute to a given region
(charge flips or W±W± j j in 3-lepton regions). The individual uncertainties can be correlated and therefore do not
necessarily add up in quadrature to the total systematic uncertainty.

VR-WW VR-WZ VR-ttV VR-ttZ

Observed events 4 82 19 14

Total background events 3.4 ± 0.8 98 ± 15 12.1 ± 2.7 9.7 ± 2.5

Fake/non-prompt leptons 0.6 ± 0.5 8 ± 6 2.1 ± 1.4 0.6 ± 1.0
Charge-flip 0.26 ± 0.05 � 1.14 ± 0.15 �
tt̄W 0.05 ± 0.03 0.25 ± 0.09 2.4 ± 0.8 0.10 ± 0.03
tt̄Z 0.02 ± 0.01 0.72 ± 0.26 3.9 ± 1.3 6.3 ± 2.1
WZ 1.0 ± 0.4 78 ± 13 0.19 ± 0.10 1.2 ± 0.4
W±W± j j 1.3 ± 0.5 � 0.02 ± 0.03 �
ZZ 0.02 ± 0.01 8.2 ± 2.8 0.12 ± 0.15 0.30 ± 0.19
Rare 0.10 ± 0.05 2.8 ± 1.4 2.3 ± 1.2 1.1 ± 0.6

Table 5: The number of observed data events and expected background contributions in the signal regions. The
p-value of the observed events for the background-only hypothesis is denoted by p(s = 0). The “Rare” category
contains the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ, Wh, Zh, and triboson
production. Background categories shown as “�” denote that they cannot contribute to a given region (charge flips
or W±W± j j in 3-lepton regions). The individual uncertainties can be correlated and therefore do not necessarily
add up in quadrature to the total systematic uncertainty.

SR0b3j SR0b5j SR1b SR3b

Observed events 3 3 7 1

Total background events 1.5 ± 0.4 0.88 ± 0.29 4.5 ± 1.0 0.80 ± 0.25
p(s = 0) 0.13 0.04 0.15 0.36

Fake/non-prompt leptons < 0.2 0.05 ± 0.18 0.8 ± 0.8 0.13 ± 0.17
Charge-flip � 0.02 ± 0.01 0.60 ± 0.12 0.19 ± 0.06
tt̄W 0.02 ± 0.01 0.08 ± 0.04 1.1 ± 0.4 0.10 ± 0.05
tt̄Z 0.10 ± 0.04 0.05 ± 0.03 0.92 ± 0.31 0.14 ± 0.06
WZ 1.2 ± 0.4 0.48 ± 0.20 0.18 ± 0.11 < 0.02
W±W± j j � 0.12 ± 0.07 0.03 ± 0.02 < 0.01
ZZ < 0.03 < 0.04 < 0.03 < 0.03
Rare 0.14 ± 0.08 0.07 ± 0.05 0.8 ± 0.4 0.24 ± 0.14

of SM background in the signal regions are presented in Table 5. The uncertainties amount to 22–34% of
the total background depending on the signal region. In all four SRs the number of data events exceeds
the expectation but is consistent within the uncertainties, the smallest p-value for the SM-only hypothesis
being 0.04 for SR0b5j. Out of the 14 events in the SRs, 2 of the events in SR1b and the 3 events in SR0b3j
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What	to	expect	with	more	data	at	13	TeV?

Run-2-Projec6ons:-
-
Stop-x_sec6on-increases-at-a-faster-pace-than-UH-x_sec6on:-
-
-
-
-
-
-
The-stop-signal-can-be-further-enhanced-by-imposing-the-following-addi6onal-cuts:-

Expect a signal strength ~ 3.69 at 13 TeV

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601

Enhance the signal strength? / tell stops from tth? 
More missing energy from stop than tth
In the stop events, b-jets are more centrally produced, while the 
b-jets from ttH tend to be more forward, from the t-channel 
kinematics.



Enhance	the	signal	strength

More-importantly,-some-kinema6c-distribu6ons-are-different-between-UH-
and--stop-events:-
-
•  Top-quarks-from-UH-are-more-forward,-while-those-from-sboUoms-are-more-

central.-
•  MET-from-sboUoms-peak-at-a-higher-loca6on-than-UH.-

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601

Change	the	MET	cut	from	MET	>	25	GeV	to	MET	>	125	GeV
Change	the	|ηb|	cut	from	|ηb|	<	2.4	to	|ηb|	 <	1.0

μ (13 TeV ) ~ 6.94
reach 5 σ with about 40 fb-1



Other		signatures
Charged winos: disappearing 
tracks
For		a	260	GeV	pure	wino,	the	
mass	splitting	between	the	
neutral	wino	and	the	charge	wino	
~ 160 MeV (about	the	CMS	limit)
A	small	amount	of	the	higgsino
mixing,	would	significantly	
increase	the	mass	splitting
A	1	TeV Higgsino,	the	mass	
splitting	is	~ 240 MeV

2

It is worth stressing that the assumption of X = MET
could be relaxed. For example, X could contain, in ad-
dition to MET, accompanying visible particles such as b-
jets, giving rise to final states with 3 or more b-jets. One
possibility would be the production of four top quarks.
In this work we will adopt the simplifying hypothesis

that X = MET and focus on new physics contributing
to the final states

2t+ 2W +MET , (2)

leaving the more complicated scenarios for future work.
While MET is normally attributed to the existence of
a stable neutral particle, there could be accompanying
soft, and possibly charged, particles that also escape de-
tection. This is the scenario that we will employ in the
case of top squark decays in supersymmetry.
One possibility to explain the SS2ℓ excess, without in-

voking the existence of new particles, is that the excess
could be due to a modified Higgs coupling to the SM
top quark, resulting in an enhanced tt(H→ multileptons)
production. There are two potential problems with this
scenario: 1) Run 1 analyses do not exhibit similar en-
hancement in the tt(H→ bb̄) channel [7, 10], although the
present uncertainty is quite large and an enhancement in
the bb̄ channel cannot be excluded with confidence yet,
and 2) the gluon fusion production of the Higgs would
need to be enhanced at a similar level as the ttH en-
hancement, since in the SM the gluon fusion process is
directly proportional to the top Yukawa coupling. Again
this does not seem to be supported by global fits of Higgs
data in Run 1 [11, 12].
Therefore, we will pursue the possibility that the SS2ℓ

excess is due to pair production of new colored particles,
which proceeds through identical decay chain. Postulat-
ing the existence of a stable neutral particle N , of arbi-
trary spin, the electric charge of the new particle could
be classified. In all cases, the new colored particles could
be a scalar, a fermion, or a vector boson, depending on
the spin of N . The possibilities are

• A charge-(−1/3) new particle B → t+W− +N . A
scalar example would be the bottom squark (sbot-
tom) b̃ in supersymmetry decaying into t+ (χ̃−

1 →
W−χ̃0

1) [5, 6]. B could also be a vector-like fermion
decaying into t+ (W−

H → W− + AH) as in littlest
Higgs theories with T-parity [13], where WH is a
heavy cousin of the W boson and AH is the light-
est T-odd particle.

• A charge-(+2/3) new particle T → t+W± + C∓,
where C± is a heavy charged particle that is nearly
degenerate with N and subsequently decays into
N + soft charged particles. In this case C± will
manifest itself as MET in the detector. This case
will be discussed in detail in the next Section.

• A charge-(+5/3) new particle X5/3 → t + W+ +
N . One closely related example in the literature is
the charge-(+5/3)X5/3 fermion in composite Higgs
models, which decays into t+W+ [14]. However, in
this case the MET arises solely from the neutrino
in the W decay.

For all possible spin quantum numbers of the new par-
ticles involved, one could construct “simplified models”
where the decay branching ratio (BR) into the desired fi-
nal states is 100%. In a complete model, however, this is
sometimes difficult to achieve. For example, the sbottom
in supersymmetry has two possible decay channels:

b̃ → t+ χ̃−
1 → t+ (W− + χ̃0

1) ,

b̃ → b+ χ̃0
1 .

Only the former gives the SS2ℓ signature, which comes
from the left-handed component of b̃. While the de-
sired channel can be made to dominate in the case of
Higgsino-like χ̃±

1 and bino-like χ̃0
1, the decays of the t̃L

must then also be considered. The left-handed stop
would preferentially decay to neutral Higgsinos, which
would then decay to the χ̃0

1. The spectrum would give
additional top pair production, and for sufficiently small
mass splittings the Higgsino decays would produce
off-shell Z bosons, leading to an edge in the dilepton
mass distribution that would be smaller than that
observed by CMS [15]. Such a case is beyond the scope
of this work, but would be interesting to study further.
In what follows we will consider a realistic model of
right-handed stop decays in supersymmetry, where the
branching fraction into the SS2ℓ final state can be very
significant without additional complications.

A Realistic Model: The Stop – In supersymmetry,
stops are particularly important because of their roles in
raising the tree-level mass of the lightest CP-even Higgs
as well as stabilizing the Higgs mass. (See, for exam-
ple, Ref. [16] and references therein.) Here, we outline
a viable scenario in the MSSM through which stop pair
production can produce extra SS2ℓ events without be-
ing constrained by existing experimental searches. Given
the signature outlined for a charge-(+2/3) particle T in
the previous section, we will consider the following decay
chain

t̃R → t+ B̃ → t+ (W̃± +W∓) (3)

where t̃R is the right-handed stop, B̃ is the bino and
W̃± is the charged wino. In particular we assume that
the lightest supersymmetric particle (LSP) is the neutral
wino, which is nearly degenerate with the W̃± in mass.
The charged wino will then decay into the LSP and soft
charged particles, resulting in MET in the collider detec-
tor. In terms of mass eigenstates, the decay BR of the
lightest stop (t̃1) into top + second neutralino (χ̃0

2) can

Same Sign trilepton

ØWs from the Bino
decay are charge 
symmetric

ØExpect same sign 
trileptons

ØWith 40 fb-1, expect 
about 5 same sign 
trilepton events



Conclusion

• Moderate	excesses	in	various	searches	in	the	multi-lepton	+	b-jets	+	MET	
channel	at	Run-I	by	both	ATLAS	and	CMS
• Those	excesses	are	hinted	at	Run-II	as	well.	
• Should	NOT be	interpreted	only	in	the	context	of	tth
• While	waiting	for	the	discovery	of	a	completely	unexpected	friend(the	
750	GeV	friend),	it	is	worth	thinking	of	welcoming	an	old	friend	(stop)	in	
expected(SUSY	searches)	and		completely	unexpected	ways(tth).


