EPJ Web of Conferences 191, 02007 (2018)
QUARKS-2018

https://doi.org/10.1051/epjconf/201819102007

Restrictions on the mass of the KK excitation W  from the
Higgs boson diphoton decay and the single top production.
Alexey Baskakov1,∗ , Eduard Boos1,2,∗∗ , Viacheslav Bunichev1, , Maxim Perfilov1, , and Igor
Volobuev1,∗∗∗
1

Skobeltsyn Institute of Nuclear Physics M.V. Lomonosov Moscow State University, Moscow 119991,
Russian Federation
2
Faculty of Physics M.V.Lomonosov Moscow State University Leninskie Gory, Moscow 119991, Russian Federation
Abstract. In the framework of stabilized brane-world models we consider the

contribution of the W  boson and the rest of the W boson KK tower to the Higgs
boson decay to two photons and to the single top production process. Comparing the signal strengths calculated in this approach with the experimental ones
obtained at the LHC and taking into account the expected improvements at future high luminosity HL-LHC, high energy HE-LHC, and FCC-hh projects, we
get predictions for the limits on the W’ boson mass depending on its coupling
to SM fermions.

1 Introduction
The existence of heavy excitations of the Standard Model (SM) gauge bosons is predicted
by many theories beyond the SM [1, 2]. In particular, such excitations arise in theories with
universal extra dimensions (UED), where some (or all) Standard Model fields can propagate
in the bulk of five-dimensional brane-wold models [3, 4]. The lowest KK excitation of the W
boson that arises in such theories and will be studied in the present paper is usually called the
W  boson.
Here we will consider the scenario, where only gauge fields propagate in the bulk of a stabilized brane-world model [5–7], the distance between the branes is stabilized by a bulk scalar
field and a warped bulk metric is, in general, different from that of the Randall-Sundrum
model [8]. This assumption looks quite natural, because there is no mechanism for trapping
gauge fields on the brane, whereas such a mechanism is well known for fermion fields [9, 10].
Unlike the UED models with the flat bulk [3], stabilized brane-world models give rise
to different wave functions for the fields of different tensor type and, for this reason, do not
necessarily lead to the KK number conservation. Therefore, a production of single KK states
is possible in such a scenario. However, FCNC currents, which are strongly suppressed by
the present-day experimental data, do not appear in this case since the neutral currents have
the same diagonal structure as in the SM.
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In the case, where only the SM gauge fields propagate in the Randall-Sundrum bulk, the
masses of the KK excitations of the SM gauge bosons have to be larger than 20 TeV in order
not to contradict the EW precision data [11]. Such heavy states are obviously out of the reach
of the 14 TeV LHC and could be a subject of interest only at future colliders such as FCC 100
TeV Hadron Collider. However,in the stabilized brane-world models, where the warp factor
is different from the exponential of a linear function, as it is in the Randall-Sundrum model,
the couplings of KK modes to the SM fields can be significantly different from those in the
Randall-Sundrum model and, as a result, lighter KK excitations of the SM fields may be
allowed [7, 12]. One more possibility is to incorporate various custodial symmetries into the
theory in such a way that a few TeV mass scale for the KK gauge bosons would be consistent
with both electroweak and flavor precision tests [13].
The excitations of the W boson can contribute to various processes with the Standard
Model particles. In particular, in paper [15] the contributions of the W boson KK tower to the
single top and muon production processes have been studied. The W boson excitations can
also contribute to the diphoton decay of the Higgs boson via the triangle diagrams. The latter
is of importance, because the ever growing precision of the measurements by the ATLAS and
CMS allows one to use this decay for analyzing finer deviations from the SM predictions and
can give new stronger bounds on the W  boson mass.
It turns out that, if only the SM gauge bosons can propagate in the bulk of a stabilized
brane-world model, there is a strong correlation between the contributions of the W boson
KK tower to these processes, which could give more stringent bounds on the W  boson mass,
than obtained only from the scattering processes. In the present paper this possibility will be
studied in more detail.

2 Diphoton decay of the Higgs boson
First let us recall the main facts about the decay of the Higgs boson to two photons. It is
convenient to represent the amplitude of this process as [16]
M(h → γγ) = A

α
(k1µ 1ν − k1ν 1µ )(k2µ 2ν − k2ν 2µ ),
4πv

(1)

where α is the fine structure constant, v is the Higgs field vacuum expectation value, k1 , k2
and 1 , 2 are the 4-momenta and the polarization vectors of the photons. The width of the
decay h → γγ is given in terms of the dimensionless amplitude A by
Γ(h → γγ) =

 α  2 G m3
F h
√ |A|2 .
4π 8π 2

(2)

The amplitude A, when calculated perturbatively in the SM, depends only on the ratios of the
Higgs and loop particle masses and in the lowest order looks like
AS M =

4
A 1 (τt ) + A1 (τW ),
3 2

(3)

where only the dominant contributions of the t-quark and W boson are taken into account,
τi = m2h /(4m2i ), and A 12 , A1 are the standard functions for the loop contributions of spin 1/2
and spin 1 particles [17]. The t-quark contribution A 12 (τt ) is real and positive, whereas the
W-boson contribution A1 (τW ) is real and negative and its absolute value is essentially larger
than (4/3)A 12 (τt ). Thus, the amplitude AS M is negative. There are also QCD and electroweak
corrections to this amplitude that amount to approximately 2% [18] and will be taken into
account in our numerical calculations.
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In accordance with paper [19], the coupling of the W boson bulk field to the brane Higgs
field h(x) can be represented as
2m2W 
vχ20


Wµ− (x, L)W +µ (x, L) h(x),

(4)

where Wµ± (x, L) is the value of the W boson bulk field on the TeV brane at y = L and χ0 is the
(constant) wave function in the extra dimension of its zero mode, the SM W boson field.
The expansion of the W boson bulk field in the KK modes has the form
Wµ− (x, y) = Wµ− (x)χ0 +

∞


−
Wnµ
(x)χn (y),

(5)

n=1

where χi (y) denote the wave functions of the modes and the first excitation W1 should be
−
(x) to the Higgs field can be
identified with the W  boson. Then the coupling of the mode Wnµ
written as


2m2W α2n  −
m2 2m2Wn  −
Wnµ (x)Wn+µ (x) h(x) ≡ α2n 2W
Wnµ (x)Wn+µ (x) h(x),
v
mW n v

(6)

where αn = χn (L)/χ0 is the ratio of the wave functions of the nth and zeroth modes on the
brane. Using the latter form of the coupling one can easily find the contribution of the Wn
boson to the Higgs decay to two photons, which turns out to be
α2n

m2W
m2Wn

A1 (τWn )  −7m2W

α2n
,
m2Wn

(7)

where we have used the approximate value of the function A1 for τWn → 0. Thus, the contribution of all the KK tower of the W boson to this decay is given by
∆A = −7m2W

∞

α2n
.
m2Wn
n=1

(8)

Now we note that the sum in formula (8) is exactly the sum that enters the contribution of the
W boson KK tower to low-energy processes with charged currents, when the center of mass
energy or momentum transfer are much smaller than the masses of the KK modes and can be
dropped from the propagators of the W boson KK modes. This means that there should be
a correlation between the contributions of the W-boson KK tower to the Higgs boson decay
to two photons and to the single top production process, which can lead to restrictions on the
W  boson mass.
A remark is in order here. The coupling in formula (4) mixes the KK modes and should
be diagonalized. In paper [19] it was shown that the corrections to the particle masses due to
this interaction alter them as follows:





m2W 
m2W 

mW → mW 1 + β0 2  , mWn → mWn 1 + βn 2  ,
(9)
M
mWn
where M is the fundamental five-dimensional energy scale and the dimensionless parameters
βi are of the order of unity. The corrections to the values of the wave functions on the brane
can also be estimated and turn out to be of the same order. Thus, these corrections give a
negligible contribution to the amplitude ∆A in formula (8) and can be dropped.
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3 Single top quark production in s-channel
The experiments on single top production processes can give a restriction on the the W  boson mass from below. In fact, the range of the W  boson masses that are not experimentally
excluded starts from approximately 4 TeV [14]. For this reason, when analyzing the contribution of the W boson KK tower to the single top production processes, we will have to take
into account the propagator of the W  boson exactly, i.e. without neglecting the center of
mass energy in the denominator, whereas the contribution of the rest of the KK tower will be
modeled by a contact interaction. Then the effective interaction Lagrangian of the W boson
KK tower in the energy range close to the mass of the W  boson can be written as
g2 α21
g α1
Le f f _W_KK = √ (J +µ Wµ− + J −µ Wµ+ ) −
J +µ Jµ− ,
2m2W  _sum
2

(10)

where g is the weak coupling constant, α1 is the ratio of the wave functions of W  and W
on the brane, J ±µ is the weak charged current and mW  _sum is the mass parameter taking into
account the contribution of the KK tower above W  [15]. The contact term in Lagrangian
(10) is, in fact, Fermi’s interaction with the coupling constant g2 α21 /(2m2W  _sum ). Explicit
calculations in UED models with flat extra dimension and in certain stabilized brane-world
models show that this mass is just a little larger than that of the W  boson. In the present
paper we will take the value 1.4 mW  for the effective mass of the KK tower above W  that
was also used in [15, 20].

4 Phenomenological analysis
The results of the LHC Run 1 for the Higgs boson decay to two photons by the ATLAS and
CMS collaborations [21–23] have shown that the signal strength of this process is definitely
γγ
+0.27
+0.25
larger than unity µγγ
Run−1 = 1.14−0.25 and µRun−1 = 1.11−0.23 . The LHC Run 2 results do
γγ
γγ
not confirm this deviation to the full extent and are µRun−2 = 0.99+0.28
−0.26 [24] and µRun−2 =
+0.17
1.18−0.14 [25] by the ATLAS and CMS correspondingly. Nevertheless, at present all the
measurements are in accord with the SM predictions due to the uncertainties.
However, if the deviation from the SM is confirmed by further experiments, we may ask
a question, whether it is possible to explain the deviations from unity of µγγ in the framework
of the model discussed in section 2? As we have noted above, the SM amplitude of the Higgs
boson decay to two photons is negative due to the domination of the W-boson contribution.
Therefore, the contribution of the W-boson excitations given by formula (8), which is also
negative, will increase the absolute value of the amplitude and lead to an increase of the signal
strength. On the other hand the contribution of W  (10) leads to an increase in the production
cross section of the single top in s-channel. We give estimates of the experimental accuracies
needed to improve the restrictions on the W  mass and discuss the prospects of using the
combination of these channels.
The available experimental precision does not allow one to put significant limitations on
the mass of the W  boson from diphoton decay of the Higgs boson. In this work we make
a scan over MW  in the range from 2 to 20 TeV and over the W  coupling constant α1 from
0 to 1. Using the standard χ2 analysis and Eq. 2 and Eq. 8 we obtain possible restrictions
on MW  and the coupling constant assuming the experimental value to be µγγ = 1.1 with
10%, 5% and 1% accuracy as shown in Fig. 1. We see that 10% and 5% uncertainties do
not allow one to put any significant constraints, while a higher precision excludes practically
all the parameter values. A similar situation takes place for other prospective signal strength
values. It is so because larger W  masses give a smaller deviation from the SM predictions and
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(b) 5% uncertainty

(c) 1% uncertainty

Figure 1: Restrictions on the MW  and coupling constant from Higgs boson diphoton decay
for µγγ = 1.1 with 10%, 5% and 1% precision. Green and yellow areas correspond to the
exclusion contours at 68% and 95% CL.

(a) 14 TeV with 30 f b−1

(b) 28 TeV with 300 f b−1

(c) 100 TeV with 3000 f b−1

(d) 14 TeV with 300 f b−1

(e) 28 TeV with 3000 f b−1

(f) 100 TeV with 15000 f b−1

Figure 2: Restrictions on the MW  and coupling constant from single top production for collision energy 14, 28 and 100 TeV with corresponding expected integrated luminocities.

in this parameter range it comes out that the significant signal strength deviation from unity
measured with high precision cannot be explained within the discussed model, whereas lower
precision or smaller deviation from the SM value of µγγ allow all the parameter values without
any restrictions. This fact makes this channel to work as a trigger, completely excluding W 
mass in the range from 2 to 20 TeV in the case of a substantial deviation from the SM with
high precision or allowing any mass in the case of a small deviation or a low precision.
The CompHEP generator [26] with MSTW2008 PDF [27] has been used for the calculation of the single top s-channel production. The SM cross section is obtained as a sum of
s-channel pp → tb̄ and t-channel pp → tqb̄ processes with an additional cut on the light quark

5

EPJ Web of Conferences 191, 02007 (2018)
QUARKS-2018

https://doi.org/10.1051/epjconf/201819102007

pT q < 40GeV Eq. 11. The second process allows one to take into account the situation, where
t-channel is recognized as s-channel because of the experimental resolution, which does not
allow one to register soft quark jets.
σS M = σtb̄ + σtqb̄ (pT q < 40GeV)

(11)

The deviation from the SM is tested in the fiducial volume around MW  in 100GeV interval, W  width changing with its mass and the coupling being taken into account. The
estimated restrictions are presented in Fig. 2. The estimated limitations from Fig. 2 (a) when
α(W  ) = 1 are in a good agreement with the recent experimental measurement 4.4 TeV [14].
An increase in the collected data with HL-LHC to 300 f b−1 will allow one to improve the
limits to 6 TeV, if no deviations from the SM are found. The energy upgrade to 28 TeV will
enhance the limits to 9 − 11 TeV and the 100 TeV data will be able to finally restrict the W 
mass.

5 Results
Within the framework of stabilized brane-world models, the process of the Higgs boson decay to two photons and the single top s-channel production are considered with taking into
account the contribution of the W  boson and the rest of the W boson KK tower. The impact
of these contributions has been estimated for theW  mass range from 2 to 20 TeV and for the
factor α1 in the W  interaction coupling to the SM fermions from 0 to 1.
The present day experimental data do not allow one to obtain any constraints on the W 
mass from the diphoton decay of the Higgs boson. The further improvement of the precision
will work as a trigger, either giving no restrictions in the case of small deviations from the
SM or excluding the full parameter space in the case of a significant deviation measured with
a high accuracy.
The estimates from the restrictions on the single top production are in a good agreement
with the present day experimental value of the lower bound of the W  boson mass of 4.4
TeV [14]. The restrictions on the W  boson mass from this process that will be available at
the future colliders are also estimated.
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