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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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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
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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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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.

Interesting	Excess:	Excess	at	Both Experiments

CMS 1408.1682,	local	significance	2.6σ ATLAS	1506.05988
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Excess	at	Both	Runs

ttH(multileptons) 
•  Targets Higgs decays and focus on final states with clean 

signatures and low backgrounds 

•  Signature: 2-4 leptons, 2 or more jets, and at least 1 b-
tagged jet. Allows at least one τhad 

•  Dominant systematic uncertainty: fake-rate measurements 
and non-prompt background estimates 

ATLAS-CONF-2016-058 

CMS-PAS-HIG-16-022 
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µ = 2.5−1.1
+1.3

µ = 2.0−0.7
+0.8

ttH combination  ATLAS-CONF-2016-068 µ =1.7−0.8
+0.7

multilepton results 

•  Both results compatible with SM within about 1σ. 
•  Significance wrt μ(ttH) = 0 hypothesis: 

–  ATLAS:  2.2 σ (expected for SM ttH: 1.0 σ ) 
–  CMS:  3.3 σ (expected for SM ttH: 2.5 σ ) 

Moriond EWK, 2017 G. Petrucciani (CERN) 21 
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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
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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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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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•  Targets Higgs decays and focus on final states with clean 

signatures and low backgrounds 
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•  Dominant systematic uncertainty: fake-rate measurements 
and non-prompt background estimates 
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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) 

1

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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t
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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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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

Would expect gluon fusion to be high as well

Same	Coupling Very	SM-like
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Figure 1: Summary of the observed µt t̄H signal strength measurements from the individual analyses and for their
combination, assuming mH = 125 GeV. The total (tot.), statistical (stat.), and systematic (syst.) uncertainties on
µt t̄H are shown. The SM µt t̄H = 1 (0) expectation is shown as the black (grey) vertical line. The observed µt t̄H
signal strength measurement obtained from the Run-1 combination is also shown for comparison (bottom).

The values of the expected and observed fitted signal strengths are also summarised in Table 4.

Channel Observed µt t̄H Expected µt t̄H

tt̄H , H ! �� -0.3 +1.2
�1.0 (tot.) [ +1.2

�1.0 (stat.) ] 1.0 +1.4
�1.1 (tot.) [ +1.4

�1.1 (stat.) ]

tt̄H , H ! (WW, ⌧⌧, Z Z ) 2.5 +1.3
�1.1 (tot.) [ +0.7

�0.7 (stat.) ] 1.0 +1.2
�1.0 (tot.) [ +0.7

�0.6 (stat.) ]

tt̄H , H ! bb̄ 2.1 +1.0
�0.9 (tot.) [ +0.5

�0.5 (stat.) ] 1.0 +0.8
�0.8 (tot.) [ +0.4

�0.4 (stat.) ]

tt̄H combination 1.8 +0.7
�0.7 (tot.) [ +0.4

�0.4 (stat.) ] 1.0 +0.6
�0.5 (tot.) [ +0.3

�0.3 (stat.) ]

Table 4: Observed and expected fitted signal strengths in the individual analyses and their combination.

The compatibility of the signal strengths in the individual analyses with the combination is 7%.

The full likelihood profile for the individual channels and for their combination is reported in Figure 2.

The impact of the systematic uncertainties on µt t̄H of the systematic uncertainties after the fit to data is
displayed in Table 5. The uncertainties are shown grouped in categories and sorted according to their
e�ect on the signal strength. The largest systematic uncertainty contribution is related to the tt̄+ � 1b
modelling uncertainties a�ecting the H ! bb̄ analysis.

Table 6 shows the expected and observed significances relative to the background-only hypothesis in units
of standard deviation. The observed (expected) significance is equal to 2.8 (1.8) standard deviations, with

7

Combine	with	other	channels
If	combine	all	channels	in	tth searches,

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.

The	excess	becomes	less	significant,	or	the	signal	strength	is	more	SM-like
is the excess really about tth?



Take	a	Closer	Look	at	the	Signature
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

• 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!



Excesses	in	Multi-lepton	+	b-jets	+	MET

8.5 Third-generation SMS scenario T6ttWW 17

The 95% CL exclusion limits in the gluino versus LSP mass plane are shown in Fig. 11 (left).
We exclude gluinos with mass values below 1 TeV over much of this plane.
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Figure 11: 95% confidence level upper limits for the T1tttt scenario in the LSP versus gluino
mass plane (left) and for the T6ttWW scenario in the chargino versus bottom-squark mass plane
(right) are shown. Masses to the left and below the contours are excluded.

8.5 Third-generation SMS scenario T6ttWW

In the T6ttWW SMS scenario, we search for SUSY signals with direct bottom-squark pair pro-
duction [55]. An event diagram and schematic mass spectrum are shown in Fig. 12. The bottom
squark decays as eb ! tec�

1 , while the chargino decays as ec�
1 ! W� ec0

1. This scenario populates
channels with tagged b jets.
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Figure 12: Event diagram and a schematic superpartner mass spectrum for the SMS T6ttWW
scenario.

For simplicity, we consider on-shell charginos. The W boson from the chargino decay can be
either on- or off-shell. Signal events are generated using MADGRAPH with normalization of
the cross section performed to NLO+NLL [47, 50–53]. The uncertainty of the cross section
calculation is 30% [54].

Figure 11 (bottom) shows the exclusion limits for the T6ttWW scenario in the chargino versus
bottom-squark mass plane. The mass of the ec0

1 is assumed to be 50 GeV. We exclude bottom
squarks with mass values less than 550 GeV. This result complements our study of this same
scenario performed using same-sign dilepton events and obtains similar conclusions [56].

2t + 2W final states,
exactly what you would do 
when you search for sbottoms
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Caveat in the simplified model:
can not have 100% Branching 
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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
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Bounds disappear
once the LSP is heavier than 240 GeV

260 GeV

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

550 GeV, a signal 
strength  for ss2l~ 2.83

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

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601
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Distinguishing	Stops	from	Enhanced	Top	Yukawa?
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

Stops are heavier , cross section increases faster from the pdf

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



Distinguishing	Stops from	Enhanced	Top	Yukawa?

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.-

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

cut	at	125	GeV cut	at	1

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

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



Other	Signatures

Charged Wino: 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		higgsino mixing,	
would	significantly	increase	the	mass	
splitting

• A	1	TeV higgsino,	the	mass	splitting	is	~ 
240 MeV

Same Sign Trilepton

• Ws from the bino decay are charge 
symmetric

• Expect same sign trileptons

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

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



Confronting	the	current	data

• The	multi-lepton	+	bjets +	missing	energy	search	should	place	a
further	limit	on	this	scenario
• The	sbottom->t	chargino search	with	a	wino-like	LSP	is	not	updated
• SUSY-AI	claims	the	Benchmark	point	is	consistent	with	13	TeV 3.2	fb-1

• 610	GeV	stops(winos	~	320	GeV)	will	lead	to	a	signal	strength	about	2	
at	13	TeV
• 640	GeV	stops	will	lead	to	a	signal	strength	about	1.5	at	13	TeV

Enough room for this scenario
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Interpretations	

• tth coupling	is	SM	like.	The	excess	
is	from	stop	pair	production

• The signal strength will be 
higher at 13 TeV

• Will see it in same sign 
trilepton, or disappearing tracks

Other possibilities?

PH,	A.	Ismail,	I.	Low,	C.	Wagner,	1507.01601
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tightly related to EWPT



Electroweak	Baryogenesis – Sakharov	Conditions

• Generates	Extra	Baryons
• Baryon	number	violation

• Prefers	Matter	Over	Anti-matter
• CP	violation
• Or	else,	for	each	process	creating	matter	at	the	cost	of	anti-matter,	
the	CP-mirrored,	inverse	process	would	take	place	with	equal	
probability

• Irreversible	Process
• Departure	from	thermal	equilibrium	– A	first	order	phase	transition
• Or	else,	for	each	process	creating	matter	at	the	cost	of	anti-matter,	
the	inverse	process	would	take	place	with	equal	probability 19



Electroweak	Phase	Transition

• EWPT	is	difficult	to	study	from	cosmology

• EWPT	in	the	SM	is	not	first	order	(unless	the	mh <	40	GeV)

• New	physics	is	required	for	a	strongly	first-order	phase	transition

• The	new	physics	will	alter	the	finite-temperature	Higgs	potential

• We	can	measure	the	zero	temperature	Higgs	potential	at	the	LHC!

V(Φ)

Φ
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Measure	the	Higgs	Potential
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Next	Measurement:	
Higgs	Trilinear	Coupling
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PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner,	arxiv:1512:00068;	PH,	A.	Long,	and	L.T.	Wang,	arxiv:1608.06619

The trilinear coupling could deviate significantly from its SM value in the 
region consistent with a first order EWPT

O(1)	deviation	is	typical	can	go	up	to	7𝜆3SM

Relate	the	Trilinear	Coupling	with	the	EWPT

A	lot	of	models	can	be	consistent	with	a	first	order	EWPT
SM	+	singlet
SM	+	scaler	doublet	(like	MSSM	stops)
SM	+	chiral	fermion	(like	MSSM	gauginos)
SM	+	varying	Yukawas (like	flavons)
…

λ3

h

h h

V(Φ)

Φ

Calculate
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Double	Higgs
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Double	Higgs
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Constraints
• modification	in	gluon	fusion

enhanced from an enhanced tth coupling 

• Vacuum	stability
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Figure 3. Metastability with the correct Higgs mass, 123 < mh < 127 GeV. The labelling is
the same as in Fig. 2, and the relevant MSSM parameter parameters are varied one at a time as
summarized in Table 1.

bound on stop-induced metastability. We find the approximate limit

A2

t .
✓
3.4 + 0.5

|1� r|
1 + r

◆
m2

T + 60m2

2

, (4.1)
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where m2

T = (m2

Q3
+m2

U3
), m2

2

= (m2

Hu
+ µ2), and r = m2

U3
/m2

Q3
. Let us emphasize that

this limit is very approximate and only applies to smaller values of µ, larger values of mA,

moderate tan�, and r not too di↵erent from unity. Details on the derivation of this bound

are given in Appendix B.

5 Comparison to Other Stop Constraints

The metastability conditions we find exclude parameter regions with large stop mixing.

This mixing can produce one relatively light stop mass eigenstate as well as a significant

mass splitting between the members of the eQ
3

sfermion doublet. These features are

constrained indirectly by electroweak and flavor measurements, as well as by direct searches

for a light stop. In this section we compare these additional limits to the bounds from

metastability.

5.1 Precision Electroweak and Flavor

The most important electroweak constraint on light stops comes from �⇢, corresponding

to the shift in the W mass relative to the Z. In the context of highly mixed stops motivated

by the Higgs mass, this e↵ect has been studied in Refs. [50, 52]. We have computed the

shift �⇢ due to stops and sbottoms using SuSpect 2.43 [48], which applies the one-loop

results contained in Refs. [53, 54]. With a Higgs mass of mh ' 125 GeV, the preferred

range is �⇢ = (4.2± 2.7)⇥ 10�4 [50].

Supersymmetry can also contribute to flavor-mixing. Assuming only super-CKM

squark mixing (or even minimal flavor violation [55]), the most constraining flavor ob-

servable is frequently the branching ratio BR(B ! Xs�). It receives contributions in the

MSSM from stop-chargino and top-H+ loops. These contributions tend to cancel each

other such that the cancellation would be exact in the supersymmetric limit [56]. With

supersymmetry breaking, the result depends on the stop masses and mixings, tan�, µ, and

the pseudoscalar mass mA. Constraints on light stops from BR(B ! Xs�) were considered

recently in Refs. [51, 52]. The SM prediction is BR(B ! Xs�) = (3.15± 0.23)⇥ 10�4 [57],

while a recent Heavy Flavor Averaging Group compilation of experimental results finds

BR(B ! Xs�) = (3.55 ± 0.24 ± 0.09) ⇥ 10�4 [58]. We have investigated the limit from

BR(B ! Xs�) and other flavor observables using SuperIso 3.3 [59] assuming only super-

CKM flavor mixing.

In Fig. 4, we show the exclusions from flavor and electroweak bounds for model points

with 123 GeV < mh < 127 GeV for tan� = 10, and mA = 1000 GeV, µ = 300 GeV,

and m2

Q3
= m2

U3
in the Xt�mQ3 plane. We impose the generous 2� constraints �⇢ 2

[�1.2, 9.4] ⇥ 10�4 and BR(B ! Xs�) 2 [2.86, 4.24] ⇥ 10�4 and show them together with

the metastability constraint from the previous Section. The green points show the regions

excluded by �⇢ while the orange points show those excluded by BR(B ! Xs�).

The exclusion due to �⇢ can be understood in terms of the large stop mixing induced

by Xt, which generates a significant splitting between the mass eigenstates derived from the
eQ
3

= (t̃L, b̃L)T SU(2)L doublet. This constraint depends primarily on the stop parameters,

and is mostly insensitive to variations in µ, mA, and tan�. While this bound overlaps

– 11 –
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compensated by the mixing between the two stops

enhancement of the tth signal of the Higgs decaying to gauge bosons can be larger than in

the SM by a factor of two without violation of any experimental constraints. Moreover, it

was shown in Ref. [4] that this can be also realized in the NMSSM with heavy singlets, which

e↵ectively corresponds to a type-II 2HDM, with relatively light highly-mixed stops. The stop

contributions modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[17, 18]:

cg
cSMg

=
c�
cSM�

= ct +
m2

t

4

"
ct

 
1

m2
t̃1

+
1

m2
t̃2

!
� X̃2

t

m2
t̃1
m2

t̃2

#
, (4)

where X̃2
t ⌘ Xt

⇣
At

cos↵
sin�

+ µ sin↵
sin�

⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). It should be clear from the above formula that

significant reduction of the Higgs coupling to gluons is possible only for light enough stops. At

the ICHEP 2016 conference, the LHC collaborations presented new constraints on the lightest

stop mass, which are quite strong in simplified models in which the mass di↵erence between

the stop and the lightest supersymmetric particle is large [19, 20, 21, 22, 23]. However, the

constraints are still relatively weak for small mass splitting between the stop and the LSP. In

order to avoid constraints on light sbottoms it is preferred that the lightest stop is mostly right-

handed. The limit is especially weak if the lightest stop decays mainly to charm and neutralino.

For such topology a lightest stop as light as about 260 GeV is allowed if the stop-LSP mass

splitting is above about 20 GeV (but not large enough to make the stop decays to charm and

neutralino subdominant) [24, 25, 26, 27].

Another important requirement to induce a large tth enhancement in the NMSSM with

heavy singlets is that the value of � & 0.8 [4]. Such large values of � lead to a Landau pole

below the Grand Unification (GUT) scale, MGUT ' 2 1016 GeV. In the following, we will show

that smaller values of � are possible if the singlets are light.

If in addition to the CP-even Higgs bosons proceeding from the two Higgs doublets also a

singlet is light, in order to determine non-SM doublet component of the 125 GeV Higgs one

needs to consider three-by-three Higgs mass matrix (in the Higgs basis):2

M̂2 =

0

BB@

M̂2
hh M̂2

hH M̂2
hs

M̂2
hH M̂2

HH M̂2
Hs

M̂2
hs M̂2

Hs M̂2
ss

1

CCA . (5)

Since the singlet does not couple to SM particles, the couplings of the 125 GeV are still given

by eqs. (1)-(3) but the e↵ective cot (� � ↵) depends now also on the mixing of the singlet with

the Higgs doublets:

cot (� � ↵) =

⇣
m2

h � M̂2
hh

⌘
M̂2

Hs + M̂2
hsM̂

2
hH

⇣
M̂2

HH �m2
h

⌘
M̂2

hs � M̂2
HsM̂

2
hH

. (6)

2The Higgs basis (ĥ, Ĥ, ŝ) is defined as ĥ = Hd cos� + Hu sin�, Ĥ = Hd sin� � Hu cos� and ŝ = S. In

this basis the ĥ field has exactly the same couplings to the gauge bosons and fermions as the SM Higgs field.

The field Ĥ is a non-SM-like doublet which does not couple to the gauge bosons and its couplings to the down

and up fermions are the SM Higgs ones rescaled by tan� and � cot�, respectively. The mass eigenstates are

denoted as s, h, H, with the understanding that h is the SM-like Higgs.

4
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Di-leptonic Channel
• However, in some scenario, it can be the 

dominant decay channel.
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Chargino-chargino/neutralino production 
with slepton mediated decays
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Figure 7: 95 % CL exclusion limits for simplified models with �̃+1 �̃
�
1 production (left) and associated production

of �̃+1 �̃
�
1 and �̃±1 �̃

0
2 (right). See text for details of exclusion curves and uncertainty bands. The LEP limit on

the chargino mass is also shown. Results are compared with the observed limits obtained by previous ATLAS
searches [34] as blue contours.

sensitivity in the low mass region is weaker than Run-1 results since the signal region optimization is
based on reference points with high chargino mass.

11 Conclusion

Searches for the electroweak production of supersymmetric particles in events with at least two hadronically
decaying taus are performed using 14.8 fb�1 of proton–proton collision data at

p
s = 13 TeV recorded with

the ATLAS experiment at the Large Hadron Collider. Agreement between data and SM expectations is
observed in all signal regions. These results are used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.

Exclusion limits are placed on parameters of the simplified models. Chargino masses up to 580 GeV are
excluded for a massless lightest neutralino in the scenario of direct production of wino-like chargino pairs,
with each chargino decaying into the lightest neutralino via an intermediate on-shell stau or tau sneutrino.
In the case of associated production of chargino pairs and mass-degenerate charginos and next-to-lightest
neutralinos, masses up to 700 GeV are excluded for a massless lightest neutralino.
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Di-leptonic Channel
• However, in some scenario, it can be the 

dominant decay channel.
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Implications	on	Double	Higgs	– Decay	channels

• Decay of one           bb : large branching ratio, large 
background
ZZ->4l, 𝛾𝛾: clean, low branching ratio
WW, 𝜏𝜏: hard, missing energy, measured 
for a single Higgs

bb

𝛾𝛾, ZZ, WW,𝜏𝜏…

31



Double	Higgs	:	production

R is the rotational matrix which rotates the left- and right- handed squark fields to the
mass eigenstates. [32]. The mixing angle ✓ of the 2⇥ 2 rotation matrix:

sin 2✓t̃ = �
p
2�tvXt

m2
t̃
1

�m2
t̃
2

cos 2✓t̃ = �m2
L �m2

U

m2
t̃
1

�m2
t̃
2

(A.4)

In the decouple limit ↵ = � � ⇡/2 and neglecting the small contribution of the D terms,
and mW = gv/2, the couplings in mass eigenstate can be shown as:

ghtt = �t
mt

v
(A.5)

ght̃
1,2 t̃1,2

= �2t
m2

t

v
(1⌥ Xt

2mt
sin 2✓t̃) (A.6)

ght̃
1

t̃
2

= t
mt

v
Xt cos 2✓t̃ (A.7)

ghht̃i t̃i = �22t (
mt

v
)

2 (A.8)

The form factors are associated with the following diagrams:

Figure 14: MSSM 1-Loop diagrams of di-Higgs production

(1), (3), (4), (5), (6) are terms contribute to F4 form factors, (2), (7), (8) for F2 (the initial glouns in same
hilicity states) and G2 (the initial glouns have opposite hilicities)

– 19 –

SM, interface with 
each other destructively

• Stop	contribution	
without	mixing	is	
small	enough	in	the	
current	stop	limit

• (7)+(8)	dominates	the	
stop	contribution

Sum	of	the	two	diagrams	on	
each	line	is	gauge	invariant
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FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
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SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of
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We simulate the measurement of the triscalar Higgs coupling at LHC(8,14) via pair production of
h(125 GeV). We find that the most promising hh final state is bb̄��. We account for deviations of
the triscalar coupling from its SM value and study the e↵ects of this coupling on the hh cross-section
and distributions with cut-based and multivariate methods. Our fit to the hh production matrix
element at LHC(14) with 3 ab�1 yields a 40% uncertainty on this coupling in the SM and a range
of 25-80% uncertainties for non-SM values.
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Introduction.—The long-awaited discovery of the mas-
sive particle (h) with Higgs-like characteristics at the
LHC [1, 2] heralds the beginning of a new era in particle
physics. The next experimental challenge is the measure-
ment of the h-couplings to distinguish whether it is the
Standard Model (SM) Higgs boson, or the lightest Higgs
of the Minimal Supersymetric Standard Model (MSSM)
or a general two Higgs doublet model (2HDM), or a state
with an admixture of doublet and singlet components, or
the lightest state of a more complex Higgs sector. The
answer to this question will have far-reaching implica-
tions about the existence and nature of any new physics
at the TeV energy scale.

In addition to the couplings of h to gauge bosons,
which are essential for the mass-generating mechanism,
and the generation-dependent Yukawa couplings of h to
fermions, which are integral to h-production and its de-
cays, the self-couplings of h are of paramount interest
since they directly connect to the underlying potential
that results in spontaneous symmetry breaking. In the
SM, a single self-coupling parameter � completely spec-
ifies the potential, VSM = �µ2�†� + �|�†�|2 and the
Higgs mass is mh =

p
�v, where v is the vacuum ex-

pectation value (vev) of the Higgs field, which is deter-
mined by the Fermi coupling to be 246 GeV. Based upon
the Higgs mass measurement, mh = 125.5± 0.6 GeV [3],
the self-coupling value for the SM is � = 0.260 ± 0.003.
A precision measurement of the cubic coupling �hhh be-
tween three physical Higgs bosons is a priority of a linear
e+e�collider, but this is more than a decade away.

In a theory beyond the SM, there can be contributions
to the e↵ective potential from dimension six Higgs oper-
ators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs mass and
� then are independent parameters, and the interactions
of the Higgs with the electroweak gauge bosons are mod-
ified from their SM values. An important goal is to mea-
sure all of the Higgs self-couplings: hhh, hhhh, hhWW
and hhZZ. The production of Higgs pairs at the LHC
provides an important avenue to probe the first of these
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FIG. 1: Feynman diagrams which contribute to Higgs boson
pair production via gluon fusion.

couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh ⇡ 2.45�hhh

SM .
Higgs pair-production cross section.— The leading or-

der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-

ter of mass energies of 8 TeV (we assume the relatively
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of the Minimal Supersymetric Standard Model (MSSM)
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the lightest state of a more complex Higgs sector. The
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tions about the existence and nature of any new physics
at the TeV energy scale.

In addition to the couplings of h to gauge bosons,
which are essential for the mass-generating mechanism,
and the generation-dependent Yukawa couplings of h to
fermions, which are integral to h-production and its de-
cays, the self-couplings of h are of paramount interest
since they directly connect to the underlying potential
that results in spontaneous symmetry breaking. In the
SM, a single self-coupling parameter � completely spec-
ifies the potential, VSM = �µ2�†� + �|�†�|2 and the
Higgs mass is mh =
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�v, where v is the vacuum ex-

pectation value (vev) of the Higgs field, which is deter-
mined by the Fermi coupling to be 246 GeV. Based upon
the Higgs mass measurement, mh = 125.5± 0.6 GeV [3],
the self-coupling value for the SM is � = 0.260 ± 0.003.
A precision measurement of the cubic coupling �hhh be-
tween three physical Higgs bosons is a priority of a linear
e+e�collider, but this is more than a decade away.

In a theory beyond the SM, there can be contributions
to the e↵ective potential from dimension six Higgs oper-
ators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs mass and
� then are independent parameters, and the interactions
of the Higgs with the electroweak gauge bosons are mod-
ified from their SM values. An important goal is to mea-
sure all of the Higgs self-couplings: hhh, hhhh, hhWW
and hhZZ. The production of Higgs pairs at the LHC
provides an important avenue to probe the first of these
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couplings, the triscalar coupling [4–13], which we pur-
sue in this letter. The gluon-gluon fusion subprocesses
of Fig. 1 are the dominant production diagrams [14–17].
The interference of the two amplitudes is sensitive to the
hhh coupling and thereby provides a way to measure it.
We find that complete destructive interference of the real
amplitudes occurs at �hhh ⇡ 2.45�hhh

SM .
Higgs pair-production cross section.— The leading or-

der (LO) matrix elements of the hh subprocesses in Fig. 1
are known [14–17], up to the involved couplings. We
generate signal events by incorporating the loop ampli-
tudes directly into MADGRAPH [18], and we include
the NLO K-factor =1.88 [19–22]. The competition be-
tween the two diagrams in Fig. 1 strongly impacts the
total cross section shown in Fig. 2 and the final state
kinematic distributions, especially when the real parts of
the two amplitudes cancel each other, as illustrated in
Fig. 3. To account for possible new physics e↵ects, we
consider a broad range of �hhh values. It can be shown
that the high values of this range can be realized, for ex-
ample, in general two Higgs doublet models wherein the
additional doublet contributes to the triscalar coupling.
We calculate the gg ! hh amplitudes for LHC cen-
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constructive	
interference

destructive	interference

λ3	 ~	2-3	λ3SM box	and	triangle	
diagram	are	comparable

λ3	 >	3	λ3SM triangle	diagram	
dominates

λ3	 <	2	λ3SM box	diagram	
dominates
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FIG. 2: Production cross section for gg ! hh at the LHC
with
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s = 8 TeV and 14 TeV.
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FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
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SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh ⇡ 2.45�hhh

SM as shown
in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh ⇡ 3.5�hhh

SM , and results in a rather
low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

Barger,	Everett,	Jackson,	and	Shaughnessy	

Kinematic	Distributions	:	λ3

• The	destructive	interference	occurs	between	the	
real	part	of	the	triangle	and	the	box	diagrams

• Above	the	tt threshold,	the	amplitudes	develop	
imaginary	parts,	the	cancellation	does	not	occur

• When	λ3 increases,	the	amplitudes	increases	
more	below	the	tt threshold	than	above	the	
threshold

• mhh shifts to smaller value for large λ3

36



Kinematic	Distributions	:	λ3
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3 . The cancellation between the box and triangle diagram is exact at �3 =

2.45�SM
3 at 2mt threshold, that explains the dip. Note that the distribution shifts to smaller

values as �3 increases

.

new physics with a large �3

A. Double Higgs production in the bb̄�� channel

We perform a collider study for the hh ! bb̄�� channel. The signal with various values of

�3 is generated by MCFM [44] and passed to Pythia8 [45] for parton shower and hadroniza-

tion, and then passed to Delphes [46] for detector simulation. As stressed before, we apply

a NNLO K-factor of about 2.27 for the signal [41], The background processes are generated

with MadGraph [47] and then passed to Pythia and Delphes. We apply a NLO K-factor =

1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [35]. There are no higher

order corrections known for the QCD backgrounds, and therefore, all the QCD processes

are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of 24% for

c-jets and 2% for light jets [48]. We adopt a photon tagging rate of 85% and a jet to photon

PH,	A.	Joglekar,	B.	Li,	and	C.	Wagner,	arxiv:1512.00068

λ3 > 3λ3
SM, mhh distribution is 

much softer than the SM case
37

• Re-design	the	cuts	for	
large	λ3

• The	distribution	can	be	
used	to	distinguish	λ3
that	have	the	same	
production	cross	
sections	(maybe	for	
future	colliders).
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• 𝜅t	 does	not	change	the	

distribution	for	the	SM	
• When	the	triangle	diagram	

and	the	box	diagram	are	
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𝜅t		changes	the	location	of	
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Kinematic	Distributions	:	stops
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x-sec Eq (36) + Eq (37) Eq (36) + Eq (38)

hh(bb̄��) (�3 = �SM
3 ) 0.15 1.0⇥ 10�2 -

hh(bb̄��) (�3 = 5�SM
3 ) 0.26 - 1.12 ⇥ 10�2

hh(bb̄��) (�3 = 7 �SM
3 ) 0.71 - 3.3⇥ 10�2

hh(bb̄��) (�3 = 9 �SM
3 ) 1.43 - 6.08⇥ 10�2

hh(bb̄��) (�3 = 0) 0.29 1.33⇥10�2 -

hh(bb̄��) (�3 = ��SM
3 ) 0.50 2.26⇥ 10�2 -

hh(bb̄��) (�3 = �2�SM
3 ) 0.77 2.94⇥ 10�2 -

bb̄�� 5.05⇥103 1.34⇥10�2 4.0⇥10�2

cc̄�� 6.55⇥ 103 4.19 ⇥10�3 2.68⇥10�2

bb̄�j 9.66⇥106 4.60⇥10�3 1.38⇥10 �2

jj�� 7.82⇥105 2.38⇥10�3 5.26⇥10�3

tt̄h 1.39 1.40⇥10�3 2.33⇥10�3

zh 0.33 6.86⇥10�4 9.01⇥10�4

bb̄jj 7.51⇥109 5.34⇥10�4 6.47 ⇥10�4

TABLE I: Cross section in fb of the hh signal and various backgrounds expected at the LHC at
p
s = 14 TeV after applying the cuts discussed in Eq (36), (37) and (38).

�3 �SM
3 5�SM

3 7�SM
3 9�SM

3 0 -�SM
3 -2 �SM

3

S/
p
B 3.3 2.1 6.0 11 4.4 7.5 9.8

TABLE II: significance expected for hh at the LHC at
p
s = 14 TeV for an integrated luminosity of

3000 fb�1 after applying cuts in Eq (36) + Eq (37) (�3 < 3�SM
3 ), or Eq (36)+Eq (38) (�3 > 3 �SM

3 ).

particularly interesting one is the bb⌧⌧ channel. The bb̄⌧+⌧� channel enjoys a larger cross

section but su↵ers from the di�culty in the event reconstruction due to the missing energy

associated with ⌧ decays. It also su↵ers from larger backgrounds that should be properly

considered to obtain a realistic reach estimate.

The ⌧ pair invariant mass m⌧⌧ may be estimated by the missing mass calculator [50],

and similar methods could be used to estimate mhh in this channel. In order to estimate

the reach in this channel, we shall assume that the m⌧⌧ can be reconstructed with a similar

resolution as mbb [50] in variant mass. Furthermore, we shall assume that the two Higgs

Collider	study

27

�
3

increases, the distribution of mhh shifts to smaller values, as shown in Fig 4, where we

plot the normalized mhh distribution using MCFM [93] for various values of �
3

. Thus, using

the same set of cuts for new physics with a large �
3

lead to a low acceptance at the LHC.

Therefore, a modified cut on mhh, mhh < 2mt should be used when search for new physics

with a large �
3

.

The mhh distribution also helps to distinguish positive and negative values of �
3

. For

negative �
3

, the mhh distribution shifts to larger values compared to the positive �
3

that

yields the same production for gluon fusion because of the constructive interference between

the box and the triangle diagrams, as shown in Fig 4. Then, the negative and positive values

of �
3

that have the same total rate of gluon fusion can be distinguished by studying the mhh

distribution.

A. Double Higgs production in the bb̄�� channel

In order to understand the impact of the cuts in the mhh invariant mass distribution on

the reach for double Higgs production at the LHC and future colliders, we have performed a

collider study of this process for di↵erent values of the triple Higgs coupling and in di↵erent

Higgs decay channels. In spite of the low rate, one of the most sensitive channels is when

the Higgs decays into photons, since it allows a good Higgs reconstruction with relatively

low background. We therefore performed a collider study for the hh ! bb̄�� channel. The

signal with various values of �
3

is generated by MCFM [93] and passed to Pythia8 [94] for

parton shower and hadronization, and then passed to Delphes [95] for detector simulation.

We apply a NNLO K-factor of about 2.27 for the signal [87], The background processes are

generated with MadGraph [96] and then passed to Pythia and Delphes. We apply a NLO

K-factor = 1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [80]. There are

no higher order corrections known for the QCD backgrounds, and therefore, all the QCD

processes are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of

24% for c-jets and 2% for light jets [97]. We adopt a photon tagging rate of 85% and a jet

to photon fake rate ✏j!� = 1.2⇥ 10�4 [98]. We require the following cuts

pt(b) > 30 GeV, |⌘(b)|< 2.5, pt(�) > 30 GeV, |⌘(�)|< 2.5

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (74)
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3
�SM

3 < �3 < 3�SM

3 (6)

�max

3 = 5�SM

3 (7)

�max

3 ⇠ 7�SM

3 (8)

�(pp ! S ! hh) = 15fb,m
S

= 500GeV, sin2 ✓ = 0.2 (9)

�(pp ! S ! hh) = 2.6fb,m
S

= 1TeV, sin2 ✓ = 0.1 (10)

1.3�SM

3 . �3 . 2.8�SM

3 (11)

0 . �3 . 7�SM

3 (12)

n
lep

+ n
jet

< 4 (13)

λ3	 <	3λ3SM,		mhh >	350		GeV λ3	 >	3λ3SM,		250	GeV <mhh <		350		GeV

0.7 σ for λ3 ~ 5λ3
SM

if using the cut mhh

> 350  GeV

19

fake rate ✏j!� = 1.2⇥ 10�4 [49]. We require the following cuts

pt(b) > 30 GeV, pt(�) > 30 GeV

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (36)

For the SM case, we further require

mhh > 350 GeV, (37)

while for �3 > 3 �SM
3 , we require

250 GeV < mhh < 350 GeV. (38)

The results for LHC 14 TeV are displayed in Table I, and the significance reaches 5 � at

�3 ⇠ 6.5�SM
3 , and �3 ⇠ �0.2 at 14 TeV and 3000 fb �1, see Table II. One caveat of this

analysis is that we include a K-factor for the signal (and also for the ZH and tth background),

but the QCD background is only considered at LO. If we assume a K-factor of about 2 for

the QCD processes, the significance will drop by a factor of
p
2, which can be compensated

by the fact that there are two detectors.

Due to the relatively low sensitivity of the LHC in looking for double Higgs production,

it is interesting to considered similar signatures at future colliders, in particular a future

high energy pp collider. The sensitivity will depend on many factors, including the center

of mass energy and the detector performance. To be specific, we shall consider the case of

100 TeV pp collider, assuming that the detector performance stays the same as at the LHC,

performing similar cuts as the ones in the LHC analysis. We show the results in Table III

and Table IV. In our analysis, we considered only positive values of �3, since as shown above,

the LHC is sensitive to the negative values. It is then easy to extrapolate the same analysis

for higher energies. The results presented in Table III show that a 100 TeV collider should

be sensitive to triple Higgs boson couplings �3 ⇠ 5�SM
3 , where the same cuts proposed in

Eq (36) were used.

B. Double Higgs production in the bb̄⌧+⌧� channel

Since the Higgs has many di↵erent significant decay channels, it is useful to think about

double Higgs production in channels di↵erent from the bb�� considered in this work. A

5	σ for	λ3 ~	6.5λ3SM ,	or	λ3 ~	-0.2	λ3SM
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x-sec Eq (36) + Eq (37) Eq (36) + Eq (38)

hh(�3 = �SM
3 ) 3.4 0.11 -

hh(�3 = 3�SM
3 ) 1.48 0.042 -

hh(�3 = 5�SM
3 ) 4.45 - 0.10

bb̄�� 1.7⇥106 0.129 0.52

cc̄�� 1.0⇥105 6.45 ⇥10�2 0.42

bb̄�j 1.19⇥105 1.68⇥10�2 6.72⇥10�2

jj�� 2.73⇥106 1.92⇥10�2 7.3⇥10�2

tt̄h 86.41 2.72⇥10�2 2.53⇥10�2

zh 0.88 1.76⇥10�3 1.4⇥10�3

bb̄jj 4.07⇥1010 2⇥10�3 4.7 ⇥10�3

TABLE III: Cross section of the hh signal and various backgrounds expected at a 100 TeV collider

after applying the cuts discussed in Eq (36), (37) and (38).

�3 �SM
3 3 �SM

3 5 �SM
3

S/
p
B 11 4.5 5.3

TABLE IV: significance of double Higgs production expected for hh at a 100 TeV collider for an

integrated luminosity of 3000fb�1 after applying cuts in Eq (36) + Eq (37) (�3 < 3�SM
3 ), or Eq (36)

+ Eq (38) (�3 > 3 �SM
3 )

.

invariant mass mhh can be reconstructed as well as it is obtained at the parton level. The

discovery reach is then estimated adopting the cuts and background calculations presented

in Ref. [10].

We go beyond the analysis of Ref. [10] by including the relevant background coming

from the bbjj process. Under the above conditions, and assuming a jet to ⌧ fake rate

✏j!⌧ = 1/100 [12], we obtain a significance S/
p
B ⇠ 3.75 for �3 = �SM

3 , that is somewhat

better than the one obtained in the �� channel. Therefore, the bb⌧⌧ channel may represent

an excellent complementary channel to the bb�� one.

Collider	study
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�
3

increases, the distribution of mhh shifts to smaller values, as shown in Fig 4, where we

plot the normalized mhh distribution using MCFM [93] for various values of �
3

. Thus, using

the same set of cuts for new physics with a large �
3

lead to a low acceptance at the LHC.

Therefore, a modified cut on mhh, mhh < 2mt should be used when search for new physics

with a large �
3

.

The mhh distribution also helps to distinguish positive and negative values of �
3

. For

negative �
3

, the mhh distribution shifts to larger values compared to the positive �
3

that

yields the same production for gluon fusion because of the constructive interference between

the box and the triangle diagrams, as shown in Fig 4. Then, the negative and positive values

of �
3

that have the same total rate of gluon fusion can be distinguished by studying the mhh

distribution.

A. Double Higgs production in the bb̄�� channel

In order to understand the impact of the cuts in the mhh invariant mass distribution on

the reach for double Higgs production at the LHC and future colliders, we have performed a

collider study of this process for di↵erent values of the triple Higgs coupling and in di↵erent

Higgs decay channels. In spite of the low rate, one of the most sensitive channels is when

the Higgs decays into photons, since it allows a good Higgs reconstruction with relatively

low background. We therefore performed a collider study for the hh ! bb̄�� channel. The

signal with various values of �
3

is generated by MCFM [93] and passed to Pythia8 [94] for

parton shower and hadronization, and then passed to Delphes [95] for detector simulation.

We apply a NNLO K-factor of about 2.27 for the signal [87], The background processes are

generated with MadGraph [96] and then passed to Pythia and Delphes. We apply a NLO

K-factor = 1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [80]. There are

no higher order corrections known for the QCD backgrounds, and therefore, all the QCD

processes are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of

24% for c-jets and 2% for light jets [97]. We adopt a photon tagging rate of 85% and a jet

to photon fake rate ✏j!� = 1.2⇥ 10�4 [98]. We require the following cuts

pt(b) > 30 GeV, |⌘(b)|< 2.5, pt(�) > 30 GeV, |⌘(�)|< 2.5

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (74)

�3

h

h h

�3 =
@3V

@�3

����
�=v

=
3m2

h

v

✓
1 +

2c6v4

m2
h

⇤2

◆
(1)

@V (�, T
c

)

@�
|
�=vc = 0 (2)

V (v
c

, T
c

) = V (0, T
c

) (3)

T 2
c

, v2
c

, c6 > 0 (4)

m2
h

3v4
<

c6
⇤2

<
m2

h
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3
�SM

3 < �3 < 3�SM

3 (6)

�max

3 = 5�SM

3 (7)

�max

3 ⇠ 7�SM

3 (8)

�(pp ! S ! hh) = 15fb,m
S

= 500GeV, sin2 ✓ = 0.2 (9)

�(pp ! S ! hh) = 2.6fb,m
S

= 1TeV, sin2 ✓ = 0.1 (10)

1.3�SM

3 . �3 . 2.8�SM

3 (11)

0 . �3 . 7�SM

3 (12)

n
lep

+ n
jet

< 4 (13)

λ3	 <	3λ3SM,		mhh >	350		GeV λ3	 >	3λ3SM,		250	GeV <mhh <		350		GeV

5	σ for	λ3 ~	5λ3SM ,	or	λ3 ~	1.6	λ3SM
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Current	Higgs	Profile
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ATLAS+CMS ATLAS CMS
σ1±
σ2±

Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.
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Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
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CMS
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [129].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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Interpretations	

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

• Enhanced	htt coupling	+	new	physics.	
The	new	loop	particles	compensate	
the	enhanced	htt coupling	to	keep	
gluon	fusion	SM-like

• The new physics will show up in 
double Higgs production.

• Stop	pair	production
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Current	signal	strength	on	gluon	fusion

𝐻 → 𝑍𝑍∗ → 4ℓ by CMS CMS-PAS-HIG-16-041

• 𝜇 = 1.05−0.14+0.15 stat. −0.09
+0.11 syst.

• Combined signal strength at mH=125.09 GeV.

• Simplified template cross sections for |yH|<2.5. 

NEW
19/29

Combination by ATLAS ATLAS-CONF-2016-081

• Combined Run 2 𝛾𝛾 and 𝑍𝑍∗ results
• Simplified template cross sections are for |yH|<2.5. 
• Inclusive: 𝜇 = 1.13−0.17+0.18

16/29 Combination by ATLAS ATLAS-CONF-2016-081

• Combined Run 2 𝛾𝛾 and 𝑍𝑍∗ results
• Simplified template cross sections are for |yH|<2.5. 
• Inclusive: 𝜇 = 1.13−0.17+0.18
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