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7 + 8 TeV data:

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
p

s = 7 TeV and
p

s = 8 TeV data in the entire phase-space of the
analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].

The uncertainties on the lepton reconstruction and
identification e�ciencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification e�ciency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4` = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4` = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation e�ciency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4` = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4` = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4` distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.

The theoretical uncertainties associated with the sig-
nal are described in detail in Section 8. For the SM
ZZ(⇤) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the e↵ect of the PDF
and ↵s uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 180 GeV, the measured ZZ(⇤) ! 4`
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(⇤) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg ! ZZ(⇤) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4`, for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

p
s = 7 TeV

and
p

s = 8 TeV data. The signal expectation for a SM Higgs with
mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4` for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the W�
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
W�⇤ with m`` < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
W�⇤/WZ(⇤) with m`` > 7 GeV is 1.5 ± 0.5. These un-
certainties a↵ect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ(⇤)/ZZ/W�(⇤) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/�⇤ + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal for mH = 125 GeV is
shown stacked on top of the background prediction. The W+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT
are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic �(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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Higgs observed in clean channels, 
mainly:

• 2 Photons
• 4 Leptons (electrons/muons)
• 2 Leptons (electrons/muons) + MET

• tausLately
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1� and ±2� uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H!WW (⇤)! `⌫`⌫ channel, as
shown in Fig. 8(c).

The observed local p0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5 GeV, where it reaches
6.0�, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9� (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H!ZZ(⇤)! 4`, H! �� and
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Figure 8: The observed local p0 as a function of the hypothesized
Higgs boson mass for the (a) H!ZZ(⇤)! 4`, (b) H! �� and (c)
H!WW(⇤)! `⌫`⌫ channels. The dashed curves show the expected
local p0 under the hypothesis of a SM Higgs boson signal at that mass.
Results are shown separately for the

p
s = 7 TeV data (dark, blue), thep

s = 8 TeV data (light, red), and their combination (black).

H!WW (⇤)! e⌫µ⌫ channels combined is 4.9�, and oc-
curs at mH = 126.5 GeV (3.8� expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
e↵ect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9�.

The global significance of a local 5.9� excess any-
where in the mass range 110–600 GeV is estimated to
be approximately 5.1�, increasing to 5.3� in the range
110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1� and ±2� uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H!WW (⇤)! `⌫`⌫ channel, as
shown in Fig. 8(c).

The observed local p0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5 GeV, where it reaches
6.0�, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9� (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H!ZZ(⇤)! 4`, H! �� and
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Results are shown separately for the

p
s = 7 TeV data (dark, blue), thep

s = 8 TeV data (light, red), and their combination (black).

H!WW (⇤)! e⌫µ⌫ channels combined is 4.9�, and oc-
curs at mH = 126.5 GeV (3.8� expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
e↵ect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9�.

The global significance of a local 5.9� excess any-
where in the mass range 110–600 GeV is estimated to
be approximately 5.1�, increasing to 5.3� in the range
110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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7.1 Significance of the observed excess 25
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7.1 Significance of the observed excess

The consistency of the observed excess with the background-only hypothesis may be judged
from Fig. 14, which shows a scan of the local p-value for the 7 and 8 TeV data sets and their
combination. The 7 and 8 TeV data sets exhibit an excess of 3.2 s and 3.8 s significance, re-
spectively, for a Higgs boson mass of approximately 125 GeV. In the overall combination the
significance is 5.0 s for mH = 125.5 GeV. Figure 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combination are the gg and ZZ decay
modes. They both have very good mass resolution, allowing good localization of the invariant
mass of a putative resonance responsible for the excess. Their combined significance reaches
5.0 s (Fig. 16). The WW decay mode has an exclusion sensitivity comparable to the gg and ZZ
decay modes but does not have a good mass resolution. It has an excess with local significance
1.6 s for mH ⇠ 125 GeV. When added to the gg and ZZ decay modes, the combined signifi-
cance becomes 5.1 s. Adding the bb and tt channels in the combination, the final significance
becomes 5.0 s. Table 6 summarises the expected and observed local p-values for a SM Higgs
boson mass hypothesis of 125.5 GeV for the various combinations of channels.

Table 6: The expected and observed local p-values, expressed as the corresponding number of
standard deviations of the observed excess from the background-only hypothesis, for mH =
125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (s) Observed (s)
gg 2.8 4.1
ZZ 3.6 3.1
tt + bb 2.4 0.4
gg + ZZ 4.7 5.0
gg + ZZ + WW 5.2 5.1
gg + ZZ + WW + tt + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV is calculated using the method

Combined results for each experiment

• ATLAS has a local significance of 5.9 sigma


• CMS has a local significance of 5.8 sigma

Discovery

• Particle consistent with Higgs boson, 
predicted 50 years ago



• Huge international and 
intergenerational success!
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• Recent Higgs boson discovery huge 
success of the Standard Model

• Many observations cannot be explained 
by SM alone but last guiding principle for 
New Physics scale is

steers up all predicted 
New Physics scenarios

Naturalness

Impact on theory

• Used to build models around question 
of electroweak symmetry breaking
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Ongoing feedback between theory and experiment

• Is what we observe “THE HIGGS BOSON”?



• Is minimal SSB mechanism realized in nature? 
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Brief recollection of results from Run 1

Couplings

CP

Spin

width

Mass:
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Invisible Higgs decays:

Biggest tasks for Run 2:

• Measure/constrain rare/unusual Higgs decays

Higgs selfcouplingHiggs-top couplingHiggs-bottom coupling

b
b

• CP violation in Higgs sector
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Predicted decay channels

Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .

112

mH=125 GeV

mH = 125 GeV is smooth spot. Important couplings accessible
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

Higgs at the LHC

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3ℓ)
t t̄H WW (2ℓ)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2ℓ)
qqH ττ (1ℓ)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p
g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi

[Lafaye, Plehn, MR, Zerwas, Dührssen 2009]
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assumed:

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]

• Every measurement affected by 
production and decay

For Higgs boson coupling measurements:
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channel
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Uncertainty of all coupling measurements driven by total width, i.e. H-> bb
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There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single
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mass drop:
1)  check for mass drop

mj1 < 0.66 mj

p p

b
bbar

    H -> b,bbar

2)  check “asymmetry”

physics scenario as well as the detector performance. Im-

portant details of the new physics model include the total

cross section of new physics, the fraction of new physics

produced that can be cleanly separated from standard

model backgrounds, the fraction of this sample that has

Higgs bosons resulting from new heavy particle decays,

and the fraction of these Higgs bosons that are boosted.

Important detector performance details include the b-tag

e⇧ciency, which includes tagging a jet as well as subjets,

the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta

pt ⇤ mh. When the Higgs decays to bb̄, this high

transverse momenta causes the b-jets to be highly col-

limated. Conventional search strategies to identify the

Higgs through the reconstruction of two separate singly

b-tagged jets generally fails since it is much more likely

for the b-jets to be merged into a single jet. Going to

smaller cone size would seem prudent, except that this

has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique

to identify subjets within a “fat jet” consistent with the

decay of a Higgs to bb̄ [1]. Identifying subjets inside a

fat jet that resulted from the decay of a massive particle

is not straightforward. Jet mass, determined by some

algorithmic prescription applied to the subjets, is one

indicator. However, the distribution that results from

ordinary QCD production still has a long tail into high

jet masses. For a jet with transverse momentum pt, jet

mass mj , and cone size R2
= �⇥2

+ �⌃2
, the leading

order di⇥erential QCD jet mass distribution goes as [5, 6]

d⇧ (R)

dptdmj
⇥ �sCi

⌅m2
j

 
ln

R2p2
t

m2
j

+O (1)

!
. (1)

The challenge is thus to reduce the QCD jet background

without losing significantly in mass resolution. Further,

when a jet with substructure is identified, we also need to

determine the “heavy particle neighborhood” – the region

to which QCD radiation from the Higgs decay products

is expected to be confined.

Analysis of jet substructure has received considerable

attention. Distinct algorithms have been proposed to

identify Higgs decaying to bb̄ [1, 7], fully hadronic decays

of top [7, 8, 9, 10], and even neutralinos decaying to three

quarks [11, 12]. Refs. [13, 14, 15] have also recently in-

troduced a more general “pruning” procedure based on

jet substructure to more easily discover heavy particles.

Our work employs a modified version of the iterative de-

composition algorithm introduced by Ref. [1], which uses

an inclusive, longitudinally invariant Cambridge/Aachen

(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new

physics and SM background processes, is a set of final

(post-showering and hadronization) particles. We gener-

ate signal events using Pythia v6.4 [19], while the back-

ground events are first generated at parton-level using

ALPGENv13 [20]. We use PYTHIA v6.4 for showering

and hadronization of all events. We also use the ATLAS

tune [21] in Pythia to model the underlying event. We do

not perform any detector simulation or smearing of jets.

A realistic ATLAS/CMS specific search in the spirit of

Ref. [2] is beyond the scope of this work. However, since

high pt jets result in a large amount of energy deposited

in the calorimeter cells where energy resolution is excel-

lent, we do not expect smearing to significantly modify

our results.

We group the hadronic output of Pythia into “cells” of

size �⇥��⌃ = 0.1�0.1. We sum the four momentum of

all particles in each cell and rescale the resulting three-

momentum such as to make the cells massless [8]. If the

cell energy is bigger than 1 GeV, the cells become the

inputs to the jet algorithm. We use the inclusive C/A

algorithm as implemented in FastJet [22] to cluster the

input cells in jets with R = 1.2. As we are trying to

identify the Higgs through its decay to bottom quarks,

the b-tag e⇧ciency is paramount. For simplicity we work

with a flat 60% acceptance, with a corresponding fake

rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-

tering, the two subjets j1 and j2 are labeled such

that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-

istence of a significant mass drop (mj1 < µmj) as

well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

�R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)
2

identical to Ref. [1]. Both subjets

are required to be b-tagged and the pt of the daugh-

ter jet j greater than 30 GeV. If these conditions

are satisfied, this stage of clustering (say, i-th) is

recorded and then the following is calculated:

Si =

min

⇣
p2

tj1
, p2

tj2

⌘

�
ptj1

+ ptj2

�2 �Rj1j2 . (2)

The quantity Si is an indicator of the similarity of

the two subjets and is weighted by their separation

�Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as

j has further subjets.

4. Select the stage of clustering for which Si is the

largest. We anticipate that the two b-tagged sub-

jets, at this stage, are most likely to have originated

2
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2
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2
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33

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]e.g. BDRS

Measuring the Higgs-bottom coupling

���12Workshop               Grenoble      Michael Spannowsky             24/03/2014                   



p p

b
bbar

    H -> b,bbar

gApply filtering and take 
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Use b-tagging on 2 
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3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Higgs pT 
spectrum
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Nasty backgrounds.....

ttbb
Bredenstein et al.,
 PRL 103 2009;
Belivacqua et al.,
JHEP 0909 2009
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W�H production (dashed) and the pT of the harder jet in
W�jj production with pT,j > 20 GeV (dotted).

top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp� tt̄bb̄ irreducible QCD background
pp� tt̄Z irreducible Z-peak background (2)

To account for higher-order e�ects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after bottom acceptance
cuts |yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 [22]. This
conservative rate estimate for very hard events implies a
K factor of �NLO/�LO = 2.2 which we need to attach to
our leading-order background simulation — compared to
K = 1.3 for the signal. Finally, the tt̄Z background at
NLO is normalized to is 1.1 pb [23]. All hard processes
we generate using MadEvent [24], shower and hadronize
via Herwig++ [25] and analyze with FastJet [26].

The QCD background tt̄jj exceeds the tt̄bb̄ rate by
about a factor 200; unless we apply flavor tagging outside
the top quarks we will be swamped by QCD jets. Requir-
ing two b tags will suppress tt̄jbjb by a factor 1/2500, i.e.
below the scale dependence of the tt̄bb̄ rate. In our par-
ticular analysis there is a few-percent chance of the b jet
from the leptonic top ending up in the fat Higgs jet. Com-
bined with one b tag this gives a reduction factor around
1/1000, again good enough to neglect it. For charm-
flavored tt̄cbc̄b the mis-tag probability is only 1/25, but
the starting rate is already at the same level as tt̄bb̄.

Another obvious background is Wjj production. Its
rate drops from roughly 15 nb to 40 pb when we in-
crease the jets’ minimum transverse momentum from 20
to staggered 200/300 GeV, mimicking our boosted Higgs
and top jets. The leptonic W branching ratio and two
bottom tags then reduces it to 3.2 fb. Our top tagger
described below gives a mis-tagging probability around
5.5% (including underlying event), the Higgs mass win-
dow another 10%, i.e. the final Wjj rate is only 0.016 fb.
The charm-flavored Wcj rate starts o� with 1/6 of the

signal tt̄bb̄ tt̄Z
events after acceptance eq.(3) 24.4 222.6 7.0
events with one top tag 10.5 83.8 3.0
events with one mrec

bb = 110 · · · 130 GeV 3.0 14.7 0.43
subjet pairings mrec

bb = 110 · · · 130 GeV 3.2 15.9 0.47
subjet pairings after b tags 0.76 1.95 0.06

TABLE I: Number of events or mrec
bb histogram entries per

1 fb�1 including underlying event. Counting the three lead-
ing subjet pairings in the modified Jade distance means that
below row four the number is only approximately the number
of events in 1 fb�1.

Wjj rate, but a tenfold mis-tagging probability, which al-
together leaves us with a total W+jets background well
below 0.05 fb.

Finally, a lower limit mrec
bb > 110 GeV keeps us safely

away from CKM-suppressed W � bc̄ decays where the
charm is mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states we see in Fig. 1: the leading
top quark and the Higgs boson both carry sizeable trans-
verse momentum. In our search we first require two hard
jets with a cone radius R =

�
y2 + ⇥2 < 1.5 and a lepton:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,� > 15 GeV |y�| < 2.5 . (3)

The maximum jet rapidity y is limited by the two bot-
tom tags inside the fat Higgs jet. We then focus on the
structure of the two jets, as shown in Tab. I:
(1) one of the two jets passes the top tagger. If two jets
pass we choose the one closer in the two masses.
(2) the Higgs tagger runs over all remaining jets with
|y| < 2.5. It includes a double bottom tag.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

Top and Higgs taggers — In contrast to other Higgs
physics [9] or new physics [15, 16] applications our Higgs
and top taggers cannot rely on a clean QCD environ-
ment: on the one hand their initial cone size has to be
large enough to accommodate only mildly boosted top
and Higgs states, so additional QCD jets will contam-
inate our fat jets [28]. On the other hand, the small
number of signal events does not allow any sharp rejec-
tion cuts for dirty QCD events. Therefore, the taggers
need to be built to survive busy LHC events.

Our starting point is a C/A jet algorithm with R =
1.5 [27]. For a top candidate which typically has a jet
mass above 200 GeV we assume that there be a complex
hard substructure inside the fat jet and apply a mass
drop selection to all splittings mhard � msoft

j forming
the fat jet; among all splitting we search for those with

maxmsoft
j < 0.8 mhard . (4)

Lazopoulos et al.,
PLB 666 2008

Bevilacqua et al., 
PRL 104 2010

tth (Signal)
Beenakker et al.,

PRL 87 2001;
Reina et al.,
PRD 65 2002

Dittmaier et al,
PRL 98 2007

K=1.57 K=2.3 k=1.53K=1.0

negligible after 
b-tags and 
taggers

Measuring the Higgs-top coupling
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances

are plotted for individual channels, as well as for the combination of all channels, assuming integrated luminosi-

ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Figure 19-i ATLAS sensitivity for the discovery of a Standard Model Higgs boson. The statistical significances
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ties of 30 fb-1 (top) and 100 fb-1 (bottom). Depending on the numbers of signal and background events, the sta-

tistical significance has been computed as S/ or using Poisson statistics. In the case of the H ! WW*

channel, a systematic uncertainty of #5% on the total number of background events has been assumed (this

uncertainty has been included in this case, since no mass peak can be reconstructed and the Higgs boson sig-

nal has therefore to be extracted from an excess of events).
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tth - using boosted jets
[T. Plehn, G. Salam, MS]

Motivation: • sizable cross-section
• Higgs discovery contribution in low mass range
• access to t- and b-Yukawa couplings

High expectations:

[ATLAS TDR 1999]

tth major channel

given the amount of Monte Carlo data available (out to q0 between around 9 to 16, i.e., to the level of a
3 to 4! discovery). At present it is not practical to verify directly that the chi-square formula remains
valid to the 5! level (i.e., out to q0 = 25). Thus the results on discovery significance presented here rest
on the assumption that the asymptotic distribution is a valid approximation to at least the 5! level.
The validation exercises carried here out indicate that the methods used should be valid, or in some

cases conservative, for an integrated luminosity of at least 2 fb−1. At earlier stages of the data taking,
one will be interested primarily in exclusion limits at the 95% confidence level. For this the distributions
of the test statistic qµ at different values of µ can be determined with a manageably small number of
events. It is therefore anticipated that we will rely on Monte Carlo methods for the initial phase of the
experiment.

4 Results of the combination

4.1 Combined discovery sensitivity

The full discovery likelihood ratio for all channels combined, "s+b(0), is calculated using Eq. 33. This
uses the median likelihood ratio of each channel, "s+b,i(0), found either by generating toy experiments
under the s+b hypothesis and calculating the median of the "s+b,i distribution or by approximating the
median likelihood ratio using the Asimov data sets with µA,i = 1. Both approaches were validated to
agree with each other. The discovery significance is calculated using Eq. 36, i.e., Z ⇥

√

�2ln" (0),
where " (0) is the combined median likelihood ratio.
The resulting significances per channel and the combined one are shown in Fig. 16 for an integrated

luminosity of 10 fb−1.
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Figure 16: The median discovery significance for the various channels and the combination with an integrated
luminosity of 10 fb−1 for (a) the lower mass range (b) for masses up to 600 GeV.

Themedian discovery significance as a function of the integrated luminosity and Higgs mass is shown
colour coded in Fig. 17. The full line indicates the 5! contour. Note that the approximations used do
not hold for very low luminosities (where the expected number of events is low) and therefore the results
below about 2fb−1 should be taken as indications only. In most cases, however, the approximations tend
to underestimate the true median significance.

4.2 Combined exclusion sensitivity

The full likelihood ratio of all channels used for exclusion for a signal strength µ , "b(µ), is calculated
using Eq. 34 with the median likelihood ratios of each channel, "b,i(µ), calculated, either by generating
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Present results by CMS and ATLAS

CMS, 8 TeV data ATLAS, 7 TeV at 4.7 ifb

Both experiments are sensitive at X-times the SM cross section
However, tth coupling measurement will be systematics limited. 
Low S/B will render measurement notoriously difficult with 
standard reconstruction techniques.
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2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster

10
-4

10
-3

10
-2

10
-1

0 100 200 300 400 500 600 700

1/σtot dσ/dpT

pT[GeV]

ttH: pT,t

ttH: pT,H

WH: pT,HWjj: pT,j

FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,ℓ > 15 GeV |yℓ| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

pT distributions relevant for tth

background

signal
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Problems in event reconstruction:

- (b-)jet multiplicity
- reconstruction efficiency

Boost should help
but

need tagger for this 
environment

R=1.5

Cambridge/Aachen


Jet-Alg

pT plane

LHC

Higgs
b

b
_

b

u

d

had top

b
l

v

lep top

[Plehn, Salam, MS PRL 104 (2010)]
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‣ Great reconstruction of top 
quark momentum



‣ 35% tagging efficiency 


2% W+jets fake rate


!

‣ Tagger used in resonance 
searches in ATLAS: 1207.2409

pT > 200 GeV

pT > 300 GeV

Top quark momentum reconstruction

pT > 300 GeV

pT > 200 GeV
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp ! hh + X for di↵erent multiples of the trilinear Higgs
coupling � (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp ! hh + X. We choose mt =
175 GeV as in Ref. [14], from which we also obtain the
dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

Note that choosing a value di↵erent from �SM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain � in hypothesis tests using, e.g., the
CLs method [23].

We also show the result of Ref. [14] for comparison
and find excellent agreement in total, keeping in mind
that the results of Ref. [14] were obtained using the GRV
parametrizations of parton luminosities [24], which are
di↵erent from the CTEQ6l1 [25] set that we employ for
the remainder of this paper‡. Interference between the
di↵erent contributions depicted in Fig. 3 becomes obvious
for the di↵erently chosen Higgs self-couplings.

We also learn from Fig. 3 that the dihiggs cross sec-
tion has a fairly large dependence on the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

‡Using the integration-mode of FormCalc/LoopTools with the
CTEQ6l1 set we obtain perfect agreement.

son. The qualitative Higgs mass dependence for di↵erent
values of the trilinear self-coupling in Fig. 3 is easy to
understand: The Higgs propagator in Fig. 1 (c) is always
probed o↵-shell at fairly large invariant masses; this ren-
ders the triangle contributions subdominant compared
to the box contributions of Fig. 1 (b). For Higgs masses
close to the mass of the loop-dominating top quark, we
have s ' 4m2

t , which results in resonant contributions of
the three-point functions of Fig. 1 (c), well-known from
one-loop gg ! h production [26]. This ameliorates the s-
channel suppression of the trilinear coupling-sensitive tri-
angle graphs and causes the dependence of the cross sec-
tion on the trilinear coupling to become large at around
mh

<⇠ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most e↵ectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for di↵erent values of � and
mh = 125 GeV. The dip structure for � > �SM results
again from phase space regions characterized by s ⇠ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.

The above points su�ce to give a qualitative assess-
ment of the prospects of measurements of � in the pp!
hh + X channel:

• the Higgs bosons from inclusive dihiggs productions
are naturally boosted pT,h

>⇠ 100 GeV,

• interference leads to an a priori �-sensitive phe-
nomenology for mh ' 125 GeV,

• identical interference e↵ects also cause the bulk of
the sensitivity to � to follow from configurations
with pT,h ⇠ 100 GeV, while the pT,h shape at large
values becomes similar for di↵erent values of � due
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FIG. 1: Sample Feynman graphs contributing to pp! hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp! hh+X channel in
Sec. II C. We discuss boosted Higgs final states in pp!
hh+X in Sec. II D before we discuss pp! hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e↵ective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp! hh + X.

ggh and gghh interactions [20]

Le↵ =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v) , (2)

which upon expansion leads to

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h� 1
4

↵s

6⇡v2
Ga

µ⌫Ga µ⌫h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di↵erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e↵ective theory level.

On the other hand, it is known that the e↵ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

has maximum contribution for 

[Georgi et al. `78]
s = (ph,1 + ph,2)2 = 4m2

t
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.
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Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

���23Workshop               Grenoble      Michael Spannowsky             24/03/2014                   



Where is sensitivity located?

[James Ferrando, Talk at Royal Society Meeting]

���24Workshop               Grenoble      Michael Spannowsky             24/03/2014                   



3

λ = 2 × λSM

λ = 1 × λSM

λ = 0 × λSM

λ = −1 × λSM

mh = 125 GeV

pT,h [GeV]

d
σ
/d

p T
,h

[f
b
/G

eV
]

5004003002001000

1

0.1

0.01

0.001

λ = 2 × λSM

λ = 1 × λSM

λ = 0 × λSM

λ = −1 × λSM

mh = 125 GeV

pT,h [GeV]

1/
σ

d
σ
/d

p T
,h

[1
/G

eV
]

5004003002001000

0.01

0.001

0.0001

FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

Two channels viable at LHC:
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boost resurrects 
this channel

straightforward to 
obtain S/B ~ 1/5

inclusively ~ 30 fb.

Exclusion at 95% CL:

125 GeV
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FIG. 4: Invariant mass distribution of the (a) hh and the (b)
Hh system for MSSM-like production at low tanβ. For details
see text.

(28%) and ZZ (12%). We could increase the branching
ratio into two Higgses further by decreasing tanβ, at the
cost of increasing the scalar masses. Using a suitably
modified version of Vbfnlo we find the leading order
production cross-section σ(pp → H → hh) = 246 fb. We
also calculate the cross-section for σ(pp → H → Hh).
This is suppressed by the off-shell H in the s-channel,
and by the fact that the λHHh coupling is suppressed
relative to the λHhh coupling. We find the cross-section
for this process to be 4.5 fb, too low for observation given
h has SM-Higgs-like branching ratios.
We can separate the large contribution H → hh by

reconstructing the di-Higgs invariant mass which exhibits
a peak at mH . This allows us to extract the cross-section
for pp → H → hh, and after cutting around the peak the
remainder of the events are due to pp → h → hh. As
in the Higgs portal model, this process can be extracted
using the techniques from our previous paper, allowing
constraints to be put on α and β. The invariant mass
distribution and rate for the hh + j final state are also
similar to the portal scenario, Fig. 3

Summary: The di-Higgs phenomenology in the MSSM
at low tanβ is similar in many respects to that of the

Higgs portal model. Measurements of the resonant and
non-resonant contributions to di-Higgs production allows
a reconstruction of the parameters α and β.

III. NONRESONANT NEW PHYSICS:
PSEUDO-NAMBU-GOLDSTONEISM

Apart from softly-broken supersymmetry, strong in-
teractions are the only other constructions which can
cure the naturalness problem (if only partially) with phe-
nomenologically testable implications.
A well-known example of electroweak symmetry break-

ing from strong interactions is technicolor (TC) where
mW ∼ f where f is the “pion” decay constant. The
techni-Σ and techni-ρ resonances will have masses of the
order of the TC confining scale, which can be much larger
than the electroweak scale, ΛTC ≫ f . This usually trig-
gers a tension with curing the quadratic energy diver-
gence in perturbative longitudinal gauge boson scatter-
ing, which demands at least a single light degree of free-
dom. An illustrative example which incorporates such
a state is easily constructed from the holographic inter-
pretation of a bulk gauge theory broken by boundary
conditions in a Randall-Sundrum background [38]‡: The
appearance of the infrared brane signals the spontaneous
breakdown of conformal invariance in the dual picture
[40]. This is accompanied by higgsing of a symmetry,
which is weakly gauged into the strongly-interacting sec-
tor. On the one hand, such a “higgsless” theory does not
have light scalar degrees of freedom analogous to the SM
Higgs boson. On the other hand, stabilizing the compact-
ification moduli via the Goldberger-Wise mechanism [41]
lifts the zero mass radion, which couples to the conformal
anomaly

T µ
µ ∼ m2

WW+
µ W−µ +

m2
w

cos2 θw
ZµZ

µ

+
∑

f

mf f̄ f + . . . . (3.1)

In the CFT picture we identify a pseudo-dilaton, which
has an impressive resemblance to the SM Higgs boson as
a consequence of its couplings. In this sense, the dilaton
mimics a light Higgs boson because the mass terms are
the source of scaling violation.
Different to this approach is the interpretation of the

entire Higgs multiplet as a set of Nambu-Goldstone
bosons. There are multiple ways to construct such a
model consistently, ranging from collective symmetry
breaking [42] to holographic Higgs models [43, 44] which
vary in their details and symmetry content. Common to

‡Owing to the large N and large ’t Hooft coupling limit [39] of
AdS/CFT, it is intrinsically difficult to construct a fully realistic
model in terms of electroweak precision measurements.
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New Physics for HH

Resonant enhancement

Continuous/Loop enhancement

Assuming decoupling limit such that 
MH > 2 Mh and BR(H->hh) = 45%

• SUSY, H -> hh

• E-dim, G -> hh -> 4b
see [Gouzevitch et al. 1303.6636]

• Higgs portal
see [No, Ramsey-Musolf 1310.6035]
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FIG. 10: Comparison of composite di-Higgs production pT,H

spectra with the SM for ξ = 0.25.

The result in comparison to the SM is shown in Fig. 10
for pp → hh + X production. For a typical mass
spectrum mt ≃ 174 GeV and the lightest composite
fermion mlightest ≃ 1500 GeV we find agreement with
the enhanced cross sections as reported in Ref. [69],
σ(hh)/σSM(hh) ∼ 3. The phase space dependence of
this enhancement is rich and non-trivial as a consequence
of the non-diagonal couplings and additional mass scales
that show up in the box contributions, which also in-
terfere with modified trilinear interactions. Hence, it is
difficult to comment on quantitative similarities of the
composite Higgs phenomenology for different parameter
choices.
However, on a qualitative level, since the composite

scale needs typically to be large in order to have agree-
ment with direct searches and flavor bounds, the inclu-
sive pp → hh + X composite phenomenology will be
dominated by modifications with respect to the SM at
medium pT,h ≃ 100 GeV. This phase space region is
mostly sensitive to modifications of the tth coupling and
the modified trilinear h vertex. At large pT,h we ob-
serve an enhancement due to the presence of new mas-

sive fermions in the box contributions of the
(−)
q g-initiated

subprocesses, which access the protons’ valence quark
distribution. We note that higher order QCD corrections
are likely to further enhance the cross section prediction
beyond the naive SM-rescaling [34, 73].
We find an even larger enhancement of leading order

pp → hh + jet production cross section, with pT,j ≥
80 GeV

σ(hh+ j) ≃ 13.0 fb , (3.9)

for both scenarios shown in Fig. 10. This result needs to
be compared to the corresponding LO prediction in the
SM which is σSM = 2.8 fb, and amounts to an enhance-
ment of a factor of 4.6. For the fully hadronized search of
Ref. [19] this amounts to S/B ≃ 7, which is well beyond

systematic background uncertainties for high luminosity
searches.
The relatively larger increase of the one jet-inclusive

cross section can be understood along the following lines.
The additional top partners introduce a new mass scale
to the one-loop amplitude. At large transverse momen-
tum, the cross section is dominated by continuum hh
production which mostly proceeds via box diagrams in
addition to initial radiation. The latter is increased as a
result of the newly introduced mass scale in comparison
to the SM, and initial state radiation allows the initial
state partons to access the large valence quark parton
distributions. This effect is also visible in the NLO pre-
dictions of pp → hh+X in composite models employing
the effective theory approximation [73].

Summary:

The composite Higgs scenario is a well-motivated
model of electroweak symmetry breaking that is consis-
tent with current flavor constraints and direct searches
for heavy top partners. Furthermore, composite Higgs
models typically predict a large enhanced di-Higgs cross
section, which is further enhanced in for hh + jet final
state by the introducing a new mass scale to the phe-
nomenology. While small di-Higgs(+jet) rates in the con-
text of the SM might hinder a determination of the SM
Higgs potential in case no further indications of physics
beyond the SM become available, composite di-Higgs
production will overcome this shortcoming due to its
large production cross section. Consequently, also for
extremely heavy top partners, di-Higgs(+jet) production
is going to provide a powerful test of Higgs compositeness
at the LHC.

IV. CONCLUSIONS

A precise determination of the realization of Higgs
mechanism sui generis is an important task that has to be
pursued at the LHC, especially after the recent discovery
of an SM Higgs-like particle. While measurements based
on single Higgs boson production provide only indirect
constraints on the realization of electroweak symmetry
breaking, the partial experimental reconstruction of the
Higgs potential is indispensable to gain a fuller under-
standing at a more fundamental level.
In this paper, we have investigated di-Higgs and di-

Higgs+jet production in a variety of model classes, whose
single Higgs production characteristics can account for
the observation of the new particle at the LHC. Rather
than employing an agnostic field theory approach∥ we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

∥See Ref. [74] for related discussions.

• Composite Higgs

• 4th generation

• Other theories modifying

see [Kribs, Plehn, Tait, MS 0706.3718]
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• For light Higgs with 125 GeV CP can be measured using angular 
correlations of tagging jets in Gluon Fusion with 2 additional jets

Gluon-Fusion

[Plehn, Rainwater, Zeppenfeld PRL 88 (2002)]

3

fall into the vicinity of two reconstructed kT jets [48]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

Typical selection cuts which are used to suppress
the contributing backgrounds often involve the require-
ment that the tagging jets fall into opposite hemispheres
yj1 · yj2 < 0 while the Higgs is produced in the central
part of the detector. Observing CP sensitivity in the
��jj distribution suggests that broadening observables
[49] also carry information about the Higgs CP. We di-
vide the event up according to the transverse thrust axis

region D: p?,i · nT > 0
region U : p?,i · nT < 0

(5a)

and compute the weighted pseudorapidity and azimuthal
angle

⌘X =
P

i |q?,i| ⌘iP
i |q?,i| , �X =

P
i |q?,i|�iP

i |q?,i| ,

X = U, D. (5b)

⌘i and �i are the pseudorapidity and azimuthal angle of
the vector i respectively. From these we can compute the
broadenings of the U and D regions

BX =
1

QT

X

i2X

|q?,i|
p

(⌘i � ⌘X)2 + (�i � �X)2 ,

X = U, D (5c)

where

QT =
X

i

|q?,i| . (5d)

The central total broadening and wide broadening

are defined as [41, 44]

central total broadening: BT = BU + BD ,

wide broadening: BW = max {BU , BD} .
(5e)

The observables Eqs. (2), (3), and (5) do not exhaust
the list of existing event shapes by far but they are suf-
ficient for the purpose of this work.

III. ELEMENTS OF THE ANALYSIS

A. Event generation

Signal

Event shapes are known to be well-reproduced by
matched shower Monte Carlo programs [41]. Therefore,
we generate MLM-matched [50] scalar Hjj and pseu-
doscalar Ajj samples with MadEvent v4 [51] in the
e↵ective ggH and ggA coupling approximation [52]

L =
↵s

12⇡v
HGa

µ⌫Ga µ⌫ +
↵s

16⇡v
AGa

µ⌫G̃a µ⌫ , (6)

where Ga
µ⌫ , G̃a

µ⌫ are the gluon field strength and the
dual field strength tensor, respectively, and v denotes
the Higgs vacuum expectation value. We subsequently
shower the events with Pythia [53]. We normalize the
event samples to the NLO QCD cross section, which we
obtain by running Mcfm [54] for the gluon fusion contri-
butions, and Vbfnlo [55] for the weak boson fusion con-
tributions. The interference e↵ects are known to be neg-
ligible for weak boson fusion cuts [56]. Note that there is
no WBF contribution for the CP odd scalar A. Nonethe-
less it is customary to analyze Ajj and Hjj samples for
identically chosen normalizations to study the prospects
of discriminating “Higgs-lookalike” scenarios [57, 58].

We find a total Higgs-inclusive normalization (consid-
ering

p
s = 14 TeV) of �H = 3.2 pb. For the CP odd

scalar we use �A = 2.1 pb which adopts the NLO QCD
gluon fusion K factor of CP even Higgs production. In
Sec. IVB we also discuss our results for identical nor-
malizations, which focuses on the discriminating power
of di↵erent shapes instead of a combination of shapes and
di↵erent total cross sections. The ditau branching ratio
to light opposite lepton flavors is approximately 6.2%.

Backgrounds

We focus on the two main backgrounds to our anal-
ysis [29], i.e. tt̄+jets and Zjj production, where the
Z boson decays to taus. We generate our CKKW-
matched [59] event samples with Sherpa [60]. We
again obtain NLO QCD normalizations of the Zjj sam-
ple from a combination of Mcfm and Vbfnlo for the
QCD and EW production modes, respectively, and find
�(Z ! ⌧+⌧�) = 0.23 pb. For the tt̄ sample we extract
the NNLO-inclusive tt̄ K factor from the cross section
�NNLO

tt̄ = 918 pb [33] in comparison with the cross sec-
tion by Sherpa after generator-level cuts �tt̄ = 888.27 fb,
which already requires the tau leptons to reconstruct
mH = 125 GeV within 50 GeV.

B. Selection Cuts and Analysis Strategy

The purpose of this paper is a comparison of the CP
and GF/WBF discriminative power of the observables of
Sec. II. The possibility to perform Higgs searches in this
channel has already been demonstrated in the literature
[29, 40] and so we have a situation in mind, when the
Higgs is well established in this particular channel, i.e.
has a large enough significance S/

p
B with reasonable

signal-to-background ratio S/B. Hence we apply selec-
tion strategies and e�ciencies which closely follow the
parton-level analysis of Ref. [29] to obtain an estimate
of S/B, but our selection should be understood as place-
holder for a dedicated cut setup. The experiments S/B
will hence be di↵erent, yet the impact of S/B on the ob-
servables of Sec. II is identical and a comparison is still
meaningful.
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4

tt̄+ jets Z+2 jets H+2 jets A+2 jets
σ [fb] σ [fb] σ [fb] σ [fb]

pT,j ≥ 40 GeV, |yj | ≤ 4.5, nj ≥ 2
2132.46 8.52 6.21 4.12

pT,τ ≥ 20 GeV, |ητ | ≤ 2.5 nτ = 2

mjj ≥ 600 GeV 145.68 3.98 4.12 1.87

|mττ −mH | < 20 GeV, |yH | ≤ 2.5 99.86 2.29 3.99 1.82

∃ ja, jb : yja < yh < yjb 88.33 1.65 3.81 1.59

b-veto 5.10 1.65 3.81 1.59

TABLE I: Cut flow of the analysis as described in Sec. III B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO
QCD cross section. The tt̄ production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect
tau reconstruction efficiencies throughout. For the b-veto we assume a flat efficiency analogous to [29].
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FIG. 1: Normalized distributions of ∆Φjj

and of the event shape observables of Sec. II.
The cuts of Sec. III B have been applied.

2

Higgs couplings to electroweak gauge bosons is pp →
Higgs+2 jets (with subsequent Higgs decay). In this
channel, it is particularly difficult to separate gluon fu-
sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp ≃ gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4ℓ [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].
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sion from the weak boson fusion contribution since both
production modes exhibit similar cross sections for typ-
ical event selection cuts [22, 23]. Because gp ≃ gp,GF +
gp,WBF in Eq. (1), the uncertainties of different Higgs
couplings obtained from experimental analyses in this
channel are correlated and the extraction of the individ-
ual couplings becomes challenging [20].

For a 125 GeV SM Higgs-like resonance, we have to
face the phenomenological impediment that standard
CP analyses [24] of the so-called gold-plated final state
H → ZZ → 4ℓ [25], which employ strategies closely re-
lated to the one proposed by Cabibbo and Maksymowicz
in the context of kaon physics [26–28] are statistically
limited even at

√
s = 14 TeV. Instead, the jet-azimuthal

angle correlation in Higgs+2 jets events with H → τ+τ−

has been put forward as an excellent probe of the CP
nature of the Higgs boson in series of seminal papers
[19, 29, 30]. Since then a lot of effort has been de-
voted to theoretical and phenomenological refinements of
this important channel. These range from precise (fixed
higher order QCD) predictions of the contributing signal
and background processes [23, 31–34] over resummation
[35, 36] to the generalization to the other important final
state for a light Higgs, H → WW [37]. Only recently,
the pp → Hjj → τ+τ−jj channel was studied for the
first time at the LHC to derive bounds on the SM Higgs
boson production cross section [38]. This impressively
demonstrates that experimental systematics in this im-
portant channel are well under control, already now with
early data.

The azimuthal angle correlation of the tagging jets as
a CP-discriminative observable can be rephrased in the
following way: Once the Higgs is identified, the hadronic
energy flow of the event depends on the CP quantum
number of the produced Higgs. The correlation of in
the azimuthal angle should also be reflected in the global
structure of softer tracks, which do not give rise to re-
solved jets. It is precisely the hadronic energy flow which
is captured by event shape observables in theoretically fa-
vorable way [39], turning them into natural candidates to
be considered among the CP-discriminative observables
in the context of CP analyses. From a perturbative QCD
point of view, the phenomenology of event shapes [39]
possesses a number of advantages over “traditional” jet-
based observables. In particular, provided that the ob-
servables are “continuously global” [40, 41], they can be
resummed to NLL beyond the leading color approxima-
tion. Therefore, event shapes offer a good theoretical
handle to potentially reduce perturbative uncertainties.

We organize this work in the following way: Sec. II
briefly reviews the hadronic event shape and the ∆Φjj

observables, which we consider in the course of this paper.
We outline the details of our analysis in Sec. III. We
discuss the sensitivity of event shapes in CP analyses of
Higgs+2 jets events in Sec. IV, where we also investigate

the possibility to distinguish WBF from GF invoking the
same observables. Before we give our conclusions and an
outlook in Sec. V, we briefly comment on pile-up issues
that can arise in the suggested analysis in Sec. IVD.

II. EVENT SHAPE OBSERVABLES AND ∆Φjj

Event shapes quantify geometrical properties of the fi-
nal state’s energy flow†. An event shape, which is well-
known from QCD measurements performed during the
LEP era [42, 43] is thrust T [44]. In its formulation in
the beam-transverse plane this observable is also mean-
ingful at hadron colliders,

T⊥,g = max
nT

∑
i |p⊥,i · nT |∑

i |p⊥,i|
. (2)

The subscript g indicates that this is a continuously
global observable [41]. The three vectors p⊥,i are the
beam-transverse momentum components of the particle i
(i.e. a Atlas topocluster or a Cms particle flow object),
while the sum runs over all detected particles (typically
in |ηi| ≤ 4.5). In a nutshell, T⊥,g measures how circularly
symmetric (T⊥,g = 0.5) or how pencil-like (T⊥,g → 1) an
event appears to be in the transverse plane. The vec-
tor nT in the transverse plane that maximizes Eq. (2) is
called the transverse thrust axis.
Another event shape, familiar from e+e− physics,

which can be straightforwardly adapted to hadron col-
lider physics analogous to Eq. (2) is thrust minor

Tm,g =

∑
i |p⊥,i × nT |∑

i |p⊥,i|
. (3)

Tm,g provides a measure of the energy flow in the trans-
verse plane perpendicular to nT .
As already mentioned, the tagging jet azimuthal angle

correlation is a CP-discriminative observable in Higgs+2
jets production. ∆Φjj can be defined as the angle be-
tween all jets j with rapidity smaller and all jets with
rapidity larger than the reconstructed Higgs [23, 35]

pµ< =
∑

j∈{jets: yj<yh}

pµj , pµ> =
∑

j∈{jets: yj>yh}

pµj

∆Φjj = φ(p>)− φ(p<) .

(4)

The special role played by the tagging jets in ∆Φjj is best
reflected in the cone thrust minor event shape. Its
definition is similar to Eq. (3), but only particles which
fall into the vicinity of two reconstructed kT jets [45]
with some resolution D (we will assume D = 0.4 in the
following) are considered in the sum.

†The phenomenology and resummation of a large class of event
shape observables at hadron colliders has recently been discussed
in Refs. [39, 41].

Tagging jets approach: azimuthal angle between all jets 
with larger or smaller rapidity 

wrt Higgs

pT plane

Higgs

Jet 1
Jet 2

pT plane

Higgs

Jet 1

Jet 2
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Some implications on BSM physics

In some scenarios top physics and Higgs physics connected by 
naturalness:

SUSY


composite Higgs models

Precision Higgs couplings 
and new Higgs states: Higgs portals



Higher Higgs reps


Classical scale invariant (Coleman-Weinberg)

Totally agnostic: Effective Field Theory approach

‘The Higgs-top connection’

Quite minimal extensions using scalars
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Minimal composite Higgs Model

= lim

n!1
⇧

n�1
i=0 (1� Psomething(Ti < t  Ti+1)) (467)

�M2
H =

�2
fNf

4⇡2
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(m2
f �m2

S) log

✓

⇤

mS

◆

+ 3m2
f log

✓

mS
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◆�

(468)

�2
f = 2m2

f/v
2
= ��S (469)

NS = 2Nf (470)

˜t ! bW+�0 (471)

mt̃ ! t�0 (472)

mt̃ � mt (473)

X

X

(474)

=

X

X

�

NX
pair + g2X ⇥NX

single(gX = 1)

�

(475)

SO(5)/SO(4) (476)

33

• Partial compositeness:

Fully composite RH top; 


Partial composite LH top, bottom

• Custodial symmetry protected

• Top partner in 4    of SO(4)2/3

[Agashe, Contino, Pomarol 2005]
[Contino, Da Rold, Pomarol 2007]

To avoid large corrections of the T -parameter and a large ZbLb̄L interaction we assume the

custodial symmetry is preserved [11]. For simplicity we consider the case where top partners

belong to the fourplet,  ⌘ 42/3, embedded in 52/3 of SO(5). The four components of the

fourplet are T,B,X
2/3, X5/3. Here 2/3 refers to the charge of an extra U(1)X , introduced for

the correct assignment of the SM hypercharge Y = T 3

R +X. LHC phenomenology for those

top partners has been discussed in [18]. The leading order Lagrangian in Callan-Coleman-

Wess-Zumino (CCWZ) [52, 53] language is given by

L = L
kin

�  ̄/e �M
 

 ̄ 

+ i c
1

( ̄R)i�
µdiµtR + y f (Q̄5

L)
IUI i 

i
R + y c

2

f(Q̄5
L)

IUI 5tR + h.c. ,
(4)

where L
kin

includes the covariant kinetic terms of qL, tR and  (see [18] for details about

the conventions used in Eq. 4). The pNGB Higgs is parameterised by the matrix U in Eq. 4,

defined as U ⌘ exp[i
p
2/f ⇧iT i]. T i=1···4 are broken generators parameterising the coset

of SO(5)/SO(4) and f is the associated symmetry breaking scale. The simplified model

in Eq. 4 leads to a non-tunable structure of the Higgs potential at leading order (see [54]

for other possibilities). While top partners can be embedded in a bigger representation of

SO(5) [18] or be part of a less minimal model, the physics captured by the simplified model

in Eq. 4 is likely to be a subset of them. The model is defined by five parameters in addition

to the ones of the SM. One of them is fixed by the top mass constraint, leaving eventually

only four free parameters

First of all, X
5/3 can not mix with any other state due to its exotic charge. Hence its

leading-order physical mass is expressed by M
 

in Eq. 4. The bottom-type quark sector

takes the form of a 2 ⇥ 2 mass matrix in the basis of (b, B), and the mass of the heavy

eigenstate is derived from Eq. 4 as

mB =
q
M2

 

+ y2f 2 . (5)

Eq. 5 holds even after electroweak symmetry breaking. The mass spectrum of the up-

type quark sector can be obtained by diagonalising the 3 ⇥ 3 mass matrix in the basis of

(t, T, X
2/3). It was pointed out in Ref. [18] that the mass matrix can be made to be

block-diagonal, by an appropriate field redefinition of T and X
2/3, such that the mass of

X
2/3 can be expressed by M

 

. In other words, in this model the masses of X
2/3 and X

5/3

are degenerate. The masses with non-trivial dependence on the model parameters are those

6

[De Simone, Matsedonskyi, 
Rattazzi, Wulzer  1211.5663]

Single production

= lim
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⇧
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�
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gX ¯XV tR (477)

33

Elementary-composite mixing

See talk by C. Delaunay
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i.e.

= lim
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33

➡ Use lightest top partner X    to constrain all other top partners5/3

➡ Mass splitting between B and X     tells compositeness scale5/3

Typical top partner spectrum Free parameters:

of t and T . They are approximately given by 6

mt ⇠
c
2

yfp
2

g
 p

g2
 

+ y2

p
⇠


1 +O

✓
y2

g2
 

⇠

◆�
,

mT ⇠
q
M2

 

+ y2f 2


1� y2(g2

 

+ (1� c2
2

)y2)

4(g2
 

+ y2)2
⇠ + · · ·

�
,

(6)

where g
 

⌘ M
 

/f and ⇠ ⌘ (v/f)2.

The top partners X
5/3 and B are in this model particularly interesting. The X

5/3 is the

lightest top partner and it decays to tW with unit coupling7 due to its exotic charge. If

this type of composite Higgs model is indeed responsible for electroweak symmetry breaking

and is kinematically accessible at the LHC, X
5/3 is the most promising candidate to be

discovered first. The mass limit on X
5/3 automatically extends to other top partners via

the mass relations of Eqs. 5 and 6, constraining all top partners indirectly. For instance,

while the search for X
2/3 is more di�cult due to its predominant decay to tZ or th, and

their subsequent mostly hadronic decays, one can get a stringent bound from the limit on

X
5/3. According to Eqs. 5 and 6 the mass hierarchy between T , B and X

5/3 is controlled

by yf . By measuring the masses of X
5/3 and B the overall mass scale of the top partners

M
 

and the symmetry breaking scale f can be constrained simultaneously. Remarkably,

both states decay predominantly into the same class of particles8: a top quark and a W

boson. Therefore, the same search strategy can be applied to both particles simultaneously

irrespective of whether they are singly or pair produced. When including contributions from

both particles in one search, the reduced signal rate for the heavier B can be compensated

by the contribution from X
5/3, assuming mX

5/3
not being far from mB, such that a sizeable

total signal rate is maintained. Therefore, in the following we will focus on the two most

accessible top partners9 X
5/3 and B.

The single production process is directly sensitive to the details of the strong dynamics

in our simplified model. The coupling in Eq. 2 is derived from the model’s free parameters,

gX = gX(f, y, c1, c2, M 

) , (7)

6 Note, in our numerical evaluations in Secs. III and IV, we use exact expressions.
7 In a more general setup, this property can be relaxed such that X

5/3 also decays to Wq (q = u, c) [55].
8 In the composite Higgs model, defined by Eq. 4, the branching fraction of B to tW is dominant as th and

tZ modes are forbidden [18].
9 While there can be an extra contribution from X

2/3 to the one-lepton channel when decaying to tZ, the

branching fraction of tZtZ to one lepton is roughly two times smaller than for the tWtW system. Further,

BR(X
2/3 ! tZ) ' 0.5 in this model.

7

(constrain 1 with top mass)
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Different top partners share common final state

W

5/3

5/3
t

t
W-
-

+

5/3
W
t

+

B
t
W-

B
- t

-

W+

W
t

-
B

➡ All processes and top partners share signature of ttW final state
➡ Requesting ttWW reconstruction kills single top partner production

➡ For heavy top partners single production mode is dominating
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Two relevant CMS analyses using full 8 TeV data set:

CMS: B2G-12-015 SSDL, two OSDL, trileptons
using BDT -> impossible to recast

CMS: B2G-12-012 Search of X     via SSDL
770 GeV @95% CL

5/3
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Corr. particles
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[Hall, Pinner, Ruderman 2011]

In MSSM large Higgs mass in tension with light stops

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.

9

[Papucci, Ruderman, Weiler 2011]

However, natural MSSM wants the 
stops to be light:

Higgs mass wants stops to be 
heavy (at least one)

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
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+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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➡ Bound on heavier stop mass
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➡ In standard stop searches experiments in good shape and agreement

➡ Some parameter regions kinematically challenging
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Higgs Portal to New Physics

Motivation: No sign of low-energy supersymmetry or top 
partners -> maybe look for other ways

Could be worth thinking about  
minimally extended Standard Model with classical scale-invariance

Single occurrence of non-dynamical scale in SM - negative-valued

Replace by Higgs portal interaction with new to make         scale inv.

Radiatively generated vev gives

See talk by O. Lebedev
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[Coleman & Weinberg 1973, 
Hempfling 1996, Khoze et al 2013]



Use Coleman-Weinberg mechanism in dark sector U(1) 

gauge coupling of 

Have to ensure 

In dim. reg. masslessness eqn is automatic. Since no explicit mass scales 
at outset, no finite corrections to mass terms at origin are generated

Classical scale invariance is broken anomalously by logarithmically 
running couplings generates dynamical scale

scale invariance is broken by anomaly in controlled way 
- order parameter is 
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The new U(1) sector gives two new d.o.f’s: 


the scalar     and the

The Standard Model Higgs and the hidden Higgs mix via the portal interaction 

The mass matrix is

Diagonalized via
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In simplest setup there are no light hidden sector particles, thus h  
decays back into visible particles via mixing with Higgs boson


h  becomes extremely narrow resonance

If the SM Higgs can decay into two hidden Higgses

2

2

Red already excluded
Cyan can be probed by 
HL LHC

Orange can be probed 
by combination of LC 
and HL LHC

Green is allowed

points below black dashed 
line require fine-tuning
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The agnostics: The effective field theory approach

Highly complex:
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Talk by Pomarol at Moriond:

Observation 1:

Many Higgs operator indirectly constrained by EWP measurements 

constrained by LEP at permille level

Observation 2:
Potentially large effects from operators with same structure as SM coupling

for example:

(not physical)
Sizeable effect 
in gg -> h
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On the one hand these operators are being probed, 
e.g. gluon fusion Higgs production 

on the other operator is momentum dependent, can be enhanced:

high-pT jet

[Banfi, Martin, Sanz 1308.4771] 

See talk by V. Sanz
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Summary

Discovery of Higgs boson shines some light on 
electroweak symmetry breaking

Measuring more Higgs properties during 


Run 2 precisely poses large problems

need novel reconstruction techniques

Discovery of Higgs boson has direct effect on 
many BSM models

Crucial will be interplay with other measurements, 
e.g. top partner, elw precision, astro, …
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