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Various BSM Higgs studies via WW scattering (=WBF) 

Access to  in HH at e+e-  λHHH, VHWW, VHHWW
Access to  and  in HHH at e+e-  λHHH λHHHH

Access to    in HH at LHC λHHH

Access to  in  at e+e- λhhh , λhhH , λhHH , λhAA hihj

Non-  
resonant 

Studied  
in EFT

 Heavy H in 2HDM is resonant in WW     hh : efficient window to   λhhH

2011.13195,  EPJC 81 (2021)3, 260,  González-López, Herrero, Martínez-Suárez 

1807.09736,  Nucl.Phys.B 945 (2019) 114687, Arganda, García-García, Herrero 

2106.11105,  EPJC 81 (2021)10, 913,  Arco, Heinemeyer, Herrero

Resonant 

Studied  
In 2HDM 

Also recent work ongoing with Roberto Morales, Daniel Domenech, Maria Ramos:   NLO EFT in WW scattering: HEFT and SMEFT     

FIRST  proposal, predictions and HL-LHC  prospects  for  via WBF were done in our work  3 years ago.  
Other works focused only on GGF.  

Recently,  LHC collaborations testing this sensitivity to  via WBF and setting improved constraints.

κλ

κλ
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WW       HH in SM
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Figure 1: Tree level diagrams that contribute to double Higgs production in vector boson scattering
in the Unitary gauge. The cyan circle represents the presence of the Higgs self-coupling in the
interaction vertex.

contact, t and u channels respectively, computed consistently in the Unitary gauge:
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Here, g is the EW coupling constant, mW is the mass of the W boson, and s, t and u are the usual
Mandelstam variables. The amplitudes for the ZZ ! HH case are identical except for a global
factor 1/c2w (with cw = cos ✓w and with ✓w being the weak angle), that has to be included in each
amplitude, and the substitution of m2

W
by m

2

Z
in the t and u channel expressions.

On the other hand, the contribution of each polarization state of the initial EW gauge bosons
behaves di↵erently, not only energetically, but also in what concerns to the sensitivity to �. There
are only two polarization channels that do depend on �: the purely longitudinal, VLVL, and the
purely transverse in which both vector bosons have the same polarization, VT+VT+ and VT�VT� .
All the other channels have vanishing s-channel contributions and will not actively participate,
therefore, in the study of the Higgs trilinear coupling, although all polarization states contribute to
the total cross section. Moreover, this total cross section is dominated, specially at high energies, by
the purely longitudinal VLVL configuration, and so is each diagram contribution. All these features
can be seen in Fig. 2, where we display the predictions for the cross sections of W+

W
�
! HH and

ZZ ! HH as a function of the center of mass energy for three di↵erent values of � separated by
polarizations of the gauge bosons, including, also, the unpolarized cross section. In this figure two
things are manifest: the first one is that the VLVT configuration is indeed independent of �. The
second one is that the total cross section is clearly strongly dominated by the purely longitudinal
contribution at all energies. This is a very interesting result, since it means that, if this process
was measured, we would be being sensitive to the purely longitudinal configurations of the gauge
bosons, and therefore to the heart of the self-interactions of the SM scalar sector.

The VLVL dominance can be understood through the inspection of the energy dependence of the
longitudinal polarization vectors, "V , at high energies. They are all proportional, for

p
s � mV ,

to a power of the energy over the mass, EV /mV . This leads to a behavior of the amplitudes,
presented in Eqs.(2)-(4), for the contact, t and u channels respectively, proportional to s, and to a
constant behavior with energy of the s-channel amplitude given in Eq.(1). Including the extra 1/s
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Figure 3: Contribution to the total cross section of W+
W

�
! HH (left panel), and of ZZ ! HH

(right panel) in the SM, i.e., � = �SM , of each diagram displayed in Fig. 1 as a function of the
center of mass energy

p
s. The sum of the contributions of the contact, t-channel and u-channel

diagrams as well as the sum of all diagrams that contribute are also presented.

sensitivity can be indeed reached in the future by means of VBS.
It is important to understand in more detail at this point the implications of setting � to a

di↵erent value than �SM in the kinematical properties of the VBS processes we are studying here.
For this purpose, we present in Fig. 4 the total cross section of the process W

+
W

�
! HH as

a function of the center of mass energy
p
s and the di↵erential cross section with respect to the

pseudorapidity ⌘H of one of the final Higgs bosons (notice that the distribution with respect to the
pseudorapidity of the other Higgs particle is the same) for di↵erent values of positive, vanishing and
negative �

1. The results for ZZ ! HH (not shown) are very similar to those of W+
W

�
! HH.

From this figure, it can be seen that, first and most evidently, the total cross section changes
in magnitude and in energy dependence with respect to the SM one, as already announced. This
happens especially near the HH production threshold, confirming that the sensitivity to deviations
in � with respect to the SM value is larger in this region. For the case of positive � the total BMS
cross section can be larger or lower than that in the SM, depending on the size of the deviations
in � with respect to �SM , since in this case there is a destructive interference between the s

channel contribution and the rest (c + t + u). In contrast, for the case of negative � values, the
sum of diagrams is always constructive and one obtains bigger cross sections than the SM one
independently of the absolute value of the coupling. The details of these features will be extended
when commenting the next figure. Regarding the angular dependence of the di↵erential cross
section, or correspondingly the distribution respect to ⌘H also shown in Fig. 4, we see clearly that
it also changes in the BSM scenarios respect to the SM one. We particularly learn from this figure
that for central values of the Higgs pseudorapidity, concretely for |⌘H | < 2.5, it is much easier to
distinguish between di↵erent values of �. Therefore, this suggests the kind of optimal cuts in this
variable ⌘H , or the equivalent one in terms of the final particles from the Higgs decays, we should be
giving to enhance the sensitivity to the signal when moving to the realistic case of the pp collisions
at the LHC.

In Fig. 5 we display our predictions for the total cross section of the two relevant VBS processes

1
We assume here a phenomenological approach when setting � 6= �SM , meaning that it is not our aim to

understand the theoretical implications of such a result like potential instabilities for negative values of �, etc. We

understand that the deviations in this coupling would come together with other BSM Lagrangian terms that would

make the whole framework consistent.

5

Clear LL dominance explaining the  flat behavior with energy : LL >TT >LT+TL :

Sensitivity to  only in s-channel: main effects manifest  at the region close to HH threshold λHHH

|T(W+
LW−

L → HH) | ≃ |T(ϕ+ϕ− → HH) |

Equivalence Theorem: OK at TeV
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Very subtle cancellations  at TeV among channels
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Finding  correlation/uncorrelation between HHH and HHHH   
is one of the Golden Tasks for future colliders (ee and LHC)

  involved in WW  HH  and in WW  HHHλHHH
  only involved in WW        HHH λHHHH

For e+e-: other HH and HHH production mechanisms suppressed at TeV respect to WW

Remember that within SM :  and  due to H in a doubletVHWW = v VHHWW VHHH = v VHHHH

Any deviation to these correlations  may indicate physics BSM  

 colliderse+e−
Similar mechanism 

At LHC with leptons 
 replaced by quarks
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BSM: WW  HH (and HHH) with LO-HEFT (chi-dim=2)
Thus,	its	triple	and	quartic	couplings	(to	itself	and	to	gauge	bosons)	are	no	longer	correlated.

The EChL

ℒEChL ⊃ v2

4 [1 + 2a ( H
v ) + b ( H

v )
2

+ . . . ] Tr [DμU†DμU] − κ3λvH3 − 1
4 κ4λH4

The	Higgs	boson,	 ,	is	introduced	as	a	singlet,	being	no	longer	part	of	a	doublet.	H

The	electroweak	Goldstone	bosons	are	placed	in	an	exponential	representation	,	U = exp ( i ⃗ω ⃗τ
v )

Anomalous Higgs couplings: parametrize possible BSM effects. 

In the SM, , and the correlations are recovered.a = b = κ3 = κ4 = 1

Anomalous couplings: parametrize possible BSM effects to LO-HEFT  

April 8, 2022

1 Our Lagrangian for WW ! HH

Seguimos la section 2 de nuestro paper [1]
In this section we shortly summarize the most relevant pieces of the EChL for the present

computation, and introduce some necessary notation. The active fields of the EChL are the EW
gauge bosons, W a

µ (a = 1, 2, 3) and Bµ, that are associated to SU(2)L and U(1)Y , respectively,
the three GBs ⇡a (a = 1, 2, 3), and the Higgs boson H. The GBs are introduced in a non-linear
representation, usually via the exponential parametrization, by means of the matrix U :

U(⇡a) = ei⇡
a
⌧
a
/v , (1.1)

where, ⌧a, a = 1, 2, 3, are the Pauli matrices and v = 246 GeV. Under a EW chiral transformation of
SU(2)L⇥SU(2)R, given by L 2 SU(2)L and R 2 SU(2)R, the field U transforms linearly as LUR†,
whereas the GBs ⇡a transform non-linearly. This peculiarity implies multiple GBs interactions, not
just among themselves but also with the other fields, and it is the main feature of this non-linear
EFT, which is clearly manifest in the following expansion:

U(⇡a) = I2 + i
⇡a

v
⌧a �

2⇡+⇡� + ⇡3⇡3

2v2
I2 � i

(2⇡+⇡� + ⇡3⇡3)⇡a

6v3
⌧a + . . . (1.2)

where I2 is the unity matrix and the dots stand for terms with four or more GBs.
The H field is, in contrast to the GBs, a singlet of the EW chiral symmetry and the EW

gauge symmetry and, consequently, there are not limitations from symmetry arguments on the
implementation of this field and its interactions with itself and with the other fields. Usually, in
the EChL, the interactions of H are introduced via generic polynomials.

The EW gauge bosons are introduced in the EChL by means of the SU(2)L ⇥ U(1)Y gauge
prescription, namely, via the covariant derivative of the U matrix, and by the SU(2)L and U(1)Y
field strength tensors, as follows:

DµU = @µU + iŴµU � iUB̂µ ,

Ŵµ⌫ = @µŴ⌫ � @⌫Ŵµ + i[Ŵµ, Ŵ⌫ ] , B̂µ⌫ = @µB̂⌫ � @⌫B̂µ , (1.3)

where Ŵµ = gW a
µ⌧

a/2, and B̂µ = g0Bµ⌧3/2. For the construction of the EChL and in addition to
these basic building blocks, it is also customary to use the following objects:

Vµ = (DµU)U † , DµO = @µO + i[Ŵµ, O] . (1.4)

The physical gauge fields are given, as usual, by:

W±
µ =

1
p
2
(W 1

µ ⌥ iW 2

µ) , Zµ = cWW 3

µ � sWBµ , Aµ = sWW 3

µ + cWBµ , (1.5)

where we use the short notation sW = sin ✓W and cW = cos ✓W , with ✓W the weak angle.
For the present computation we include in the EChL all the relevant e↵ective operators,

organized as usual by their chiral dimension into two terms: L2, with chiral dimension two and
L4 with chiral dimension four. As already said in the introduction, for this chiral counting, we
consider that all involved masses count equally as momentum, namely, with chiral dimension one.
Consequently, @µ , mW , mZ , mH , gv , g0v ,�v ⇠ O(p) . Thus, for the present work, the relevant
SU(2)L ⇥ U(1)Y gauge invariant EChL is given, in short, by

LEChL = L2 + L4 . (1.6)

1

Non-Linear GBs

H
Higgs is singlet

Uncorrelated coeffs.
 versus  a b
 versus  κ3 κ4

In contrast to SM and SMEFT 
(where H is in a doublet)

ℒLO
EChL = +…..

SM: a = b = κ3 = κ4 = 1

VWWH = iagmWgμν VWWHH = ibg2

2 gμν

aexp ∈ [0.97, 1.13][1] bexp ∈ [−0.76, 2.90][2]

VHHH = − iκ36λv
κexp

3 ∈ [−2.3,10.3][3]

VHHHH = − iκ46λ
κexp

4 unconstrained

[1a]ATLAS, Phys. Rev. D 101 (2020) [1909.02845] [2a]ATLAS, JHEP 07 (2020) [2001.05178] [3a]ATLAS-CONF-2019-049

[1b]ATLAS-CONF-2020-027. Best fit κV = a = 1.03 ± 0.03 [3b]CMS (2021) [2011.12373]  κλ = κ3 ∈ [−3.3, 8.5][2b]CMS (2022) [2202.09617]   κ2V = b ∈ [−0.1, 2.2]
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Behavior with energy  (LO-HEFT)

b ≠ a2
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Anomalous	couplings	
induce	a	large	cross	
section	enhancement

Unitarity issues?
W+W− → HH

Figure 14: Total cross section of the W
�
W

+
! HHH subprocess as a function of the CM energy

p
ŝ for di↵erent values of the parameter 4, with 3 fixed to 1, compared to the SM prediction

(dashed line). Negative (positive) values of 4 are shown in the left (right) panel.

Figure 15: Total cross section of the W
�
W

+
! HH subprocess as a function of 3, with 4 set

to 1, for di↵erent values of the CM energy
p
ŝ.

shape of the cross section significantly. However, it can also increase its value by one or even
two orders of magnitude with respect to the SM prediction in the most extreme cases. The
dependence on the sign of 4 in triple Higgs production is very mild, in contrast with the
strong dependence on the sign of 3 that has been found in both channels.

Coming back to W
�
W

+
! HH, Fig. 15 shows the variation of the cross section with 3

at a fixed CM energy. Here we see that there is a minimum in the region 3 2 [2, 5]. The
greater the energy, the larger the value of 3 that minimizes the cross section. Deviations from

18

Figure 12: Total cross section of the W
�
W

+
! HH subprocess as a function of the CM energy

p
ŝ for di↵erent values of the parameter 3, with 4 fixed to 1, compared to the SM prediction

(dashed line). Negative (positive) values of 3 are shown in the left (right) panel.

Figure 13: Total cross section of the W
�
W

+
! HHH subprocess as a function of the CM energy

p
ŝ for di↵erent values of the parameter 3, with 4 fixed to 1, compared to the SM prediction

(dashed line). Negative (positive) values of 3 are shown in the left (right) panel. The unitarity
violating region is the shaded area displayed at the right upper corner.

triple and double Higgs production, but now the maximum appears slightly above the new
threshold energy, 3mH . The deviations with respect to the SM prediction are larger again for
negative values of 3, and can reach values of up to five orders of magnitude larger than the
SM in that close to threshold energy region. On the other hand, we learn from Fig. 14 that
varying the value of 4 within the interval [-10,10], with 3 fixed to 1, does not modify the

17
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WW → HH

WW → HHH

   
 

   
 

   
 

HH : Strong enhancement   
at large   for    

Unitarity violation above few TeV 
Warning:  violates unitarity 
Sensitivity to  close to threshold

s b ≠ a2
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HHH : Similar behavior at large   
  as in the SM  (shifted upwards) 

No unitarity constraints on ,   
Max sensitivity to  close to 
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Figure 9: Modulus of s-wave partial amplitudes, as a function of the CM energy, for the WLWL !

HH subprocess in the EChL, for di↵erent values of the parameters a and b. The dashed yellow line
corresponds to the SM prediction (a = b = 1). Left panel shows positive values of b whereas right
panel displays negative values.

In the SM case, the flatness with the energy occurs because there is a strong cancellation
of the terms that grow with the energy among the contributions from the various diagrams.
If we consider the dominant contribution to this SM cross section, that comes from the
longitudinally polarized W gauge bosons, it turns out that, at high energies (for

p
ŝ �

mW ,mH), the contributions from the contact, t and u channels to the scattering amplitude
M(WLWL ! HH) are proportional to ŝ, whereas the contribution from the s channel has a
constant behaviour with ŝ [39]. In this case, i.e for a = b = 1, there is an exact cancellation
of the terms growing linearly with ŝ among the contact, t and u channels, and what remain
are just the terms having a constant behaviour with ŝ. However, this strong cancellation
among diagrams does not happen in the case of the EChL for arbitrary a and b values. More
concretely, this cancellation of the terms growing with energy occurs in the SM because of
the relation mentioned previously among the two vertices, VWWH = vVWWHH , which is not
fulfilled in the EChL case. To get a similar cancellation of the terms growing linearly with ŝ

in the EChL amplitude one should restrict the parameters to the particular setting given
by b = a

2, which is obviously not necessarily true in the general case. This can be seen in
the lower right panel of Fig. 8, which shows how the cross section for the W

�
W

+
! HH

subprocess is practically constant with the energy when enforcing the relation b = a
2. Notice

also that this restriction on a and b is not required by any symmetry argument (remember
that the EChL is gauge and chiral invariant for all a and b). Within the SM, the relation
VWWH = vVWWHH occurs as a consequence of the symmetry being linearly realised, i.e.
because the Higgs field is placed into a doublet. But in the EChL, the Higgs field is a singlet
under the gauge and chiral symmetries and a and b can be arbitrary.

The plots in Fig. 8 also show that, the bigger the deviations of a and b from 1, the bigger
the cross section. Thus, some possible BSM physics, given by the EChL parameters departing
from their SM values, would yield clear experimental evidence, with much larger cross sections
than those predicted by the SM. For instance, at

p
ŝ = 3TeV, and for the considered values

of a and b in the upper left panel, the cross section can be several orders of magnitude larger
than in the SM. For negative values of b (upper right plot), the departure with respect to the
SM prediction can be even larger. For instance, for a = 1, b = �1 the cross section is about

13

b = a2
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Subprocess level

Largest deviations  
respect to SM  
in LL modes
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10	events	required	for	accessibility

Very interesting sensitivity 
to the quartic Higgs-

coupling!

Sensitivity to  and κ3 κ4
 Sensitivity at CLIC to both  and   κ3 κ4
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Behavior with energy  (NLO-HEFT, chi-dim=4)

ℒNLO
EChL =

enhancement in   at large     enhancement in  at large invariant mass WW → HH s ⇒ e+e− → HHν̄eνe MHH

= = e η = = d δ

UV
UV

UV

UV

UV=  to the right of this point prediction enters in the  Unitarity Violating region

. . . + addVV1 (1/v2) ∂μ H∂ν HTr [(DμU+) (DνU)] + addVV2 (1/v2) ∂μ H∂μ HTr [(DνU+) (DνU)] + . . .
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 Some preliminar results  (D. Domenech, M. Herrero, R. Morales,  M. Ramos, 2022)

 subprocess WW  process e+e−

Largest deviations respect to SM in LL modes



Comparing SMEFT and HEFT : LO and NLO

3 SMEFT bosonic subset

We consider the operators in the Warsaw basis following the notation in table 6 of Ref.
[1711.10391] and table 2 of Ref. [2005.00059]. (We ignore CP violating operators in the
following discussion.) At dimension-six, only a small subset of operators contribute to
the relevant sub-process at tree level. In particular, in this approximation, we only have
to consider e↵ective operators giving rise to the same vertices as in the SM, otherwise we
cannot close the tree. These read:

L6 � c�6(�†�)3 + c�2(�
†�)2(�†�) + c�D(�

†Dµ�)((D
µ�)†�) + c�W (�†�)W a

µ⌫W
aµ⌫ ,

with ci ⌘ ai/⇤2. We are interested in departures from the SM, thus of particular relevance
are the operators which grow with the energy; see table 1.

At dimension-eight, the group of operators contributing to WW ! hh is much larger,
including the double insertion of dimension-six interactions beyond those present in ta-
ble 1. These might trigger new vertices that do not exist in the SM. (We should discuss
if we could find ways to reduce this set, working at dimension-six only, ignoring O(v/⇤)
corrections, or considering tree level generated operators. Also, if our aim is to anal-
yse one operator at a time to illustrate a comparison between the two EFTs, might be
enough to consider the operators with more powers of �nDm as I am considering.) For
now, considering only the pure dimension-eight contributions, we have:

L8 � c(1)�4 (Dµ�
†D⌫�)(D

⌫�†Dµ�)+c(2)�4 (Dµ�
†D⌫�)(D

µ�†D⌫�)+c(3)�4 (Dµ�
†Dµ�)(D

⌫�†D⌫�)+. . .

where the dots include the �8 operator; and the classes �6D2 (2), X2�4 (2), X2�2D2 (3)
and X�4D2 (2). The parenthesis in the previous line show how many operators we expect
in each class. Now, the first operator does not grow with the energy so it is irrelevant in
our analysis. The other classes are also expected to be suppressed relatively to the �4D4

operators either because they contain a smaller number of derivatives or because they are
associated to X which does not influence the longitudinal modes (if I remember correctly
from our discussion, these modes will have the biggest impact at the end). (Still, I should
check explicitly e.g. X2�2D2. The latter, as well as the class X2�2D2, is only generated
at loop level by the weakly interacting UV so for sure we can neglect it if we make this
assumption.)
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and X�4D2 (2). The parenthesis in the previous line show how many operators we expect
in each class. Now, the first operator does not grow with the energy so it is irrelevant in
our analysis. The other classes are also expected to be suppressed relatively to the �4D4

operators either because they contain a smaller number of derivatives or because they are
associated to X which does not influence the longitudinal modes (if I remember correctly
from our discussion, these modes will have the biggest impact at the end). (Still, I should
check explicitly e.g. X2�2D2. The latter, as well as the class X2�2D2, is only generated
at loop level by the weakly interacting UV so for sure we can neglect it if we make this
assumption.)

3

ci ≡ ai/Λ2

ci ≡ ai /Λ4

Again: the largest BSM deviations in Longitudinal modes  Transverse 
modes are less affected. At TeV: dim8 compete with dim6 !!
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compare to  
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If  matching in amplitudes according to behavior with energy:  SMEFT dim 8 (6) <—> HEFT chi-dim 4 (2) 

 Some preliminar results  (D. Domenech, M. Herrero, R. Morales,  M. Ramos, 2022)

 subprocess WW → HH

aϕ□ = 1.0 a(1)
ϕ4 = 1.0 a(3)

ϕ4 = 1.0
 

In these plots
Λ = 1 TeV



HH production also at LHC via WW scattering

gg  dominates WW:  
difficult search at LHC 

H
Hg

gW+

W−

H

H

q1

q2 q4

q3

 ‘To Extract’ WW: impose cuts on  jets from q3 and q4 
Two opposite-sided forward/backward  jets with large pseudorapidity gap  
and large invariant mass, typically,      , VBS cuts Δηjj > 4 , Mjj > 500 GeV
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Our work: first proposal, predictions  at LHC via  and prospects for HL-LHC 
      

λHHH WW → HH
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Figure 8: Predictions for the total cross section of the process pp ! HHjj as a function of the
invariant mass of the di-Higgs system MHH for di↵erent values of the Higgs self-coupling �. We
display positive (left panel) and negative (right panel) values of � for comparison. We also include
the case � = 0. Cuts in Eq.(6) and VBS selection cuts presented in Eq.(7) have been applied. The
center of mass energy has been set to

p
s = 14 TeV.

where pTj
is the transverse momentum of the jets, ⌘j,H is the pseudorapidity of the jets or

of the Higgs bosons, and �Rjj is the angular separation between two jets defined as �Rjj =q
�⌘

2

jj
+��

2

jj
, with �⌘jj and ��jj being the angular separation in the longitudinal and trans-

verse planes, respectively.
With these generated events, we have studied some relevant distributions for the signal cross

section that we have found give the most e�cient access to the VBS configuration in pp ! HHjj

events: distributions with Mjj , �⌘jj and MHH .
In Fig. 7 we present the predictions for the cross section of the process pp ! HHjj for di↵erent

values of � as a function of the separation in pseudorapidity of the final jets |�⌘jj | and as a
function of the invariant mass of these two jets Mjj . In these plots we can see that our signal is
indeed dominated by the VBS configuration, since a very large fraction of the events populate the
kinematic regions that correspond to VBS topologies. To have a quantitative estimation, we can
take, for instance, the VBS selection cuts proposed in [58] and impose them to the events shown
in Fig. 7. Thus, by imposing these cuts:

VBS CUTS : |�⌘jj | > 4 , Mjj > 500 GeV , (7)

we obtain that between 50% and 75% (depending on the value of �, with closer values to 75%
for the larger values of |�|) of the events are accepted within them, which means that the VBS
topologies amount2 , at least, to half of the total cross section of pp ! HHjj. This is indeed a
very interesting result, since, as we will see in the forthcoming section, the VBS cuts allow us to
reduce some backgrounds even in two orders of magnitude. The fact that the signal is practically
left una↵ected by these cuts is an excellent outcome as the signal to background ratio will favor a
better sensitivity to �.

Furthermore, knowing that the process of our interest at the LHC has a dominant VBS config-
uration, we would expect the translation from the subprocess results to the complete ones at this
level to be straightforward. This appears to be the case, as shown in Fig. 8, where we display the

2
In the sense of the fraction of events that pass the VBS cuts with respect to the total number of events.
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Figure 12: Predictions for the total cross section of the process pp ! bb̄bb̄jj as a function of the
invariant mass of the four-bottom system M

bb̄bb̄
for di↵erent values of the Higgs self-coupling �. We

display the predictions for the signal with positive (left panel) and negative (right panel) values of
� for comparison, as well as the total SM background given by the sum of ZHjj, ZZjj and the
multijet QCD background. Cuts in Eq.(6) and VBS selection cuts presented in Eq.(7) have been
applied. The center of mass energy has been set to

p
s = 14 TeV.

TeV, 1.3 · 105 pb and 7.5 · 103 pb, respectively. If we apply now the corresponding misidentification
rates we end up with 1.3 · 105 · (0.01)4 = 1.3 · 10�3 pb for the case in which we have six light jets,
and 7.5 ·103 · (0.01)2 = 7.5 ·10�1 pb for the case in which we have two b jets and four light jets. We
now assume that the selection cuts we specify in Eqs. (7) -(13) will have a similar impact on these
backgrounds as they do on the multijet QCD production of four b jets and two light jets, since they
all take place through similar QCD configurations. Thus, applying the corresponding acceptance
factor of these cuts we obtain the following total cross sections: 1.3 · 10�3

· 1.1 · 10�5 = 1.4 · 10�8

pb for the six light jets case and 7.5 · 10�1
· 1.1 · 10�5 = 8.2 · 10�6 pb for the two b jets and four

light jets case. Both of these cross sections are more than three orders of magnitude below that of
the bb̄bb̄jj background, so we conclude that they can also be safely neglected without introducing
big uncertainties.

Once we have the possible backgrounds under control, we can move on to fully explore the
sensitivity to the Higgs self-coupling � in pp ! bb̄bb̄jj events. In Fig. 12 we display the predictions
for the total cross section of the total SM background (the sum of multijet QCD background and
the combined ZHjj+ZZjj backgrounds) and of the signal for di↵erent values of � as a function of
the invariant mass of the four-bottom system M

bb̄bb̄
. These distributions should be the analogous

to those in Fig. 8 after the Higgs boson decays, as it is manifest since the signal curves follow the
same tendency and are very similar except for the global factor of the Higgs-to-bottoms branching
ratio. In this figure we can also see that the total SM background is of the same order of magnitude
than the  = 10 and  = �5 signals, and it is even below the  = �10 signal prediction. This is a
very interesting result, since it means that if, for example, the true value of � was minus five times
that of the SM, the LHC should be able to measure twice as many events as those expected from
the SM background only in this VBS configuration. Similar conclusions can be extracted for other
values of .

Given the encouraging previous results, our last step is to give quantitative predictions for the
sensitivity to � in pp ! bb̄bb̄jj processes at the LHC. To this end, we compute the statistical

18

L
⇥
fb�1

⇤
50 300 1000 3000

 > 0  > 9.9 (14.2)  > 6.4 (8.4)  > 4.6 (6.0)  > 3.8 (4.7)

 < 0  < �6.7 (�10.0)  < �2.7 (�4.6)  < �1.1 (�2.3)  < �0.2 (�1.0)

Table 7: Predictions for the values of  ⌘ �/�SM that the LHC would be able to probe in pp !

bb̄��jj events, with a sensitivity equal or better than 3� (5�) for the four luminosities considered:
L = 50, 300, 1000, 3000 fb�1.

the one for bb̄bb̄jj events. It is smaller in comparison with the signal, specially at high M
bb̄��

, since
it decreases much more steeply. Therefore, we would expect to have good sensitivities to the Higgs
self-coupling despite the lower rates of the process involving photons. For completeness, we display
in Table 6 the predictions for the total cross section of the signal, for the set of  values considered,
and after applying all cuts given in Eq. (7) and in Eqs. (15)-(17). The prediction for the cross
section of the total SM background for this same cuts amounts to �Background = 1.4 · 10�6 pb.

In Fig. 15 we show the predictions for the statistical significance Sstat, computed in the same way
as in the previous section, making use of Eq. (14), for the four luminosities considered previously,
L = 50, 300, 1000, 3000 fb�1 and taking again a closer look for the values of  ranging between 0.5
and 2.5. We also show the predictions of the final number of signal events, NS as a function of ,
for these same luminosities. On the right panel of this figure we present the prediction for the value
of the luminosity that will be required to probe a given  value with sensitivities at 3� and 5�, as
a function of the value of . In these plots, due to the lower statistics of this process, some of the
computed significances correspond to scenarios in which there is not even one signal event. The
concrete predictions for these signal event rates can be read from the lower plot of the left panel.

Taking a look at these figures, we can again extract the conclusions on the sensitivity to the
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Figure 14: Predictions for the total cross section of the process pp ! bb̄��jj as a function of the
invariant mass of the bb̄�� system M

bb̄��
for di↵erent values of the Higgs self-coupling �. We display

the predictions for the signal with positive (left panel) and negative (right panel) values of � for
comparison, as well as the total SM background. Cuts in Eqs.(15)-(17) and VBS selection cuts
presented in Eq.(7) have been applied. The center of mass energy is set to

p
s = 14 TeV.
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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6

σggF(14 TeV, κ = λ /λSM = 1) ∼ 32 fb
σVBS(14 TeV, κ = λ /λSM = 1) ∼ 2 fb

1-loop, large uncertainties 

tree, low uncertainties, VBS kinematics 

Larger sensitivity to  near HH threshold region  λHHH

VBS cuts

pp → HHjj → bb̄bb̄jj
Large SM back: multijets QCD+ZHjj+ZZjj

Cut �QCD [pb] �ZHjj,ZZjj [pb] �Signal;=1 [pb]

Basic only 602.72 0.028 5.1·10�4

Basic + VBS + HH 6.8 · 10�3
5.5·10�6

4.1·10�5

<latexit sha1_base64="Hc05mNeZQKVK5JANF/kenV/aPi0="></latexit><latexit sha1_base64="Hc05mNeZQKVK5JANF/kenV/aPi0="></latexit><latexit sha1_base64="Hc05mNeZQKVK5JANF/kenV/aPi0="></latexit><latexit sha1_base64="Hc05mNeZQKVK5JANF/kenV/aPi0="></latexit>

VBS+HH candidate cuts very efficient 
[Mbb1, Mbb2] ~[MH,MH]  etc (for details see paper)

pp → HHjj → bb̄γγjj

Small SM back: mixed QCDEW+ZHjj

Lower statistics but cleaner signal 
, B(H → γγ) ∼ 0.2 % B(H → bb̄) ∼ 60 %

VBS+HH candidate cuts very efficient 
[Mbb1, Mgaga] ~[MH,MH]  etc (for details see paper)
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Table 6
Predictions for the total cross section of the signal pp → bb̄γ γjj after imposing all the selection criteria, VBS cuts given 
in Eq. (7) and cuts given in Eqs. (16) and (17) for all the values of κ considered in this work: κ = 0, ±1, ±2, ±5, ±10. 
The cross section of the SM background for this same cuts amounts to σBackground = 1.4 ·10−6 pb. Basic cuts in Eq. (15)
are also applied.

κ 0 1 −1 2 −2 5 −5 10 −10

σSignal · 106 [pb] 2.0 0.7 4.5 0.5 8.0 6.4 25.2 38.4 76.0

and fermion loops. This implies a large reduction factor in statistics due to the comparative low 
branching ratio BR(H → γ γ ) ∼ 0.2%, a factor 0.003 smaller than that of H → bb̄.

The analysis of the process pp → bb̄γ γjj implies to go through its main backgrounds as well. 
We will consider in this section the same background ZH of the previous case, since the ZH final 
state can also lead to processes with two photons and two bottoms, pp → HZjj → bb̄γ γjj , 
coming from the decays of the H and the Z. In addition, we also consider the mixed QCD-EW 
pp → bb̄γ γjj background, of O(α · α2

S) at the amplitude level, that should be the most severe 
one.

As we did before, to study signal and background, we first need to establish a set of cuts that 
ensure particle detection, so we apply the following basic cuts:

pTj,b > 20 GeV ; pTγ > 18 GeV ; |ηj | < 5 ; |ηb,γ | < 2.5 ;
&Rjj,jb,γ γ ,γ b,γj > 0.4 ; &Rbb > 0.2 ,

(15)

and afterwards, to reject the QCD-EW and the ZHjj backgrounds we will apply first the VBS 
cuts given in Eq. (7) and subsequently the following kinematical cuts given by CMS in [53]:

pT
γ l /Mγ γ > 1/3 ; pTγ s /Mγ γ > 1/4 , (16)

where l and s stand for leading (highest pT value) and subleading photons, and where Mγ γ is 
the invariant mass of the photon pair. The final ingredient is to apply the χHH cut, taking now 
into account that we have a b-quark pair and a photon pair in the final state:

χHH =
√(

Mbb − mH

0.05mH

)2

+
(

Mγ γ − mH

0.05mH

)2

< 1 . (17)

This ensures that the two b-quarks and the two photons come from the decay of a Higgs particle.
Once again, there might be important background contributions from multijet QCD processes 

leading to different final states than that of bb̄γ γjj , such as 6j and bb̄jjjj , in which some of the 
final state light jets are again misidentified as b jets and some are misidentified as photons. Taking 
again as the presumably leading QCD background processes the production of six light jets and of 
two b jets and four light jets, applying a misidentification rate of 0.1% per each jet misidentified 
as a photon, and considering a similar reduction factor after our selection cuts as before, since the 
selection cuts are very similar, we obtain: 1.3 ·105 · (0.01)2 · (0.001)2 ·1.1 ·10−5 = 1.4 ·10−10 pb
for the six light jets case and 7.5 · 103 · (0.001)2 · 1.1 · 10−5 = 8.2 · 10−8 pb for the 2b4j case. 
Again in both cases the final cross sections are more than one order of magnitude smaller than 
the main background we have considered, being of order 10−6 pb, concluding again that they 
can be neglected as well.

Having all this in mind, we present in Fig. 14 the predictions for the total cross section of 
the process pp → bb̄γ γjj as a function of the invariant mass of the bb̄γ γ system Mbb̄γ γ , for 
different values of the Higgs self-coupling λ. We also display the prediction for the total SM 
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HH CANDIDATE CUTS:

pTb > 35 GeV , (10)

!̂Rbb ≡
{

0.2 < !Rbbl < 653
M4b

+ 0.475 ; 0.2 < !Rbbs < 875
M4b

+ 0.35 , M4b < 1250 GeV ,

0.2 < !Rbbl < 1 ; 0.2 < !Rbbs < 1 , M4b > 1250 GeV ,

(11)

p̂Tbb ≡ pT
bbl > M4b/2 − 103 GeV ; pTbbs > M4b/3 − 73 GeV , (12)

χHH ≡
√(

Mbbl − mH

0.05mH

)2

+
(

Mbbs − mH

0.05mH

)2

< 1 , (13)

where the super-indices l and s denote, respectively, leading and subleading, defining the leading 
b-quark pair as the one with largest scalar sum of pT . One might notice that the requirement of 
small angular separation between the two b-quarks of a pair, and the fact that the invariant mass 
of each b-quark pair has to lie near the mass of the Higgs, are encoded in the !̂Rbb and in the 
χHH cuts, respectively. The latter is equivalent to impose that the events in the Mbb1 − Mbb2

plane have to lie inside a circle of radius 0.05 mH = 6.25 GeV centered in the point [Mbb1 =
mH , Mbb2 = mH ].

Nevertheless, although multijet QCD events represent the most severe background, there are 
other processes that can fake our signal. One of them is the t t̄ background, with the subsequent 
decays of the top quarks and W bosons, t t̄ → bW+b̄W− → bb̄bb̄jj . This is, however, a very 
controlled background, since it is well suppressed by non-diagonal CKM matrix elements and its 
kinematics are radically different than those of VBS. Starting from a cross section of 5.4 ·10−5 pb
with all the basic cuts in Eq. (8) applied, one ends up in 1.7 · 10−7 pb after applying the HH

candidate cuts, and in 2.0 ·10−10 pb after applying the VBS cuts afterwards. Therefore, since this 
background is five orders of magnitude smaller than the smallest of our signals, we will neglect 
it from now onwards. Finally, we still have to deal with other potentially important backgrounds 
corresponding to pp → HZjj → bb̄bb̄jj and pp → ZZjj → bb̄bb̄jj . These two HZ and ZZ

production processes, receiving contributions of order (α · αS ) and (α2) at the amplitude level, 
also drive to the same final state as our signal and may give rise to similar kinematics, since they 
can also take place through VBS configurations. In fact, their rates are very close to those of our 
signal after applying the VBS selection cuts, that reduce these backgrounds less efficiently than 
the multijet QCD one. However, we can again take advantage of the fact that the b-quark pairs 
have to come from a Higgs boson with a well defined mass. Therefore the HH candidate cuts 
should allow us to reject these backgrounds.

In Table 2 we present the cross sections of the multijet QCD background, of the combined 
pp → HZjj → bb̄bb̄jj and pp → ZZjj → bb̄bb̄jj background and of the signal with κ = 1, 
with the basic cuts already set, after applying each of the cuts in Eqs. (10)-(13) subsequently. 
This way, we see the reduction factor after each cut, and the total cross section of both signal 
and background once we have performed our complete HH candidate selection. We show as 
well the effect of applying the VBS cuts given in Eq. (7) afterwards, since we have checked that 
both sets of cuts (HH candidate cuts and VBS cuts) are practically independent. Thus, we have 
the total cross sections of the two main backgrounds and of our SM signal after applying all the 
selection criteria. In Table 3 we provide the total cross sections of the signal for all the values of 
λ considered in this work, again after applying all the selection criteria, for comparison.

From the results in Table 2 we can learn that the sum of the two backgrounds, ZHjj+ZZjj , 
is under control after applying the HH candidate cuts, since its cross section lies an order of 
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Fig. 8. Predictions for the total cross section of the process pp → HHjj as a function of the invariant mass of the 
di-Higgs system MHH for different values of the Higgs self-coupling λ. We display positive (left panel) and negative 
(right panel) values of λ for comparison. We also include the case λ = 0. Cuts in Eq. (6) and VBS selection cuts presented 
in Eq. (7) have been applied. The center of mass energy has been set to √s = 14 TeV.

With these generated events, we have studied some relevant distributions for the signal cross 
section that we have found give the most efficient access to the VBS configuration in pp →
HHjj events: distributions with Mjj , "ηjj and MHH .

In Fig. 7 we present the predictions for the cross section of the process pp → HHjj for 
different values of λ as a function of the separation in pseudorapidity of the final jets |"ηjj | and 
as a function of the invariant mass of these two jets Mjj . In these plots we can see that our signal 
is indeed dominated by the VBS configuration, since a very large fraction of the events populate 
the kinematic regions that correspond to VBS topologies. To have a quantitative estimation, we 
can take, for instance, the VBS selection cuts proposed in [58] and impose them to the events 
shown in Fig. 7. Thus, by imposing these cuts:

VBS CUTS : |"ηjj | > 4 , Mjj > 500 GeV , (7)

we obtain that between 50% and 75% (depending on the value of λ, with closer values to 75% 
for the larger values of |λ|) of the events are accepted within them, which means that the VBS 
topologies amount,2 at least, to half of the total cross section of pp → HHjj . This is indeed a 
very interesting result, since, as we will see in the forthcoming section, the VBS cuts allow us to 
reduce some backgrounds even in two orders of magnitude. The fact that the signal is practically 
left unaffected by these cuts is an excellent outcome as the signal to background ratio will favor 
a better sensitivity to λ.

Furthermore, knowing that the process of our interest at the LHC has a dominant VBS config-
uration, we would expect the translation from the subprocess results to the complete ones at this 
level to be straightforward. This appears to be the case, as shown in Fig. 8, where we display the 
predictions for the total cross section of the process pp → HHjj as a function of the invariant 
mass of the diHiggs system, MHH , for different values of the Higgs self-coupling after imposing 
the cuts given in Eqs. (6) and (7). In these plots, it is manifest that the curves follow the same 
tendency as the subprocess when we vary λ. Near the HH production threshold the difference 
in the cross sections for different values of the coupling is more pronounced, and one can see 
again that the cancellations play a role in the same way we learnt at the subprocess level. The 
SM cross section (κ = 1, in red) lies between the κ = 0 (in green) one, which is bigger, and the 

2 In the sense of the fraction of events that pass the VBS cuts with respect to the total number of events.
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(Madgraph5 used for all collider cross section  predictions)
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Fig. 13. Prediction of the statistical significance, Sstat, of the process pp → bb̄bb̄jj for the four luminosities considered 
L = 50, 300, 1000, 3000 fb−1 (left panel) and of the value of the luminosity that will be required to probe a given κ at 
the LHC at 3σ and at 5σ (right panel), as a function of the value of κ . The marked points represent our evaluations. In 
the left panel, a zoom is performed on the interesting values of κ ranging between 0.5 and 2.5. The shadowed areas in 
the right panel correspond to the regions where the number of predicted signal events NS is below 1, 10 and 100. The 
center of mass energy has been set to √s = 14 TeV.

considered. The second one is that, for the same absolute value of the coupling, the sensitivities 
to negative values of κ are higher than to positive values of κ . The third conclusion is that the 
LHC should be sensitive to very broad intervals of κ , even for the lowest luminosity considered, 
L = 50 fb−1, with high statistical significance. These means that VBS processes could allow us 
to probe the value of λ with very good accuracy in the near future. More specifically, in Table 5
we show the summary of the predictions for the values of κ ≡ λ/λSM that the LHC would be 
able to probe in pp → bb̄bb̄jj events, with a sensitivity equal or better than 3σ (5σ ) for the four 
luminosities considered: L = 50, 300, 1000, 3000 fb−1.

These results are indeed very interesting, since the sensitivities to λ that one can obtain from 
studying VBS double Higgs production are very promising even for the lowest luminosity con-
sidered 50 fb−1. The ranges of λ that the LHC could be able to probe in this kind of processes 
indicate that it is worth to study VBS as a viable and useful production mechanism to measure 
the Higgs trilinear coupling. On the other hand, it can be seen that the HL-LHC should be able to 
test very small deviations in the value of the Higgs self-coupling and that it should be sensitive 
to all the explored negative values for κ . Although the present work is a naive study, since it is 
performed at the parton level and does not take into account hadronization and detector response 
simulation, the results in Table 5 show that the VBS production channel could be very promising 
to measure the true value of λ, and, therefore, to understand the nature of the Higgs mechanism.

3.3. Analysis after Higgs boson decays: sensitivity to λ in pp → bb̄γ γjj events

The pp → bb̄bb̄jj process is, as we have seen, a very promising channel to study the Higgs 
self-coupling at the LHC due to its large event rates. However, it is clear that it suffers from quite 
severe backgrounds, coming specially from multijet QCD events, so one could think of studying 
complementary channels with smaller rates but with a cleaner experimental signature. This is 
the reason why we would like to explore the case in which one of the Higgs bosons decays 
to a b-quark pair, as before, while the other one decays to two photons through gauge bosons 

-stat = −2 ((NS + NB)log ( NB

NS + NB ) + NS)

Sensitivity to BSM  at LHC via  :           
(parton level) predictions for  HL-LHC 

λHHH WW → HH
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Fig. 15. Prediction of the statistical significance, Sstat, of the process pp → bb̄γ γjj for the four luminosities considered 
L = 50, 300, 1000, 3000 fb−1 (left panel) and of the value of the luminosity that will be required to probe a given κ at 
the LHC at 3σ and at 5σ (right panel), as a function of the value of κ . The marked points represent our evaluations. In 
the left panel, a zoom is performed on the interesting values of κ ranging between 0.5 and 2.5. The shadowed areas in 
the right panel correspond to the regions where the number of predicted signal events NS is below 1, and 10. The center 
of mass energy has been set to √s = 14 TeV.

Taking a look at these figures, we can again extract the conclusions on the sensitivity to the 
Higgs self-coupling at the LHC in VBS processes, this time in pp → bb̄γ γjj events. One might 
notice that, although the results are less encouraging than those of pp → bb̄bb̄jj events, this 
channel could also be very useful to measure the value of λ. Analogously to the previous section, 
in Table 7 we present the values of κ ≡ λ/λSM that would be accessible at the LHC in these type 
of events, pp → bb̄γ γjj , with a statistical significance equal or better than 3σ (5σ ), for the four 
luminosities considered.

These results show again that the values of κ that can be probed in the future at LHC through 
the study of VBS processes leading to the final state bb̄γ γjj could be very competitive as well. 
Except for the lowest luminosity considered, L = 50 fb−1, where the signal rates found at the 
parton level are too low as to survive the extra factors suppression due to the missing detector 
efficiencies, hadronization effects etc, the sensitivities found point towards the potential of VBS 
processes in order to obtain a precise measurement of λ. The values close to the SM value, are, 
again, very challenging to reach at the LHC, since the statistical significances of κ ∈ [0.5, 2] are 
always below 2σ for this case as well. However, the HL-LHC should be able to probe deviations 
in λ very efficiently in this channel.

3.4. Discussion

Finally, to close this section of results, we find pertinent to discuss on how the precision of 
our predictions could be improved by including additional considerations. We comment here just 
on those that we consider are the most relevant ones.

1.- Our computation of the HHjj signal rates incorporates just those coming from the subpro-
cess qq → HHjj , which includes VBS, but this is not the only contributing channel. It is 
well known that also the subprocess gg → HHjj , initiated by gluons, does contribute to 
these signal rates, and it is also sensitive to large BSM λ values [24]. Although it is a one-
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Fig. 12. Predictions for the total cross section of the process pp → bb̄bb̄jj as a function of the invariant mass of the 
four-bottom system Mbb̄bb̄ for different values of the Higgs self-coupling λ. We display the predictions for the signal 
with positive (left panel) and negative (right panel) values of λ for comparison, as well as the total SM background given 
by the sum of ZHjj , ZZjj and the multijet QCD background. Cuts in Eq. (6) and VBS selection cuts presented in 
Eq. (7) have been applied. The center of mass energy has been set to √s = 14 TeV.

Table 5
Predictions for the values of κ ≡ λ/λSM that the LHC would be able to probe in pp → bb̄bb̄jj events, with a sensitivity 
equal or better than 3σ (5σ ) for the four luminosities considered: L = 50, 300, 1000, 3000 fb−1.

L [fb−1] 50 300 1000 3000

κ > 0 κ > 5.4 (7.0) κ > 4.3 (4.8) κ > 3.7 (4.2) κ > 3.2 (3.7)

κ < 0 κ < −2.4 (−3.8) κ < −1.0 (−1.7) κ < −0.3 (−0.8) κ < 0 (−0.2)

where NS and NB are the number of events of signal and background, respectively. Notice that for 
NS/NB % 1, this definition of Sstat tends to the usual NS/

√
NB expression. This computation is 

going to be performed for four different values of the luminosity: L = 50, 300, 1000, 3000 fb−1, 
that correspond to a near-future LHC value for the current run (50 fb−1), and to planned luminosi-
ties for the third run (300 fb−1) and the High-Luminosity LHC (HL-LHC) (1000 and 3000 fb−1) 
[80].

In Fig. 13 we present the results of the statistical significance of our signal, Sstat, in pp →
bb̄bb̄jj events as a function of the value of κ , for the four luminosities considered. We display 
as well a closer look for the values of κ ranging between 0.5 and 2.5, interesting for an elevated 
number of well motivated BSM models. In the lower part of the left panel we also present the 
corresponding predictions for the total number of signal events, NS , as a function of κ . The 
marked points correspond to our evaluated predictions. We show as well, in the right panel of 
this figure, our predictions for the value of the total integrated luminosity, L, as a function of 
the value of κ as well, that will be required to obtain a sensitivity to a given κ in pp → bb̄bb̄jj

events at the 3σ and 5σ level. In this plot, we have also marked the areas in luminosity where 
the number of predicted signal events NS is below 1, 10 and 100, respectively, to get a reference 
of the statistics obtained.

From these plots, we can extract directly the conclusions on the sensitivity to λ in VBS pro-
cesses at the LHC in pp → bb̄bb̄jj events. The first thing one might observe is the high statistics 
and significances of the signal for most of the studied cases, except for the region close to the 
SM value, say for κ between 1 and 2. Studying carefully this particular region of the parameter 
space, we conclude that it is the most challenging one to access at the LHC, since all the pre-
dicted statistical significances given for κ ∈ [0.5, 2] are below 2σ even for the highest luminosity 

jj  eventsbbbb

jj eventsbbγγ

3σ(5σ)
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Fig. 14. Predictions for the total cross section of the process pp → bb̄γ γjj as a function of the invariant mass of the 
bb̄γ γ system Mbb̄γ γ for different values of the Higgs self-coupling λ. We display the predictions for the signal with 
positive (left panel) and negative (right panel) values of λ for comparison, as well as the total SM background. Cuts 
in Eqs. (15)-(17) and VBS selection cuts presented in Eq. (7) have been applied. The center of mass energy is set to √

s = 14 TeV.

Table 7
Predictions for the values of κ ≡ λ/λSM that the LHC would be able to probe in pp → bb̄γ γjj events, with a sensitivity 
equal or better than 3σ (5σ ) for the four luminosities considered: L = 50, 300, 1000, 3000 fb−1.

L [fb−1] 50 300 1000 3000

κ > 0 κ > 9.9 (14.2) κ > 6.4 (8.4) κ > 4.6 (6.0) κ > 3.8 (4.7)

κ < 0 κ < −6.7 (−10.0) κ < −2.7 (−4.6) κ < −1.1 (−2.3) κ < −0.2 (−1.0)

background (sum of the QCD-EW and the ZHjj background) for comparison. Once again, one 
can see that the signal distributions for different values of κ are very similar to those shown in 
Fig. 8, and that the main difference is due to the reduction factor of the branching ratios into 
photons and into b-quarks. They are very similar, too, to the results of the bb̄bb̄jj final state, 
in Fig. 12, although two-three orders of magnitude smaller. The background is, however, very 
different with respect to the one for bb̄bb̄jj events. It is smaller in comparison with the signal, 
specially at high Mbb̄γ γ , since it decreases much more steeply. Therefore, we would expect to 
have good sensitivities to the Higgs self-coupling despite the lower rates of the process involving 
photons. For completeness, we display in Table 6 the predictions for the total cross section of 
the signal, for the set of κ values considered, and after applying all cuts given in Eq. (7) and in 
Eqs. (15)-(17). The prediction for the cross section of the total SM background for this same cuts 
amounts to σBackground = 1.4 · 10−6 pb.

In Fig. 15 we show the predictions for the statistical significance Sstat, computed in the same 
way as in the previous section, making use of Eq. (14), for the four luminosities considered 
previously, L = 50, 300, 1000, 3000 fb−1 and taking again a closer look for the values of κ
ranging between 0.5 and 2.5. We also show the predictions of the final number of signal events, 
NS as a function of κ , for these same luminosities. On the right panel of this figure we present 
the prediction for the value of the luminosity that will be required to probe a given κ value with 
sensitivities at 3σ and 5σ , as a function of the value of κ . In these plots, due to the lower statistics 
of this process, some of the computed significances correspond to scenarios in which there is not 
even one signal event. The concrete predictions for these signal event rates can be read from the 
lower plot of the left panel.

Our  study was the first one indicating that WBF at LHC was indeed sensitive to BSM   
(in addition to GGF) 

Our predictions for this sensitivity are in concordance with the  recent  
CMS (2021) [2011.12373]  and CMS (2022) [2202.09617]  improved constraints to    

from WBF analysis with real data at LHC using  and  events  

  

κλ

κλ
bbγγ bbbb

Signal Original With additional considerations

bb̄bb̄jj  > 3.7 (4.2)  > 6.2 (7.7)
bb̄��jj  > 4.6 (6.0)  > 7.7 (9.4)
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Example: for benchmark L = 1000 fb-1

modified slightly by additional 
considerations (NLO, b-

tagging 0.7,   identification 
0.95,  0.05-0.1, see paper)  

γ
χHH

          María José Herrero,  6th RedLHC Workshop , IFT, UAM,  Madrid , 10  May 2022 12

1807.09736,  Nucl.Phys.B 945 (2019) 114687, Arganda, García-García, Herrero 



Access to 2HDM triple couplings  via WW scattering 
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In hh production 

1) Non-Resonant
Access to   at the low  
region close to hh threshold  

Similarly to the SM case

λhhh mhh

2)  Resonant
Access to   via the 

resonant peak at  
Viable for a wide range of  

and  values

λhhH
mhh ∼ mH

mH
cβ−α

mH

CLIC (3TeV, 5 ) offers the best access to   ab−1 λhhH

For other colliders  ILC .. see paper
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Figure 18: Cross sections as a function of the center-of-mass energy
p

s for the processes e
+
e
�

!

hihjZ (left) and e
+
e
�

! hihj⌫⌫̄ (right) for BP1, BP2, BP3 and BP4 (type I).
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c��↵ �hhH �H [GeV] �2HDM [fb] N̄
R

4b⇢ET
/ N̄

C

4b⇢ET
/ N̄

SM

4b⇢ET
R4b⇢ET

0.1 0.30 1.24 1.434 167 / 7 / 2 60

0.12 0.23 1.51 1.253 97 / 7 / 2 34

0.14 0.10 1.88 0.972 17 / 3 / 1 8

0.16 -0.06 2.48 0.908 15 / 3 / 1 7

0.18 -0.27 3.47 1.369 195 / 13 / 5 50

0.2 (BP3) -0.52 5.08 2.422 577 / 30 / 11 100

Table 7: R4b⇢ET
for BP3 for di↵erent c��↵ at

p
s = 3000 GeV. Also shown are �hhH , the total

widths �H , total cross sections, �, and event numbers, N̄ , as defined in the text. “-” indicates

values that cannot be evaluated due to a too small number of events.

c��↵ �hhH �H [GeV] �2HDM [fb] N̄
R

4b⇢ET
/ N̄

C

4b⇢ET
/ N̄

SM

4b⇢ET
R4b⇢ET

0.02 0.44 1.05 0.855 4 / 1 / 0 3

0.04 0.77 2.38 1.009 21 / 2 / 1 13

0.08 (BP4) 1.10 5.80 1.526 72 / 4 / 3 34

0.12 0.98 8.77 1.935 82 / 7 / 4 28

0.16 0.41 12.2 1.706 12 / 3 / 2 5

0.18 -0.03 15.2 1.450 - -

Table 8: R4b⇢ET
for BP4 for di↵erent c��↵ at

p
s = 3000 GeV. Also shown are �hhH , the total

widths �H , total cross sections, �, and event numbers, N̄ , as defined in the text. “-” indicates

values that cannot be evaluated due to a too small number of events.

lower energy colliders and for the 2HDM points with a relatively light H boson. The highest
sensitivities in this case are reached for BP1 at 500 GeV and 1000 GeV.

After having explored the sensitivity to �hhH in all the four BPs of the 2HDM type I,
we will now analyze the relevance of the choice of c��↵ for the found sensitivities. We have
then repeated our previous study by means of the R variable, but now varying c��↵ for each
BP, whereas the other input parameters are kept at their original value. In this part of the
analysis we focus now on the channel and energy with the highest sensitivity, namely hh⌫⌫̄

at 3000 GeV, and present two examples of BP related points: the case of ’the family of BP3’
in Tab. 7, and the case of ’the family of BP4’ in Tab. 8. We have also included in these
tables the corresponding predictions of the triple coupling �hhH for those ’family points’. The
corresponding predictions for the cross section distributions with the invariant mass mhh are
displayed in Fig. 25 and Fig. 26 for ’the family of BP3’ and the family of BP4’, respectively.
In these figures, we see clearly how both the resonant peak and ’the continuum’ evolve with
c��↵ in each of the two studied cases. To conclude on the significances of these new resonant
signals and their sensitivity to �hhH , we again compare the rates under the resonant peak (red
lines) with the rates under the continuum (yellow lines), in the mhh interval defined by the
two crossings of the yellow and dark blue lines. Then we compute the corresponding R4b⇢ET

43

We find large sensitivity in (4-bjets + missing ) eventsET

the b-jets (meaning cuts applied to the b-quarks since we are not dealing with jets), missing
transverse energy (for the neutrino channel) and Z transverse momentum (for the Z channel),
which are similar to those given in [14, 46]:

p
b

T
> 20 GeV; |⌘

b
| < 2; p

Z

T
> 20 GeV; �Rbb > 0.4; E/T > 20 GeV, (13)

where, p
b

T
, ⌘

b are the transverse momentum and pseudo rapidity of each of the four b-jets, p
Z

T

the transverse momentum of the Z, and �Rbb ⌘
p

(�⌘bb)2 + (��bb)2, with �⌘bb and ��bb,
are the separations in pseudorapidity and azimuthal angle of the two b-jets, respectively,
which are identified coming from one light Higgs decay. With these cuts we get the values
of the acceptances for the various BPs and for the four studied energies that are displayed
in Tab. 5 for the hhZ channel and in Tab. 6 for the hh⌫⌫̄ channel. As one can see, the
acceptance varies with energy, as expected, and we find the best values of around 0.70 for the
lowest energies. At the highest energy of 3000 GeV the acceptance for hhZ gets reduced to
around 0.1 and for hh⌫⌫̄ to around 0.5. These acceptances are close to the SM ones (slightly
better, indeed) which we have also included in these tables, for comparison.

For the numerical estimates of the more realistic event rates that are involved in our
study of the resonant peaks for the various BPs, N̄ , we then apply the reduction factors,
given by A and ✏b, to the previous event rates, N , as follows:

N̄ = N ⇥ A ⇥ (✏b)
4
, (14)

where we set the value of the b-jet tagging e�ciency in our numerical evaluations to ✏b = 0.8
(see, e.g., Refs. [14, 47]). To evaluate the size of the �hhH e↵ect we compute the following
ratio R:

R =
N̄

R
� N̄

C

p

N̄C

, (15)

which is our theoretical estimator of the ’sensitivity’ to �hhH .
We collect all the results for the corresponding N̄

R, N̄
C and R in Tab. 5 and Tab. 6 for

hhZ and hh⌫⌫̄, respectively. As one can see in these tables, the number of signal events
are quite significant in most cases. For the hhZ channel, N̄

R

4bZ
decreases with the collider

energy and leads the largest R value for the BP1 at 1000 GeV. For BP2 and BP3 the rates
are clearly lower and the largest R values found are again at 1000 GeV. For BP4 the rates
are too low to be detected and we find no sensitivity to �hhH in this hhZ channel. For
the hh⌫⌫̄ channel the signal rates are clearly larger (except for BP1 at 500 GeV) and, in
contrast to hhZ, increase with the energy collider. We find high sensitivity to �hhH in all
the studied cases, except for BP4 at 1500 GeV, where the rates are too low. The highest
sensitivities, corresponding to the highest R values above 100, are found for BP1 for the
three center-of-mass energies 1000, 1500 and 3000 GeV. BP3 at 3000 GeV also shows a large
R value of 100. BP2 and BP4 reach their maximum R values, 48 and 34 respectively, also at
3000 GeV.

All in all, we conclude that the process e
+
e
�

! hh⌫⌫̄ seems very promising to give
access to the triple �hhH coupling at all the studied energies, since very high values of our
estimator R are found in all the studied 2HDM points (except BP4 at 1500 GeV). The
highest sensitivities, indicated by the highest values of R in this hh⌫⌫̄ channel, are found
at 3000 GeV. The channel hhZ can also give access to this triple �hhH coupling, but at the
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N̄ = N × A × (ϵb)4

pb
T > 20 GeV ; |ηb | < 2 ; pZ

T > 20 GeV; ΔRbb > 0.4; Emiss
T > 20 GeV,

ϵb = 0.8
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Conclusions

  WW scattering at colliders   
              is  an efficent  window to new Higgs Physics 

  Multiple Higgs production (HH, HHH,..) will test the 
most relevant quantities defining the Higgs potential,   
and will clarify possible correlations:  

 / ,    /  ,… VHWW VHHWW λHHH λHHHH

  WW scattering will also give access to new resonances, 
like extra heavy scalar particles, vector resonances, etc.. 
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VBS: An efficient way to test the Higgs  
Sector of EW Theory within SM and BSM

|T(V1
LV2

L → V3
LV4

L) | ≃ |T(ϕ1ϕ2 → ϕ3ϕ4) | + 0(mV/ s)n

At high energies, longitudinal gauge bosons behave as Goldstone bosons  

Equivalence Theorem:

Examples:  
|T(W+

LW−
L → W+

LW−
L) | ≃ |T(ϕ+ϕ− → ϕ+ϕ−) | |T(W+

LZL → W+
LZL | ≃ |T(ϕ+ϕ0 → ϕ+ϕ0) |

|T(W+
LW−

L → HH) | ≃ |T(ϕ+ϕ− → HH) | |T(W+
LW−

L → HHH) | ≃ |T(ϕ+ϕ− → HHH) |



The role of  scattering WW

High-energy 
dominance of 

WWS!

 SM: HH and HHH: Dominance of WW scattering

Z mediated subprocesses 
are subdominant  

  dominates   and  WLWL WTWT WLWT

          María José Herrero,  6th RedLHC Workshop , IFT, UAM,  Madrid , 10  May 2022

2011.13195,  EPJC 81 (2021)3, 260,  González-López, Herrero, Martínez-Suárez 

(Madgraph5 used for all collider cross section  predictions)



The effective   approximation for WW->HH in e+e-: SMW

’s	are	treated	as	partons	inside	electrons.	Their	“PDFs”	allow	to	compute	full	cross	sections	from	subprocess.[4]W

σ(e+e− → HHνν̄) = ∫ dx1 ∫ dx2 f(x1)f(x2) ̂σ(W+W− → HH)

Good approximation for HH, not so good for HHH

[4]S. Dawson, Nucl. Phys. B 249 (1985)



The effective   approximation for WW->HH in e+e-:  BSMW

The EWA even better approach for BSM!
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∑
i, j

∫ ∫ dx1 dx2 fi(x1) fj(x2)∫ ∫ d ̂x1 d ̂x2 ̂σ(V1V2 → V3V4)

The EWA & its accuracy

4

[S. Dawson, Nucl. Phys. B 249 (1985) 42]

Effective W Approximation (EWA): Ws & 
Zs considered as partons inside the 
proton
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They are emitted collinearly from the 
fermions (quarks) with prob. functions          
        & then scatter on-shell

Very intuitive interpretation: factorization 
using a sort of “PDFs”

We have tested with MG5 the accuracy of 
various probability functions (SM & EChL 
cases): Dawson’s improved formulas work 
best

σ(pp → (V1V2 → V3V4) + X ) =
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The effective   approximation for VBS in pp : SM and BSMW



nonvanishing chiral coefficients, a4 and a5, the IAM
predictions are very close to the SM ones. Notice that it
will not be the case if other channels were considered (for
instance, we have checked this explicitly for WW → ZZ)
and other chiral coefficients [in particular, we have checked
this for a ¼ 0.9, and ja4j; ja5j ∼Oð10−3–10−4Þ] were also
nonvanishing. Regarding the cutoff, it is clear that integrat-
ing only up to the unitarity-violation scale to obtain the
total cross section will lead to much smaller predictions
than in the rest of the cases. Finally, it is worth commenting
that, as they should, again all predictions match the EChL
one at low invariant masses.
We have now characterized the different predictions of

the studied unitarization methods at the LHC. The next step
should be to translate these predictions into uncertainties in
the extracted constraints on the parameter space of the
EChL. To do that, we will base our approach upon
the ATLAS results for

ffiffiffi
s

p
¼ 8 TeV given in Ref. [16].

In the mentioned reference, a very sophisticated exper-
imental analysis is performed, especially regarding triggers,
background estimations, and event selection. Then, using
the K-matrix (or T-matrix) unitarization prescription pro-
posed in Refs. [5,7], the 95% C.L. exclusion regions in the
½a4; a5% (sometimes called ½α4; α5% in the literature) param-
eter space are obtained. It is beyond the scope of this work
to accurately reproduce the experimental analysis of the
ATLAS searches. However, there is a consistent way in
which we can use their results to obtain the experimental
constraints corresponding to other unitarization methods
apart from the K-matrix one.
Our approach is the following. First, we take the a4 and

a5 values lying on the contour of theWZ observed “ellipse”
provided by the ATLAS study. With those values, we
evaluate the total cross section following our K-matrix
unitarization procedure for the LHC case, which is, indeed,
constant over the mentioned values. This should be
equivalent to what ATLAS has performed, since we have
checked that for these values of the parameters our
prescription matches the one given by the Wizard group.
The cross section that we obtain represents the cross section
in our framework equivalent to the one that ATLAS has
measured experimentally. It is, so to say, a translation
between the experimental results and our naive results.
Now, what we do is find the values of a4 and a5 that lead to
the same cross section for the other unitarization methods
considered in the present work. In this way, we construct
the 95% exclusion regions in the ½a4; a5% plane for the
various unitarization schemes presented in the previous
section, to see how they differ in magnitude and shape. By
applying this procedure, we are assuming that the selection
cuts required to be fulfilled by the ATLAS search affect all
our predictions equivalently. This could not be the case, but
we expect the differences to be small, so our prescription
should be a good first approximation on the issue.
Furthermore, it is worth commenting that, regarding the

backgrounds, since they are the same for all of our signals,
it is well justified to proceed in this way.
The final results of the present work, i.e., the 95% C.L.

exclusion regions in the ½a4; a5% plane for different unitar-
ization scheme choices, are presented in Fig. 8. There, we
show the corresponding limits for the case in which no
unitarization is performed at all (EChL, in gray) for the
K-matrix unitarization, matching, of course, the ATLAS
results (purple); for the FF prediction (blue); and for the
kink (yellow). We also show the total exclusion region,
obtained by the overlap of the former ones.
Many interesting features can be extracted from this

figure. First of all, and most importantly, it is indeed very
clear that using one unitarization method at a time to
interpret experimental data does not consider the full EFT
picture. Since there are many unitarization prescriptions
that lead to very different constraints, one should take them
all into account in order to provide a reliable bound on the
EFT parameters. These different constraints can vary even
in an order of magnitude, as is manifest in Fig. 8. For
instance, the FF prescription leads to bounds on ½a4; a5% of
the order of [0.8, 0.4], roughly speaking, whereas the case
in which there is no unitarization performed leads to con-
straints of the order of [0.04, 0.08]. Notice that these latter
bounds, i.e., those obtained from the raw, nonunitarized

FIG. 8. Predictions of the 95% confidence level exclusion
regions in the ½a4; a5% plane for theWZ final state at the LHC withffiffiffi
s

p
¼ 8 TeV and for the nonunitarized EChL (gray) and the

different unitarization methods described in the text: K matrix
(purple, corresponding to the solid cyan line in Fig. 2), kink
(yellow), and FF (blue). The total overall exclusion region is the
one outside the boundary denoted with a dashed black line. The
SM point is marked with a red cross. To obtain this figure, we
used the WZ results in Fig. 2 as reference.
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Warning: the constraints on the anomalous 
couplings in EFTs depend strongly on the  
procedure to repair the unitarity violation, 

unavoidable at TeV energies 

Claudia García-García              Thesis Defense - 15th October 2019

Uncertainty in exp. Constraints

4

Experimental constraints on a4 & a5 are given using one method at a time or no method 
at all

Some ATLAS analyses: 
K-matrix a4 a5 contours at 95% C.L. 

Other ATLAS analyses and CMS ones: No 
unitarization method applied 

How much can we rely on these 
constraints?

Other searches: Cut off used 

[ATLAS col. Phys. Rev. D 95 (2017) no.3,  032001][arXiv: 1609.05122]
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Quantification of uncertainty 
in experimental constraints due to unitarization method needed!
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a4 & a5: largest contribution to unitarity violation

Unitarity Violation in WZ scattering
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EChL parameters & interactions
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