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B. Di Micco Experimental summary Higgs XS working group meeting - 09-10-2018

How (and why) this workshop was organized

•  the workshop idea started at spring last year, when the hh domain contacts (me and 
John Allison at that time) were contacted by CMS equivalents (Olivier Bondu and 
Giacomo Ortona) in order to help with the ATLAS contributions to an hh workshop, to 
be hosted at Mainz, mainly theory driven as it was done in 2015:

• discussing with CMS, and observing the different sensitivity of similar analyses, we 
thought that would have been better to have a workshop experimentalist driven, in 
order to compare and discuss different techniques and add theoreticians to help 
experimental choices: MC generators, result interpretation in complete models and 
analysis techniques 

• call for proposals to the theory, ATLAS and CMS communities to host the workshop, 
among 8 proposals FNAL was chosen (first workshop in US, good facilities to handle 
the workshop organization)
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Targets of the workshop

1. bring the ATLAS and CMS analyzers together, to share ideas and to profit of each 
other experience to improve the analyses (SM hh production sensitivity still far, 
many relevant differences between ATLAS and CMS analyses) 

2. define a common basis of signal MC generators to have a consistent signal 
definition  among experiments 

3. define a set of benchmarks models used to interpret data 

4.  given the low sensitivity to SM hh production, start the effort for an ATLAS/CMS 
combination at the end of Run-2 

5. (unexpected target) set a new deadline to push out new results on combination and 
other channels [ATLAS showed 3 new results: combination, WWbb and WWWW final 
states] 

6. try to make the point on the current interest for hh production search 
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B. Di Micco Experimental summary Higgs XS working group meeting - 09-10-2018

Workshop timetable
• first day dedicated to general 

talks on ATLAS/CMS results, 
show projections at Future 
Colliders and HL-LHC 
projections 

• following days: signature 
specific sessions: bbbb, bbVV, 
bbττ, bbγγ, others (4W’s, 
WWγγ, ττττ), 2 performance 
sessions: b-jets and JET/MET, 
boosted techniques 

• 1h discussion session for each 
day (up to 3 parallel 
discussion sessions) 

• discussion sessions were 
freely organized, the first day 
there was a general discussion 
on the topics, the following 
days those topics were 
developed in specific sessions 
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HL-LHC projectionsAvailable projections

10/18S.Gori

Most results will be updated for YR18 mainly based on Run2 
Combination to be done: Channels & experiments (ATLAS+CMS)
Additional information coming from single H measurements

ATLAS-TDR-030

ATLAS-TDR-030

ATL-PHYS-
PUB-2016-023

ATL-PHYS-PUB-2015-046CMS-TDR-019

CMS PAS FTR-16-002

CMS PAS FTR-16-002

CMS PAS FTR-16-002

3b,c

Most likely pessimistic giving 
that we have with 27 fb-1 4b: 
-12 < κλ < 19, with a factor 100 
less luminosity
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analysis improvements push sensitivities quickly faster than luminosity increasing

4b projections
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Upper limits on σ(pp→HH)

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Non Resonant HH
CMS-PAS-HIG-17-030 

P.Bokan’s talk 

HH
SMσ/HHσ95% CL on 

6 7 8 910 20 30 40 506070 100 200 300 400

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

preliminaryCMS HH→gg  (13 TeV)-135.9 fb

Similar sensitivity from several channels to SM HH production  
• SM production limits reach less than 20 x SM  
• Best channels are bb̄ττ (ATLAS) and bb̄γγ (CMS)
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NEW

best limit from bbγγ in  CMS 
                        bbττ in ATLAS 

          4b ~2 worse in CMS

 6

theoretical xs error:  
~8% not included in ATLAS result
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Present limits on κλ

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

Constraints on kλ

 9

κλ  ∈[-11.8, 18.8]  assuming SM top-H coupling 

  

NEW

CMS-PAS-HIG-17-030 
P.Bokan’s talk 

ATLAS has presented 3 new results at the workshop: 
bbbb, bbττ, bbγγ combination, 4W’s and WWbb results 

limits are far from SM sensitivity, main interest is to look if there is room for 
NP to cime in

[-7.1, 13.6] expected

 7



B. Di Micco Experimental summary Higgs XS working group meeting - 09-10-2018

Room left from New Physics in kλ
indirect constraints from experimental measurements

constraints from unitarity requirements
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Figure 3. Sample of �SM
3 -dependent diagrams in tt̄H production.
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the

10

H

H

V

V

H

H

V

V

Figure 2. Structure of the �
SM
3 -dependent part in M

1
�SM
3

for processes involving massive vector
bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g

t

H

t

g

g

t

Figure 3. Sample of �SM
3 -dependent diagrams in tt̄H production.

H

H

t

g

g

g

g

t
H

H

Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
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Higgs boson 
production and decay

�1 �1
W W W W W W

�1 �1

W W

�1 +
�1

�1

�1 �1

�1

�1=
�1

a) b) c) d)

�1 �1 �1 �1 �1 �1

�1
e1) e2)e)

W W W

Figure 1: Two-loop �3-and-�4-dependent diagrams in the W self-energy,
in the unitary gauge. The dark blob represent the insertion of the modified
diagrams in the one-loop Higgs self energy, shown in the second row. The
black point represents either an anomalous �3 or �4.

The new contribution in the self energies in eqs. (7,8) can be parametrized
just by a modification of the trilinear coupling as described in eq. (2). In
order to correctly identify the e↵ects related to the �3

1 interaction we follow
Ref. [29] and work in the unitary gauge. Here we discuss the W self energy
but an identical analysis can be done also for the Z self energy.

The two-loop diagrams in the W self energy that are sensitive to a mod-
ification of the Higgs self couplings are depicted in fig. 1. The dark blob in
diagrams 1a), 1d) represents the one-loop Higgs self energy or the one-loop
Higgs mass counterterm that in our scenario gets modified with respect to
the SM result in the unitary gauge by the diagrams in fig. 1e). The am-
plitudes of the diagrams in fig. 1 were generated using the Mathematica
package FeynArts [38] and reduced to scalar Master Integrals using private
codes and the packages FeynCalc [39, 40] and Tarcer [41]. After the reduc-
tion to scalar integrals we were left with the evaluation of two-loop vacuum
integrals and two-loop self-energy diagrams at external momenta di↵erent
from zero. The former integrals were evaluated analytically using the results
of Ref. [42]. The latter ones were instead reduced to the set of loop-integral
basis functions introduced in Ref. [43]. For their numerical evaluation we
used the C program TSIL [44]. Our results are expressed in terms of the OS
Higgs mass that specifies the Higgs mass counterterm.

Few observations are in order: i) the insertion of the “cactus” diagram
e2) in diagrams a) and d) in fig. 1 gives rise to a contribution proportional to
the quartic Higgs self couplings on which we did not make any assumption.
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Figure 1: Example Feynman diagrams for the (a) ZZ, (b) WW , (c) Z� and (d) �� two-

loop self-energies. The square represents a vertex where there is a contribution from the

dimension-6 operator.

Contributions to S and T involving the dimension-6 operator O6 first appear at the

two-loop level. At this order in perturbation theory, self-energy diagrams containing both

trilinear and quartic Higgs self-interactions appear, which due to their modifications from

c̄6 outlined above, are manifest as non-zero corrections to S and T . However, as we

will see later, contributions from the quartic Higgs self-interaction exactly cancel in these

observables. It is also important to note that at this order in perturbation theory, there

are no vertex or box diagrams that depend on c̄6 involving light external fermions (i.e.,

light enough that their Yukawa couplings can be neglected). Since two-loop corrections

to vertex or box diagrams involving both c̄6 and heavy external fermions do not enter the

electroweak observables, the relevant two-loop c̄6 contributions to the self-energies must be

separately gauge-invariant.

3.1 Self-energy diagrams

To evaluate the electroweak oblique parameters S and T , all two-loop self-energy diagrams

involving corrections from c̄6 need to be calculated. From the definitions of S and T , all

SM contributions are subtracted and so only terms proportional to c̄6 and c̄
2
6 can remain.

Working in the Feynman gauge, and discarding all two-loop diagrams that do not contain

a contribution from c̄6, there are 26 diagrams for ZZ, 26 for WW , 5 for Z� and 5 for ��.

– 5 –

⇧ZZ
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S&T relation in Vacuum 
Polarisation (global EWK fit)

S-wave hh ⬌hh  scattering  unitarity constraints ��Rea0hh!hh

�� < 1

2
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h̄ = v from Eq. (4) and expanding over the Higgs field fluctuations v ! v + h, one gets

µ
2 = �v

2 +
3

4
c6v

2 =
m

2
h

2
�

3

4
c6v

2
, (24)

� =
m

2
h

2v2
�

3

2
c6 . (25)

By substituting v = 246 GeV and mh = 125 GeV in Eqs. (24)–(25), we find µ
2
< 0 and � < 0

as long as c6 & 0.17. This is precisely the situation described in case 3 of Sect. 2.1. By taking
an even larger c6 the minimum in h̄ = 0 might become the absolute one (cf. Fig. 1). This
happens for (see also [34])

V
(6)(v) =

c6v
4
�m

2
h
v
2

8
> 0 = V

(6)(h̄ = 0) , (26)

corresponding to c6 & 0.26. However, for a weakly coupled theory where c6 scales like v
2
/⇤2,

such value of c6 implies a very low cuto↵ scale of ⇤ . 480 GeV, thus making the application
of the EFT questionable. On the other hand, even admitting for a strongly-coupled origin of
c6, higher-order operators cannot be consistently neglected for assessing the global structure of
the Higgs potential away from the EW minimum, since |H|

6 gives access only up to the sixth
derivative of the potential on the EW minimum.

2.3 Perturbativity bounds

On general grounds, one expects that too large values of the Higgs self-couplings are bounded
by perturbativity arguments. In the following, we compare two criteria: the former is based on
the partial-wave unitarity of the Higgs bosons’ scattering amplitude, while the latter consists
in the requirement that the loop corrections to the Higgs self-interaction vertices are smaller
than the tree-level ones. Both criteria yield a similar result.

2.3.1 Partial-wave unitarity

The 2 ! 2 Higgs bosons’ scattering amplitude grows for large values of the Higgs self-couplings,
eventually leading to unitarity violation and hence to the breakdown of the perturbative ex-
pansion.4 Using the modified Lagrangian in Eq. (1), the hh ! hh scattering amplitude reads
(see also Fig. 2)

M = ��
2
hhh

✓
1

s�m
2
h

+
1

t�m
2
h

+
1

u�m
2
h

◆
� �hhhh , (27)

with s, t, u denoting the standard Mandelstam variables defined in the center of mass frame.
In particular, we also have t = �(s � 4m2

h
) sin2 ✓

2 and u = �(s � 4m2
h
) cos2 ✓

2 , where
p
s is the

center of mass energy and ✓ is the azimuthal angle with respect to the colliding axis.
The J = 0 partial wave is found to be

a
0
hh!hh

= �
1

2

p
s(s� 4m2

h
)

16⇡s

2

4�2
hhh

0

@ 1

s�m
2
h

� 2
log

s�3m2
h

m
2
h

s� 4m2
h

1

A+ �hhhh

3

5 , (28)

4A similar approach was used in order to set constraints on the size of MSSM trilinear couplings (see e.g. [47]).
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constraint involving both the hhh and the hhhh coupling 

1) can probe arbitrary variations 
2) variations correlated by the O6 operators

not a bound, it is still interesting given our limitations in using Eq. (1) beyond perturbation
theory. In Sect. 2.3 we will provide a simple perturbativity criterium which can be applied
to the potential of Eq. (1). On the other hand, in order to formulate the question of vacuum
stability in a gauge invariant way we will add an operator c6

v2
|H|

6 to the SM Lagrangian and
study the vacuum structure of the theory. Would then be possible to set model-independent
bounds on the Wilson coe�cient c6 from the requirement that the EW vacuum is absolutely
stable or long-lived enough? As we are going to see, the answer to the this question is in general
negative, requiring a careful analysis of the range of applicability of the EFT.

2.1 EW symmetry breaking with d = 6 operators

We start by reviewing EW symmetry breaking in the SM augmented by the operator |H|
6 (see

e.g. [43]). The truncated potential reads

V
(6)(H) = �µ

2
|H|

2 + � |H|
4 +

c6

v2
|H|

6
, (3)

where the normalization of the d = 6 operator is given in terms of v = (
p
2Gµ)�1/2

' 246
GeV. Note that c6 = c̄6� in the notation of Ref. [44]. In the following, we will focus on weakly
coupled regimes, where c6 is at most of O (v2/⇤2) and ⇤ is the cuto↵ of the EFT.2

In order to minimize the potential, we project the Higgs doublet on its background real
component, H !

1p
2
h̄. From the equation

V
(6)0(h̄) =

✓
�µ

2 + �h̄
2 +

3c6
4v2

h̄
4

◆
h̄ = 0 , (4)

we find three possible stationary points: h̄ = 0, v+, v�, where

v
2
± =

2v2

3c6

 
��± |�|

r
1 +

3c6µ2

�2v2

!
= (± |�|� �)

2v2

3c6
±

µ
2

|�|
⌥

3c6µ4

4 |�|3 v2
+O(c26) , (5)

and in the last step we expanded for c6 ⌧ 1. The nature of the stationary points (whether they
correspond to maxima or minima) depends on the second derivative of the potential

V
(6)00(h̄) = �µ

2 + 3�h̄2 +
15c6
4v2

h̄
4
. (6)

Considering the possible signs of the potential parameters in Eq. (3) we have in total 23 = 8
combinations, out of which only 4 lead to a phenomenologically viable (i.e. h̄ 6= 0) EWminimum:

1. µ
2
> 0, � > 0, c6 > 0: In this case Eq. (5) yields (at the next-to-leading order in the c6

expansion)

v
2
+ '

µ
2

�

✓
1�

3c6µ2

4�2v2

◆
, (7)

v
2
� ' �

4�v2

3c6

✓
1 +

3c6µ2

4�2v2

◆
. (8)

2By naive dimensional analysis the scaling of c6 is g4⇤v
2
/⇤2, where g⇤ denotes a generic coupling which can

range up to 4⇡ in strongly-coupled theories (see e.g. [45]). However, in theories where the Higgs mass is protected
by an additional symmetry, like e.g. in composite Higgs models, the scaling of the coe�cient c6 is expected to
be c6 ⇠ �g

2
⇤v

2
/⇤2 = �v

2
/f

2, with 1/f ⌘ g⇤/⇤ [44, 46]. Hence, also in this case values of c6 ⇠ 1 lead to the
breakdown of the EFT expansion.

5

� = 1 + 7.8c6
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�4 = 1 + 47c6
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Interplay between single H and HH measurements
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis

3
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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di�erent path for the EWK symmetry breaking than that predicted by the SM that would a�ect the HHH179

vertex at tree level.180

From equation 1, and omitting the integral on the final phase space and on the PDFs for simplicity, the181

total �(pp ! HH) cross section can be expressed as:182
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This expression shows that the kinematic distributions depend only form the ratio k�/kt , and, consequently,183

that the signal acceptance depends only from the ratio k�/kt . The k
4
t

dependence a�ects only the total184

cross section. When expressing results in terms of upper limits on �(pp ! HH), all global normalisation185

factors don’t play a role, therefore the limit curve can be expressed directly as a function of kt/k� whereas186

the kt dependence still shows up in the expected �(pp ! HH) cross section, that is a function of both kt187

and kt/k�.188

The equation 2 has been used also to find a simple way to simulate the signal samples as a function of189

k�/kt . In fact we can simulate 3 samples with di�erent set of parameters k�/kt and use them to simulate190

the signal distributions as a function of and k�/kt value. This has been done by generating a sample191

S(1,0), obtained by setting kt = 1 and k�/kt = 0, a scond sample by setting kt = k�/kt = 1 and a third192

sample setting kt = 1 and k�/kt = k0. Where k0 has been properly chosen for practical reasons. Using193

the set of values above we can write:194
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2
0 |T |2

2.1.1 bb̄⌧+⌧� � model195

The linear combination method196

Following the above derivation, 3 basis amplitudes with certain � values can be linearly combined into197

an amplitude with any � value. This linear combination method is used to replace simulating a huge198

amount of events per � that is tested in the analysis.199

Based on equation 1, amplitudes for three fixed (kt, k�) combinations are defined as:200

A(kt = 1, k� = 0) = A(1, 0) = B

A(kt = 1, k� = 1) = A(1, 1) = B + T

A(kt = 1, k� = 2) = A(1, 2) = B + 2T

In the next step, |B|2, |T |2 and the interference term, BT
⇤ + T B

⇤, can be expressed in terms of |A(1, 0)|2,201

|A(1, 1)|2 and |A(1, 2)|2:202
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strong dependence from κt 
assuming that NP affects only κλ (κt = 1) 
looks a strong assumption

leaving κt fully floating would probe parameter space regions already excluded by single 
Higgs measurements  

Need to fit all together but: 
  1) κλ appears in single Higgs measurements at NLO-EWK (need to move to an NLO k-
framework)
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3 -dependent diagrams in tt̄H production.
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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2) κt affects the ggF and ttH single-Higgs  background to HH  production (need to take it 
into account)
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Toward an ATLAS/CMS combination (MC choice)

1) each collaboration has ~4 times more data on disk; 
2) SM sensitivity still far, it makes sense to combine ATLAS/CMS at the end of 
RUN-2 
3) we need to make uniform decision about MC signal modelATLAS DRAFT
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kt kλ
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Figure 2: Feynman diagrams of the pp ! HH production at lowest order in QCD, the diagram (b) is normally
denoted with the term “box” while the diagram (c) is commonly denominated “triangle”.
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h

Figure 3: Three examples of HH production diagrams at NLO in QCD.

2 Physics model161

2.1 The trilinear Higgs self-coupling162

The di-Higgs production mechanism is described at the lowest order in QCD by the three Feynman163

diagrams shown in Figure 2. In the diagrams (a) and (b) only vertices coupling the Higgs boson with the164

heavy quarks are present, while in diagram (c) the Higgs self-coupling vertex appears in addition to the165

tt̄H vertex. The SM, through the electroweak symmetry breaking mechanism, strictly predicts the values166

of the tt̄H and HHH couplings (gttH and gHHH respectively) once the mass of the top quark mt , the167

Higgs boson mass mh and the Fermi coupling constant GF are considered as measured input quantities.168

The validity of the SM in the prediction of the HH production cross section can thus be estimated by169

looking at the deviation of the tt̄H and HHH couplings from their standard model expectations. Indicating170

with k� the ratio gHHH/gSMHHH
and kt the ratio gttH/gSMttH the BSM HH production cross section can be171

parametrised as a function of kt and k�. In particular if we indicate with B the sum of the diagrams (a)172

and (b) and with T the diagram (c), the amplitude of the process can be expressed as:173

A(kt, k�) = k
2
t
B + kt k�T (1)

Higher order QCD corrections will not add to the diagrams shown in Figure 2 further tt̄H or HHH174

vertices, as illustrated in Figure 3 in three particular cases.175

This implies that the equation 1 is applicable to any order in QCD once the amplitudes B and T are176

modified to include their higher order QCD corrections. Eventual deviations of kt and k� from their177

nominal values of 1, could be induced by new physics entering the tt̄H and HHH vertices or by a slightly178

21st August 2018 – 10:30 8

LO MC, finite mt LO MC  mt  →∞
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NLO MC  mt  →∞

SM Dihiggs Dihiggs + 1j Dihiggs + 2j BSM Dihiggs

Dihiggs + jet production

Want to decorrelate pT ,h with suppression of triangle diagram

Motivates studying pp ! hh + j
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FF, 
FTApprox

ATLAS

CMS

now available: 
Full NLO with finite mt

SM Dihiggs Dihiggs + 1j Dihiggs + 2j BSM Dihiggs

Dihiggs + jet production

Want to decorrelate pT ,h with suppression of triangle diagram

Motivates studying pp ! hh + j
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to set as default for end of Run-2 
validation on going in both Powheg 
and MG5_aMC@NLO 
with Pythia8 and Herwig7 P.S.

NLO MC  FTApprox 
including form factors to take into account finite mt
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Result interpretation in BSM models (from discussion 
minutes)
Simple models that could be included in searches: 


1. S-channel resonances: spin-0, spin-2

2. higgsino→ hh+MET or higgsino→ hh+jets

3. X→Sh where one h is 125 GeV and S is NOT 125 GeV, also X→ V(W,Z)S where S is not 

125 GeV

We should move away from graviton-RS models, which were firstly introduced to have 
sizable cross sections to be probed…


- on the other side, models where hh is a leading channel are difficult to find, unless tuned 
like the EWK singlet model; one could build up simplified models. Simplified models, like in 
DM searches, that gradually develops when analyses become more accurate

AGREEMENT TO SETUP A SIMPLIFIED MODEL AS REFERENCE 
- details of the model still to be discussed

- in addition X→Sh, with mS > 2mW is interesting for analyses looking at a WW final state
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Result presentation for all models
1) theoreticians ask to have the differential mhh distribution in order to fit their preferred 
model


2) we cannot provide it, because (unless we discover something, and in that case we would 
be very happy to do it) we don’t have any hh pair in our dataset, but only misidentified hh 
pairs


3) limits as a function of mhhtruth would be misleading, because bin by bin correlation would 
not be taken into account (how to integrate a broad signal?)


Try to follow a likelihood based approach

mhhtruth

 signal generated with flat mhh, 
or a discrete set of masses

m1 m2 m3

build one likelihood for each m1,2,3…

L(xi, ✓j , µ,m1)
<latexit sha1_base64="qhjI8fe2/2MaTPF/27SRsgIUeWs=">AAACDXicdZDLSgMxFIYz3q23UZduglVQkJJUwXYnunHhooJVoS1DJk1tbDIzJGfEMvQF3Pgqblwo4ta9O9/G9CKo6A+Bj/+cQ875w0RJC4R8eGPjE5NT0zOzubn5hcUlf3nl3Map4aLKYxWby5BZoWQkqiBBicvECKZDJS7CzlG/fnEjjJVxdAbdRDQ0u4pkS3IGzgr8jbpm0OZMZSe9rdtA7uA6tAWw4NqRTnewDuh24OdJoVwuUrqLB0BKI6CEYFogA+XRSJXAf683Y55qEQFXzNoaJQk0MmZAciV6uXpqRcJ4h12JmsOIaWEb2eCaHt50ThO3YuNeBHjgfp/ImLa2q0PX2d/d/q71zb9qtRRapUYmoyQFEfHhR61UYYhxPxrclEZwUF0HjBvpdsW8zQzj4ALMuRC+LsX/w3mxQEmBnu7lDw5HccygNbSOthBF++gAHaMKqiKO7tADekLP3r336L14r8PWMW80s4p+yHv7BN3QmsU=</latexit><latexit sha1_base64="qhjI8fe2/2MaTPF/27SRsgIUeWs=">AAACDXicdZDLSgMxFIYz3q23UZduglVQkJJUwXYnunHhooJVoS1DJk1tbDIzJGfEMvQF3Pgqblwo4ta9O9/G9CKo6A+Bj/+cQ875w0RJC4R8eGPjE5NT0zOzubn5hcUlf3nl3Map4aLKYxWby5BZoWQkqiBBicvECKZDJS7CzlG/fnEjjJVxdAbdRDQ0u4pkS3IGzgr8jbpm0OZMZSe9rdtA7uA6tAWw4NqRTnewDuh24OdJoVwuUrqLB0BKI6CEYFogA+XRSJXAf683Y55qEQFXzNoaJQk0MmZAciV6uXpqRcJ4h12JmsOIaWEb2eCaHt50ThO3YuNeBHjgfp/ImLa2q0PX2d/d/q71zb9qtRRapUYmoyQFEfHhR61UYYhxPxrclEZwUF0HjBvpdsW8zQzj4ALMuRC+LsX/w3mxQEmBnu7lDw5HccygNbSOthBF++gAHaMKqiKO7tADekLP3r336L14r8PWMW80s4p+yHv7BN3QmsU=</latexit><latexit sha1_base64="qhjI8fe2/2MaTPF/27SRsgIUeWs=">AAACDXicdZDLSgMxFIYz3q23UZduglVQkJJUwXYnunHhooJVoS1DJk1tbDIzJGfEMvQF3Pgqblwo4ta9O9/G9CKo6A+Bj/+cQ875w0RJC4R8eGPjE5NT0zOzubn5hcUlf3nl3Map4aLKYxWby5BZoWQkqiBBicvECKZDJS7CzlG/fnEjjJVxdAbdRDQ0u4pkS3IGzgr8jbpm0OZMZSe9rdtA7uA6tAWw4NqRTnewDuh24OdJoVwuUrqLB0BKI6CEYFogA+XRSJXAf683Y55qEQFXzNoaJQk0MmZAciV6uXpqRcJ4h12JmsOIaWEb2eCaHt50ThO3YuNeBHjgfp/ImLa2q0PX2d/d/q71zb9qtRRapUYmoyQFEfHhR61UYYhxPxrclEZwUF0HjBvpdsW8zQzj4ALMuRC+LsX/w3mxQEmBnu7lDw5HccygNbSOthBF++gAHaMKqiKO7tADekLP3r336L14r8PWMW80s4p+yHv7BN3QmsU=</latexit><latexit sha1_base64="qhjI8fe2/2MaTPF/27SRsgIUeWs=">AAACDXicdZDLSgMxFIYz3q23UZduglVQkJJUwXYnunHhooJVoS1DJk1tbDIzJGfEMvQF3Pgqblwo4ta9O9/G9CKo6A+Bj/+cQ875w0RJC4R8eGPjE5NT0zOzubn5hcUlf3nl3Map4aLKYxWby5BZoWQkqiBBicvECKZDJS7CzlG/fnEjjJVxdAbdRDQ0u4pkS3IGzgr8jbpm0OZMZSe9rdtA7uA6tAWw4NqRTnewDuh24OdJoVwuUrqLB0BKI6CEYFogA+XRSJXAf683Y55qEQFXzNoaJQk0MmZAciV6uXpqRcJ4h12JmsOIaWEb2eCaHt50ThO3YuNeBHjgfp/ImLa2q0PX2d/d/q71zb9qtRRapUYmoyQFEfHhR61UYYhxPxrclEZwUF0HjBvpdsW8zQzj4ALMuRC+LsX/w3mxQEmBnu7lDw5HccygNbSOthBF++gAHaMKqiKO7tADekLP3r336L14r8PWMW80s4p+yHv7BN3QmsU=</latexit>

L(xi, ✓j , µ,m2)
<latexit sha1_base64="SCAMd66XXOaiZIBw0G3/B8XdfOw="></latexit><latexit sha1_base64="SCAMd66XXOaiZIBw0G3/B8XdfOw="></latexit><latexit sha1_base64="SCAMd66XXOaiZIBw0G3/B8XdfOw="></latexit><latexit sha1_base64="SCAMd66XXOaiZIBw0G3/B8XdfOw="></latexit>

L(xi, ✓j , µ,m3)
<latexit sha1_base64="/LnstRau/KqH1lEj29s05vpEH7s="></latexit><latexit sha1_base64="/LnstRau/KqH1lEj29s05vpEH7s="></latexit><latexit sha1_base64="/LnstRau/KqH1lEj29s05vpEH7s="></latexit><latexit sha1_base64="/LnstRau/KqH1lEj29s05vpEH7s="></latexit>

Use RooMorph to interpolate the signal template L(xi, ✓j , µ,m)
<latexit sha1_base64="ARSJJMUDcfO4m2VzbzseZfB9ltA=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CQimZKtjuim5cuKhgW6EtQyZN29hkZkjOiGXo3o2v4saFIm59AXe+jelFUNEfAh//OYec8/uRFAYI+XDm5hcWl5ZTK+nVtfWNzczWdt2EsWa8xkIZ6iufGi5FwGsgQPKrSHOqfMkb/uB0XG/ccG1EGFzCMOJtRXuB6ApGwVpeJttSFPqMyuR8tH/riTxuQZ8D9a4tqTiP1YGXyZFCuVx03UM8AVKagUsIdgtkohyaqepl3ludkMWKB8AkNabpkgjaCdUgmOSjdCs2PKJsQHu8aTGgipt2MrllhPes08HdUNsXAJ643ycSqowZKt92jjc3v2tj869aM4ZuqZ2IIIqBB2z6UTeWGEI8DgZ3hOYM5NACZVrYXTHrU00Z2PjSNoSvS/H/UC8WXFJwL45ylZNZHCm0i7JoH7noGFXQGaqiGmLoDj2gJ/Ts3DuPzovzOm2dc2YzO+iHnLdPoK6aIQ==</latexit><latexit sha1_base64="ARSJJMUDcfO4m2VzbzseZfB9ltA=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CQimZKtjuim5cuKhgW6EtQyZN29hkZkjOiGXo3o2v4saFIm59AXe+jelFUNEfAh//OYec8/uRFAYI+XDm5hcWl5ZTK+nVtfWNzczWdt2EsWa8xkIZ6iufGi5FwGsgQPKrSHOqfMkb/uB0XG/ccG1EGFzCMOJtRXuB6ApGwVpeJttSFPqMyuR8tH/riTxuQZ8D9a4tqTiP1YGXyZFCuVx03UM8AVKagUsIdgtkohyaqepl3ludkMWKB8AkNabpkgjaCdUgmOSjdCs2PKJsQHu8aTGgipt2MrllhPes08HdUNsXAJ643ycSqowZKt92jjc3v2tj869aM4ZuqZ2IIIqBB2z6UTeWGEI8DgZ3hOYM5NACZVrYXTHrU00Z2PjSNoSvS/H/UC8WXFJwL45ylZNZHCm0i7JoH7noGFXQGaqiGmLoDj2gJ/Ts3DuPzovzOm2dc2YzO+iHnLdPoK6aIQ==</latexit><latexit sha1_base64="ARSJJMUDcfO4m2VzbzseZfB9ltA=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CQimZKtjuim5cuKhgW6EtQyZN29hkZkjOiGXo3o2v4saFIm59AXe+jelFUNEfAh//OYec8/uRFAYI+XDm5hcWl5ZTK+nVtfWNzczWdt2EsWa8xkIZ6iufGi5FwGsgQPKrSHOqfMkb/uB0XG/ccG1EGFzCMOJtRXuB6ApGwVpeJttSFPqMyuR8tH/riTxuQZ8D9a4tqTiP1YGXyZFCuVx03UM8AVKagUsIdgtkohyaqepl3ludkMWKB8AkNabpkgjaCdUgmOSjdCs2PKJsQHu8aTGgipt2MrllhPes08HdUNsXAJ643ycSqowZKt92jjc3v2tj869aM4ZuqZ2IIIqBB2z6UTeWGEI8DgZ3hOYM5NACZVrYXTHrU00Z2PjSNoSvS/H/UC8WXFJwL45ylZNZHCm0i7JoH7noGFXQGaqiGmLoDj2gJ/Ts3DuPzovzOm2dc2YzO+iHnLdPoK6aIQ==</latexit><latexit sha1_base64="ARSJJMUDcfO4m2VzbzseZfB9ltA=">AAACC3icdZDLSgMxFIYzXmu9VV26CS2CQimZKtjuim5cuKhgW6EtQyZN29hkZkjOiGXo3o2v4saFIm59AXe+jelFUNEfAh//OYec8/uRFAYI+XDm5hcWl5ZTK+nVtfWNzczWdt2EsWa8xkIZ6iufGi5FwGsgQPKrSHOqfMkb/uB0XG/ccG1EGFzCMOJtRXuB6ApGwVpeJttSFPqMyuR8tH/riTxuQZ8D9a4tqTiP1YGXyZFCuVx03UM8AVKagUsIdgtkohyaqepl3ludkMWKB8AkNabpkgjaCdUgmOSjdCs2PKJsQHu8aTGgipt2MrllhPes08HdUNsXAJ643ycSqowZKt92jjc3v2tj869aM4ZuqZ2IIIqBB2z6UTeWGEI8DgZ3hOYM5NACZVrYXTHrU00Z2PjSNoSvS/H/UC8WXFJwL45ylZNZHCm0i7JoH7noGFXQGaqiGmLoDj2gJ/Ts3DuPzovzOm2dc2YzO+iHnLdPoK6aIQ==</latexit>

The theoretician provides dP

dm
(m)

<latexit sha1_base64="yzJZiq4HTDdrqD+rid9c1G0yjhA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WomzCpgu2u6MZlBfuANpTJZNIOnUnCzKRQQv/EjQtF3Pon7vwbp2kEFT1w4XDOvdx7j59wpjRCH1ZpbX1jc6u8XdnZ3ds/sA+PuipOJaEdEvNY9n2sKGcR7WimOe0nkmLhc9rzpzdLvzejUrE4utfzhHoCjyMWMoK1kUa2PQwlJlnQXmSBWNTE+ciuIqfZrLvuBcwJahTERQi6DspRBQXaI/t9GMQkFTTShGOlBi5KtJdhqRnhdFEZpoommEzxmA4MjbCgysvyyxfwzCgBDGNpKtIwV79PZFgoNRe+6RRYT9Rvbyn+5Q1SHTa8jEVJqmlEVovClEMdw2UMMGCSEs3nhmAimbkVkgk2UWgTVsWE8PUp/J90646LHPfustq6LuIogxNwCmrABVegBW5BG3QAATPwAJ7As5VZj9aL9bpqLVnFzDH4AevtE8yrk8M=</latexit><latexit sha1_base64="yzJZiq4HTDdrqD+rid9c1G0yjhA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WomzCpgu2u6MZlBfuANpTJZNIOnUnCzKRQQv/EjQtF3Pon7vwbp2kEFT1w4XDOvdx7j59wpjRCH1ZpbX1jc6u8XdnZ3ds/sA+PuipOJaEdEvNY9n2sKGcR7WimOe0nkmLhc9rzpzdLvzejUrE4utfzhHoCjyMWMoK1kUa2PQwlJlnQXmSBWNTE+ciuIqfZrLvuBcwJahTERQi6DspRBQXaI/t9GMQkFTTShGOlBi5KtJdhqRnhdFEZpoommEzxmA4MjbCgysvyyxfwzCgBDGNpKtIwV79PZFgoNRe+6RRYT9Rvbyn+5Q1SHTa8jEVJqmlEVovClEMdw2UMMGCSEs3nhmAimbkVkgk2UWgTVsWE8PUp/J90646LHPfustq6LuIogxNwCmrABVegBW5BG3QAATPwAJ7As5VZj9aL9bpqLVnFzDH4AevtE8yrk8M=</latexit><latexit sha1_base64="yzJZiq4HTDdrqD+rid9c1G0yjhA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WomzCpgu2u6MZlBfuANpTJZNIOnUnCzKRQQv/EjQtF3Pon7vwbp2kEFT1w4XDOvdx7j59wpjRCH1ZpbX1jc6u8XdnZ3ds/sA+PuipOJaEdEvNY9n2sKGcR7WimOe0nkmLhc9rzpzdLvzejUrE4utfzhHoCjyMWMoK1kUa2PQwlJlnQXmSBWNTE+ciuIqfZrLvuBcwJahTERQi6DspRBQXaI/t9GMQkFTTShGOlBi5KtJdhqRnhdFEZpoommEzxmA4MjbCgysvyyxfwzCgBDGNpKtIwV79PZFgoNRe+6RRYT9Rvbyn+5Q1SHTa8jEVJqmlEVovClEMdw2UMMGCSEs3nhmAimbkVkgk2UWgTVsWE8PUp/J90646LHPfustq6LuIogxNwCmrABVegBW5BG3QAATPwAJ7As5VZj9aL9bpqLVnFzDH4AevtE8yrk8M=</latexit><latexit sha1_base64="yzJZiq4HTDdrqD+rid9c1G0yjhA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WomzCpgu2u6MZlBfuANpTJZNIOnUnCzKRQQv/EjQtF3Pon7vwbp2kEFT1w4XDOvdx7j59wpjRCH1ZpbX1jc6u8XdnZ3ds/sA+PuipOJaEdEvNY9n2sKGcR7WimOe0nkmLhc9rzpzdLvzejUrE4utfzhHoCjyMWMoK1kUa2PQwlJlnQXmSBWNTE+ciuIqfZrLvuBcwJahTERQi6DspRBQXaI/t9GMQkFTTShGOlBi5KtJdhqRnhdFEZpoommEzxmA4MjbCgysvyyxfwzCgBDGNpKtIwV79PZFgoNRe+6RRYT9Rvbyn+5Q1SHTa8jEVJqmlEVovClEMdw2UMMGCSEs3nhmAimbkVkgk2UWgTVsWE8PUp/J90646LHPfustq6LuIogxNwCmrABVegBW5BG3QAATPwAJ7As5VZj9aL9bpqLVnFzDH4AevtE8yrk8M=</latexit>

We compute:

Z
L(xi, ✓j , µ,m)

dP

dm
dm = Lint(xi, ✓j , µ)

<latexit sha1_base64="NoZhb09BkKYunF+BDji5SWWU0aE="></latexit><latexit sha1_base64="NoZhb09BkKYunF+BDji5SWWU0aE="></latexit><latexit sha1_base64="NoZhb09BkKYunF+BDji5SWWU0aE="></latexit><latexit sha1_base64="NoZhb09BkKYunF+BDji5SWWU0aE="></latexit>

compute CLs upper limit on cross section

The idea is to provide an mass interpolate likelihood

 16
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Conclusions

1)interesting and fruitful workshop, many exchanges of ideas with CMS colleagues and 
theoriticians, will allow to improve analyses of both collaborations 

2) starting to think to common MC signal, model interpretation, presentation of analysis results 
(it is just the start of a common effort through a hh combination) 

3) starting to setup common reference cross sections and uncertainties 

4) white/paper as an outcome of the workshop, to be reviewed inside the Higgs XS WG, with all 
the workshop outcomes and agreed procedures (open to new contributions from Higgs XS WG) 

5) we are already setting interesting constraint on κλ, but we still need to improve sensitivity 
beyond simple luminosity scaling (new ideas and new channels are mandatory) 

 17

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL  2
thanks to all the participants for the fruitful discussions 

and the sessions conveners for their inputs!
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4b results
 19

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL  21

David Wardrope  4

Non-resonant Results (Jana Schaarschmidt,  Andres Tiko)
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Resonant Results (Jana Schaarschmidt,  Andres Tiko)

Resonant results are broadly 
comparable

CMS
ATLAS

Multijet background is dominant: 
Data-driven background estimates : bump-hunt, anti-tag reweighting, hemisphere mixing 
With more data, systematics uncertainties related to the data-driven backgrounds will become more dominant 
Can we get a better simulation for this?

CMS 2+1 has non-resonant interpreation, but not orthogonal to the resolved … 
for some benchmark similar sensitivity to the resolved

σ/σSM 
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Future colliders expectations 1/2

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/ee

 57

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/ee

 57

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/ee

 57

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/ee

 57

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/ee

 57

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh

 58

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh

 58

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh

 58

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh

 58

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh

 58

A. Canepa

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

FCC/eh
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A. Canepa

10 ab-1 √s =3.5 (5.0) TeV 
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Future colliders expectations 2/2
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FCC/hh
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FCC/hh

 59

A. Canepa

~5% uncertainty on κλ

HE-LHC (27 TeV, 15 ab-1)

Prospects for the HE-LHC

13/18S.Gori

3e

Two theory groups involved in the studies: Goncalves et al., Homiller & Meade
1802.04319

bb!! studies are already available:

Very large
impact

Resolution used for this study: 

measurement 
at the 30% 

level
27TeV, 15ab-1

Prospects for the HE-LHC

13/18S.Gori

3e

Two theory groups involved in the studies: Goncalves et al., Homiller & Meade
1802.04319

bb!! studies are already available:

Very large
impact

Resolution used for this study: 

measurement 
at the 30% 

level
27TeV, 15ab-1
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γγbb non resonant
 22

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

ATLAS experimental: non-resonant

• Fit mγγ: resonant signal on top of continuum background 
• SM γγ+jets: MC re-weighted to data (shape + normalization) in 0-tag CR. 
• Jets faking photons from fully data-driven 2x2D method 
• Data-driven: use MC only to decide which fit function to use - bias in function choice 

taken as a systematic

 23

Dominant contribution to ATLAS !λ sensitivity

ATLAS
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• Fit mγγ: resonant signal on top of continuum background 
• SM γγ+jets: MC re-weighted to data (shape + normalization) in 0-tag CR. 
• Jets faking photons from fully data-driven 2x2D method 
• Data-driven: use MC only to decide which fit function to use - bias in function choice 

taken as a systematic
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Dominant contribution to ATLAS !λ sensitivitymost sensitive to κλ

CMS

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

CMS experimental summary

• Tight object selection to reduce background from fakes: 
• Photon selection similar to H(γγ), regression for b-jets to improve mbb resolution 

• MVA classification using kinematic variables: 
• Resonant/nonResonant, low/High mass optimized separately 

• 2D fit to mγγ and mbb to derive limits

 25

M. Gouzevitch. HH→ 2b2g at CMS
21

05/09/2018

3.6) kl scan

 The sensitivity is the best close to the maximal 

interference.

 Purely signal efficiency effect (see M
X
 

efficiency figure).

Most sensitive channel: 

Dominating !λ scan 

Dominant channel for resonant at 
low mass
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CMS experimental summary

• Tight object selection to reduce background from fakes: 
• Photon selection similar to H(γγ), regression for b-jets to improve mbb resolution 

• MVA classification using kinematic variables: 
• Resonant/nonResonant, low/High mass optimized separately 

• 2D fit to mγγ and mbb to derive limits
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M. Gouzevitch. HH→ 2b2g at CMS
21

05/09/2018

3.6) kl scan

 The sensitivity is the best close to the maximal 

interference.

 Purely signal efficiency effect (see M
X
 

efficiency figure).

Most sensitive channel: 

Dominating !λ scan 

Dominant channel for resonant at 
low massfollow up
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γγbb  resonant

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

ATLAS experimental: resonant

Fit mγγjj constructed after scaling jj 4-vector to have mjj = mH 
Interference between BSM HH and SM HH considered to be negligible and ignored

 24Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

ATLAS experimental: resonant

Fit mγγjj constructed after scaling jj 4-vector to have mjj = mH 
Interference between BSM HH and SM HH considered to be negligible and ignored

 24

M. Gouzevitch. HH→ 2b2g at CMS
19

3.4) SM-like “the magic spot”

 The peak in SM HH spectrum is at 400 GeV. 

 This is the place where are crossing the sensitivities of 2 or best 3 channels.

 The measurement of SM HH→ 2b2g at CMS is in fact a large team effort.

05/09/2018

3.2) E,ciencies

M. Gouzevitch. HH→ 2b2g at CMS
1705/09/2018

CMS resonant
MVA based analysis

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

Follow-uPs and action Items

• More general approach: 
• For this channel, relax the mass window on bb pair (~60-250 GeV) to test exotic 

models (X→h(125)Y) could be doable without huge effort 
•  ML approach for bump hunting could help 

• Better integration with single Higgs measurements and wider interpretations 
• Improvements on b-jet reconstruction are foreseen 
• Updates on projections will come soon: 

• Photon resolution to be treated carefully in these estimates

 26
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bbττ
 24

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

Results

 28

Expected Observed
ATLAS 14.8 12.7
CMS 25 30

σ/σSM
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 25

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

Analysis Strategies

 29

CMS uses also boosted events (and semi-resolved events) to improve sensitivity (for non-resonant too) 
1 b-tag category adds 10% to sensitivity in CMS. 

Multivariate techniques help but require attention: 
• How can we be sure that backgrounds are well modelled in high BDT region. 
• Training lots of different BDTs for different scenarios is computational expensive. 
• Parameterized NN’s should be investigated by both experiments.   
• Re-weighting BDT inputs is possible means you need to validate everything again (more work), 

and leads to more fluctuations. 
• Interesting to open up the BDTs to see what cuts are being applied. 

Both experiments confirm each others results when comparing cut-based and MVA analyses. 
Using multivariate discriminants as final fitted value give optimal analysis sensitivity.

bbττ
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4b channel, trigger performance  26

Main issue: b-jet triggers, ATLAS 2 b-jet trigger allows low uncertainty QCD estimation 
   CMS 3 b-jet trigger, it needs hemisphere decomposition at low mHH for non   
   resonant

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

b-tagging Online vs Offline

 19

J. Alison

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

b-tagging Online vs Offline

 19

J. Alison
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Possible model implementationNaturalness and top partners
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Stops are colored, couple strongly to Higgs, and thus can provide an 

important contribution to Higgs pair production

e.g., stops in SUSY 
stabilize Higgs mass
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e.g., stops in SUSY 
stabilize Higgs mass

Talk by
 Carlos Wagner

Di-Higgs modifications from stops

[BB, McCullough, Stolarski, Verhaaren] [Huang, Joglekar, Li, Wagner]

Factor of few enhancement in HH rate possible, particularly if top Yukawa is enhanced

21
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BSM enhanced hh production

18

Talk by 
Ian Lewis

Enhancing Double Higgs Production with BSM  28
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VBF di-Higgs production

22

Talk by Ian Low

22

Talk by Ian Low

 29
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Expected deviation on κλ from NP

12

How well do we need to measure the self-coupling?

• Answer 1:  As precisely as we can!

• Answer 2: If no new state associated with EWSB 
is found a the LHC, then one can potentially still 
expect deviations on the order of 20%

How large can the self-coupling be?

• Constraints from partial wave unitarity & perturbativity 

[Gupta, Rzehak, Wells]

[Di Luzio, Grober, Spannowsky]

See also talk by
Stefano Di Vita

• Existing constraints combined with unitarity & perturbativity  
typically give smaller deviations from the SM value

B. Batell (theory summary talk)

If we find large deviations on κλ from 1, they 
would be associated to NP show up at LHC

 30
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 VH, ttH κλ impact on differential observables
Talk by Ambresh Shivaji

Impact of differential single Higgs measurements 

16

Talk by Ambresh Shivaji

Impact of differential single Higgs measurements 

16

Talk by Ambresh Shivaji

Impact of differential single Higgs measurements 

16

1) differential informations can be used to probe κλ  
2) κλ  impact on single-Higgs bkg acceptance needs to be 
taken into account (need NLO-EWK generators)

all modes

only

 31
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The long march to higher orders in ggF HH production!

Talk by Javier Mazzitelli6

Eboli, Marques, Novaes, Natale 87; Glover, Van Der Bij 
88, Dicus, Kao, Willenbrock 88; Plehn, Spira, Zerwas 96

our present 
estimate

1. move to the new reference when full uncertainty will be available; 
2. use the same accuracy for κλ dependent  reference cross section (at the 
moment scaling NNLO SM with κλ dependent correction factors at LO)

Toward an ATLAS/CMS combination (total cross section)
 32
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WWbb results
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Scalar Spin-2
• Resolved analysis results are 

presented for mS ≤1300 GeV.  
Results from boosted otherwise.

Resonant production

• Boosted analysis results are 
used for mGkk ≥ 800 GeV

Summary of the results

 13

DRAFT

Table 8: Post-fit event yields in final signal region for the non-resonant analysis and the resonant analysis in the
500-3000 GeV mass range. The errors shown are the MC statistical and systematic uncertainties described in
Sec. 4.3. The yields are shown for three signal models: a scalar (S) and two Randall-Sundrum gravitons with
c = 1.0 and c = 2.0 (G). Signal samples are normalised to the expected upper limit cross section.

mX (GeV) S G (c=1.0) G (c=2.0) Total Bkg. Data
500 18±5 20±5 18±5 19±6 26
600 13±2 15±2 13±2 17±6 16
700 16±2 17±2 16±2 25±8 22
750 20±2 22±2 20±2 22±9 27
800 18.4±1.5 19.7±1.6 18.2±1.5 20±8 28
900 16.3±1.6 17.0±1.7 16.1±1.6 20±7 23
1000 12.0±1.3 12.3±1.4 11.9±1.3 14±5 11
1100 9.6±1.2 9.8±1.2 9.5±1.1 8±3 8
1200 8.1±0.9 8.2±0.9 8.1±0.9 6±3 5
1300 5.1±0.7 5.1±0.7 6.2±0.8 3.5±1.8 1
1400 4.3±0.3 4.1±0.3 4.0±0.3 1.1±0.2 0
1500 3.5±0.3 3.5±0.3 3.5±0.3 1.1±0.2 0
1600 3.1±0.3 3.1±0.3 3.2±0.3 0.4±0.3 1
1800 14.1±1.8 14±2 14±2 17±5 21
2000 8.7±1.0 8.9±1.0 8.8±1.0 8±3 9
2250 7.9±1.1 8.2±1.2 8.2±1.2 6±2 7
2500 5.5±0.8 5.6±0.8 5.6±0.8 3.3±1.4 3
2750 5.7±1.0 6.1±1.1 6.0±1.1 3.1±1.3 3
3000 4.3±0.7 4.6±0.7 4.5±0.7 2.1±1.0 1

Non-resonant analysis
SM signal normalised to the expected upper limit cross section Total Bkg. Data

17±2 21±8 22

nuisance parameters with Gaussian constraints. For each source of systematic uncertainty, the correlations432

across bins and between di�erent kinematic regions, as well as those between signal and background, are433

taken into account. Table 8 shows the post-fit number of predicted backgrounds, observed data, and the434

signal events normalised to the expected upper limit cross sections.435

No significant excess beyond the expectation is observed and the results are used to evaluate an upper436

limit at the 95 % confidence level (CL) on the production cross section times the branching fraction for437

the signal hypotheses under consideration. The exclusion limits are calculated with a modified frequentist438

method [57], also known as CLs, and the profile-likelihood test statistic [58]. None of the considered439

systematic uncertainties is significantly constrained or pulled in the likelihood fit.440

In the non-resonant signal hypothesis the observed (expected) upper limit on the �(pp ! HH) ⇥441

Br(HH ! bbWW
⇤) at 95% CL is:442

�(pp ! HH) · Br(HH ! bbWW
⇤) < 2.5

⇣
2.4+1.0
�0.7

⌘
pb.

Using the branching fraction Br(HH ! bbWW
⇤) = 2 ⇥ Br(H ! bb) ⇥ Br(H ! WW

⇤) = 0.248, we443

obtain for the HH production cross section the observed (expected) limit:444

�(pp ! HH) < 10
⇣
10+4.1
�2.8

⌘
pb at 95% CL,

24th August 2018 – 12:47 18

Non-resonant production

• Current non-resonant di-Higgs 
production limit is ~300 x σSM

Statistical Analysis Techniques 

• Resolved: count events in SR 
(defined by mHH windows for 
resonant hypotheses) 

• Boosted: shape analysis 
using mHH distribution

• Results are interpreted in the context of a heavy scalar S and 
spin 2 RS graviton GKK with c = k/MPl = 1.0 and 2.0
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c = 1.0 and c = 2.0 (G). Signal samples are normalised to the expected upper limit cross section.

mX (GeV) S G (c=1.0) G (c=2.0) Total Bkg. Data
500 18±5 20±5 18±5 19±6 26
600 13±2 15±2 13±2 17±6 16
700 16±2 17±2 16±2 25±8 22
750 20±2 22±2 20±2 22±9 27
800 18.4±1.5 19.7±1.6 18.2±1.5 20±8 28
900 16.3±1.6 17.0±1.7 16.1±1.6 20±7 23
1000 12.0±1.3 12.3±1.4 11.9±1.3 14±5 11
1100 9.6±1.2 9.8±1.2 9.5±1.1 8±3 8
1200 8.1±0.9 8.2±0.9 8.1±0.9 6±3 5
1300 5.1±0.7 5.1±0.7 6.2±0.8 3.5±1.8 1
1400 4.3±0.3 4.1±0.3 4.0±0.3 1.1±0.2 0
1500 3.5±0.3 3.5±0.3 3.5±0.3 1.1±0.2 0
1600 3.1±0.3 3.1±0.3 3.2±0.3 0.4±0.3 1
1800 14.1±1.8 14±2 14±2 17±5 21
2000 8.7±1.0 8.9±1.0 8.8±1.0 8±3 9
2250 7.9±1.1 8.2±1.2 8.2±1.2 6±2 7
2500 5.5±0.8 5.6±0.8 5.6±0.8 3.3±1.4 3
2750 5.7±1.0 6.1±1.1 6.0±1.1 3.1±1.3 3
3000 4.3±0.7 4.6±0.7 4.5±0.7 2.1±1.0 1

Non-resonant analysis
SM signal normalised to the expected upper limit cross section Total Bkg. Data

17±2 21±8 22

nuisance parameters with Gaussian constraints. For each source of systematic uncertainty, the correlations432

across bins and between di�erent kinematic regions, as well as those between signal and background, are433

taken into account. Table 8 shows the post-fit number of predicted backgrounds, observed data, and the434

signal events normalised to the expected upper limit cross sections.435

No significant excess beyond the expectation is observed and the results are used to evaluate an upper436

limit at the 95 % confidence level (CL) on the production cross section times the branching fraction for437

the signal hypotheses under consideration. The exclusion limits are calculated with a modified frequentist438

method [57], also known as CLs, and the profile-likelihood test statistic [58]. None of the considered439

systematic uncertainties is significantly constrained or pulled in the likelihood fit.440

In the non-resonant signal hypothesis the observed (expected) upper limit on the �(pp ! HH) ⇥441

Br(HH ! bbWW
⇤) at 95% CL is:442

�(pp ! HH) · Br(HH ! bbWW
⇤) < 2.5

⇣
2.4+1.0
�0.7

⌘
pb.

Using the branching fraction Br(HH ! bbWW
⇤) = 2 ⇥ Br(H ! bb) ⇥ Br(H ! WW

⇤) = 0.248, we443

obtain for the HH production cross section the observed (expected) limit:444

�(pp ! HH) < 10
⇣
10+4.1
�2.8

⌘
pb at 95% CL,
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Non-resonant production

• Current non-resonant di-Higgs 
production limit is ~300 x σSM

Statistical Analysis Techniques 

• Resolved: count events in SR 
(defined by mHH windows for 
resonant hypotheses) 

• Boosted: shape analysis 
using mHH distribution

• Results are interpreted in the context of a heavy scalar S and 
spin 2 RS graviton GKK with c = k/MPl = 1.0 and 2.0

ATLAS new, 1 lepton channel

CMS H(bb̄)H(lνlν)

 35

36/fb analysis: DNN with several kinematic variables input, more sensitive 
than ATLAS 1lepton result 

T. Huang 

CMS 2 leptons

CMS H(bb̄)H(lνlν)

 35

36/fb analysis: DNN with several kinematic variables input, more sensitive 
than ATLAS 1lepton result 

T. Huang 

CMS resonant almost same sensitivity than ATLAS 
          CMS non-resonant x3 better than ATLAS 

There is room for improvement, need to push analysis 
sensitivity at the extreme (need to add full had and 2 leptons 
channels on ATLAS side too)

 33
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Pheno work on WWbb analysis improvement

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

HH, a variety of final states

 6

highest BR: larger statistics 
high b-tag efficiency and low fake rate 
multi-light jets background is highly reduced  

H(bb̄) 

simple topology 
excellent mass resolution 
Limited by small BR  

H(γγ) 

0.3%

Assuming SM H BR

33.3%

24.8%

7.3%

Complementarity of the channels

0.39%

3.1%

4.6%

•  Br to WWbb quite large, analysis improvement 
can be tried developing techniques to 
suppress top background (therefore big 
interest from pheno community)

13

Talk by 
Jeong Han Kim

Use new kinematic variables to 
discriminate dileptonic Higgs vs. tt

13

Talk by 
Jeong Han Kim

Use new kinematic variables to 
discriminate dileptonic Higgs vs. tt

can be used also for the 
1 lepton channel

proposed variable from 
phenomenologists 

minimised respect to 
neutrino pz
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bbττ
 35

Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

Analysis Strategies

 29

CMS uses also boosted events (and semi-resolved events) to improve sensitivity (for non-resonant too) 
1 b-tag category adds 10% to sensitivity in CMS. 

Multivariate techniques help but require attention: 
• How can we be sure that backgrounds are well modelled in high BDT region. 
• Training lots of different BDTs for different scenarios is computational expensive. 
• Parameterized NN’s should be investigated by both experiments.   
• Re-weighting BDT inputs is possible means you need to validate everything again (more work), 

and leads to more fluctuations. 
• Interesting to open up the BDTs to see what cuts are being applied. 

Both experiments confirm each others results when comparing cut-based and MVA analyses. 
Using multivariate discriminants as final fitted value give optimal analysis sensitivity.

it allows to define at low BDT a CR to constraint ttbar systematics
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Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL  18
David Wardrope

Online b-tagging (John Alison)
b-jet triggers are most complicated LHC 
trigger paths

Need jet reconstruction, vertexing, tracking, b-
tagging

Acceptance × efficiency constrained by:
L1 rate: (only calorimeter info for decision)

CPU resources available in HLT (and output rate)

 2
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Simulation ATLAS

Resolved, 2016

-1 = 13 TeV, 24.3 fbs

Trigger places limits on HH→bbbb analysis in both ATLAS and CMS
Limitations even more serious at HL-LHC

ATLAS has 2 b-jet trigger paths for improved low mHH sensitivity
Enables background model with normalisation from 2-tag control sample

CMS requires at least 3 b-jets to pass trigger
Reduces efficiency, motivates hemisphere background model
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Caterina Vernieri (FNAL) HH Workshop —  4-8 September 2018 — FNAL

CMS experimental summary

• Tight object selection to reduce background from fakes: 
• Photon selection similar to H(γγ), regression for b-jets to improve mbb resolution 

• MVA classification using kinematic variables: 
• Resonant/nonResonant, low/High mass optimized separately 

• 2D fit to mγγ and mbb to derive limits

 25

M. Gouzevitch. HH→ 2b2g at CMS
21

05/09/2018

3.6) kl scan

 The sensitivity is the best close to the maximal 

interference.

 Purely signal efficiency effect (see M
X
 

efficiency figure).

Most sensitive channel: 

Dominating !λ scan 

Dominant channel for resonant at 
low mass


