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Diphoton Resonances at the LHC

Emiliano Molinaro∗ and Natascia Vignaroli†

CP3-Origins, University of Southern Denmark

Campusvej 55, DK-5230 Odense M, Denmark

We review the current status of searches for new physics beyond the Standard Model in

the diphoton channel at the LHC and estimate the reach with future collected data. We
perform a model independent analysis based on an effective field theory approach and

different production mechanisms. As an illustrative example, we apply our results to a

scenario of minimal composite dynamics.

1. Introduction

Searches for resonances in diphoton events are among the highest-priority tasks of

the experimental program ongoing at the LHC. Indeed, the analysis of the diphoton

channel led to the discovery of the Higgs boson back in 2012 [1, 2]. On general

grounds, this is one of the cleanest signal at the LHC and with a relatively simple

search strategy it is possible to probe via this channel different scenarios of new

physics beyond the Standard Model (SM).

The latest experimental analyses on diphoton resonances from ATLAS [3] and

CMS [4] at a beam colliding energy
√
s = 13 TeV (LHC-13) have considered a total

integrated luminosity of 15.4 fb−1 and 12.9 fb−1, respectively. In this brief review

we focus on these results in order to set model independent limits on new physics

scenarios which feature a spin-0 state X coupled to photons, with a mass in the

TeV range. We also provide an estimate of the future reach at LHC-13 with different

luminosities. We adopt an effective description of the phenomenology of the particle

X and focus on two different production mechanisms, which apply to a vast category

of models, that is: i) the new particle X is mostly generated via photon fusion and

ii) X is directly coupled to the top quark, which induces dominant production

through gluon fusion, in analogy with the SM Higgs boson.

Models of new physics beyond the SM to which our analysis applies include, for

example, theories of minimal composite dynamics [5–12], where X is a composite

pseudoscalar state, analogous to the η or the η′ in QCD, and theories with axion-like

particles (see, e.g., [13] and references therein). Similar constraints in the diphoton

channel apply to scenarios which predict spin-2 resonances coupled to photons, such

as the graviton in Randall-Sundrum models [14] or spin-0 radion/dilaton particles
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[15–21]. Recent studies of the diphoton channel have also considered models with

vector-like fermion dark matter [22], two Higgs doublets [23], R−axion [24], next-to-

minimal supersymmetric SM [25] and more involved topologies leading to a diphoton

signature [26]. As an illustrative example, we use our results to extract information

on the fundamental parameters of a minimal composite theory of electroweak (EW)

symmetry breaking, where the particle X is identified with a composite pseudoscalar

state associated with a global anomalous U(1) symmetry. It interacts with EW

gauge bosons via anomalous couplings originating from the topological sector of the

theory, that is the gauged Wess-Zumino-Witten (WZW) action [27–31].

The paper is structured as follows: in section 2 we first introduce our effective

description of the diphoton resonance and then we present the results on constraints

and reach of the diphoton channel under the hypotheses of photon fusion and top-

mediated gluon fusion production mechanisms. In section 3 we discuss a technicolor-

like theory and apply our results in order to constraints its fundamental parameters

at the LHC-13. Finally, we summarize our results in section 4.

2. Effective description

We use an effective approach to derive the LHC-13 reach on diphoton resonances. We

consider a pseudoscalar bosonX and two scenarios where the dominant pseudoscalar

production mechanisms are either photon fusion or top-mediated gluon fusion. New

physics effects are encoded in the effective Lagrangian:

Leff =− iyt
mt

v
X t̄γ5t−

cGG
8v

X Tr
[
GµνG̃µν

]
− cAA

8v
X AµνÃµν −

cAZ
4v

X AµνZ̃µν −
cWW

4v
X W+µνW̃−µν −

cZZ
8v

X ZµνZ̃µν ,
(1)

where v = 246 GeV is the EW scale and Ṽ µν = εµνρσVρσ, for V = G,A,Z,W±.

Notice that the scale of new physics ΛNP is absorbed into the definition of the

Wilson coefficients

cV V ≈
1

4π

v

ΛNP
. (2)

The latter can be either radiatively generated or can arise from some non-

perturbative dynamics. They thus incorporate new physics effects and also the

computable SM contributions coming from the renormalizable interactions of the

pseudoscalar X with SM particles.

In our effective description we also include the possibility of a direct coupling of

X to the top quark, that is yt 6= 0 in Eq. (1). We consider that the top radiative

contribution completely generates the X effective coupling to the gluons, cGG, which

reads

cGG = yt
αS
2π
F

(
m2
X

4m2
t

)
, (3)

where αS is the strong coupling constant, mt is the top mass and F (x) =

− 1
4x

(
ln
√
x+
√
x−1√

x−
√
x−1
− iπ

)2

for x > 1, see [32]. The top-loop contribution is included
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also in the other cV V couplings. However, we will take them as free parameters in

order to analyze new physics effects.

Our effective description includes up to dim-5 operators. Corrections from dim-6

operators can be estimated to be of the order (mX/4πΛNP )
2 ≈ (cV VmX/v)

2
. These

corrections become sizable in the region of the parameter space corresponding to

large values of the effective couplings and the X mass, mX . For example, using the

previous estimate, we expect corrections & 50% for mX & 4 TeV and cV V & 0.045.

In our analysis we will focus on two cases, one in which X is not coupled to the

top, yt = 0, and one in which the coupling to the top is of order yt ' 1. In the first

case the new state X is mostly produced via photon fusion, while in the second

case we will have top-mediated gluon fusion production. Notice that for yt ' 1, still

within the perturbative regime, the total width of X is naturally enhanced by the

tree-level decay rate to tops and we do not expect the produced resonance to be

narrow.

As a starting point of our analysis, we plot in the right panel of Fig. 1 the

production cross sections at LHC-13 for various mechanisms, stemming from our

effective action, as a function of mX . For illustration, we assume yt = 1 for the

gluon fusion production and cV V = 0.05 for the other mechanisms.

The photon fusion production receives three contributions: the dominant one

comes from inelastic/incoherent scattering, whereas two subleading contributions

arise from the semi-elastic and the elastic scattering processes [33–35], where either

one of or both the colliding protons remain intact. We calculate the production cross

section at leading order (LO) with MadGraph5 aMC@NLO [36]. Both the elastic

and inelastic photon emission are included in the γZ production cross section. The

latter and the remaining vector boson fusion contributions from ZZ and WW are

also calculated with MadGraph5 and are subdominant when the effective couplings

cV V are of the same size. This is typically realized when they are generated by a

common source of new physics. Photon fusion and γZ cross sections are computed

using the new set of photon parton distribution function (PDF), LUXqed [37].

LUXqed has significantly reduced the uncertainty on the photon fusion cross section

compared to previous PDF sets as NNPDF2.3QED [38], MRST2004QED [39] and

the recent CT14QED [40]. For the NNPDF2.3QED set, the quoted uncertainty is

typically of the order of 50% [38] and even bigger for large momentum fraction x,

x & 0.1 (mX & 1.3 TeV at LHC-13). The uncertainty for LUXqed is much smaller,

of the order of 1-2% over a large range of x values [37]. In the left panel of Fig. 1

we compare the cross section for the photon fusion production of the pseudoscalar

obtained with the LUXqed and the NNPDF2.3QED set, fixing cAA = 0.05. LUXqed

predicts a cross section which is order of magnitudes smaller than that coming from

NNPDF2.3QED set. The latter is the one used in our previous study [7]. We thus

expect a significative decrease of the reach for heavier pseudoscalars, mX & 3 TeV,

compared to the one estimated in [7].a

aIndeed, in [7] we highlighted the importance of a precise determination of the photon PDF.
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Fig. 1. Left panel: X production cross section via photon fusion at LHC-13 using two different

sets of photon PDF: LUXqed [37] and NNPDF2.3QED [38]. We set cAA = 0.05. Right panel:

LHC-13 cross sections as a function of mX for different production channels: γγ, γZ, WW and
ZZ fusion (for cAA = cAZ = cWW = cZZ = 0.05) and top-mediated gluon fusion (for yt = 1), see

Eq. (1). The gluon fusion cross section is calculated at NLO in QCD. Here we use the LUXqed

PDF.

The cross section for gluon fusion is calculated at next-to-leading order (NLO)

in QCD. K-factor corrections range from 2.1 to 1.8 for 0.5 TeV . mX . 2 TeV.

We estimate them using the model in [41]. We note that the gluon fusion cross

section drops quickly with mX . This is a combined effect of the top-loop function,

which goes to zero in the limit mX/mt → ∞, and the scaling of the gluon PDF

at large momentum fraction. A minor effect is given by the running of the strong

coupling constant αS . Compared to gluon fusion, the cross sections for weak gauge

boson fusion, especially for photon fusion, scale much more gently with mX . As

a consequence, we expect a wider reach on the pseudoscalar mass for a diphoton

resonance produced via photon fusion.

2.1. Photon fusion production

We derive the exclusion regions and the expected reach on the Wilson coefficient

cAA in Eq. (1) and the X mass, under the minimal assumption that the new particle

couples dominantly to photons. In this case the production cross section at LO in

the narrow width approximation is given by

σ(pp→ X → γγ) =
8π2 Γ(X → γ γ)

mX

dLγγ

dm2
X

BR(X → γ γ) , (4)

where dLγγ/dm2
X is the photon luminosity function, which can be deduced from

the corresponding cross section reported in Fig. 1. Notice that the production cross

section depends quadratically on cAA.

We report in Fig. 2 the current experimental limits and the future reach on

cAA as a function of the mX , taking BR(X → γγ) = 1. Results corresponding

to a different branching ratio can be easily derived by properly rescaling the lines
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Fig. 2. LHC-13 current constraints (dashed and dotted lines) and expected future reach of the

diphoton channel in the plane (mX , cAA). We assume that X is totally produced by photon

fusion and BR(X → γγ) = 1. The continuous curves show the 2σ reach for different integrated
luminosities.

reported in the figure.b We indicate in the figure the present 95% C.L. limits at

LHC-13 on narrow diphoton resonances. They correspond to the ATLAS analysis

with 15.4 fb−1 [3] (blue dashed curve) and the CMS analysis with 12.9 fb−1 [4] (red

dotted curve). We find that these limits are much stronger than the ones obtained

in the LHC-8 analysis from ATLAS [42] with 20.3 fb−1 and CMS [43] with 19.7

fb−1.

To derive the LHC-13 reach of the diphoton channel we use the analytic estimate

of the background given in the ATLAS analysis [3], which yields the following best-

fit function for the number of background events:

B(x, L) =
L

15.4 fb−1

(
1− x1/3

)9.9

x−2.6 , (5)

where x = mγγ/
√
s, mγγ is the diphoton invariant mass and L is the total integrated

luminosity. Notice that the background function in the new analysis [3] has slightly

changed from the one used in the ATLAS analysis given in [44] with 3.2 fb−1.

In our determination of the reach we apply the selection criteria reported in [3],

that is

Eγ1

T > 0.4mγγ , Eγ2

T > 0.3mγγ , |ηγ1,2 | < 2.37 (|ηγ1,2 | /∈ [1.37, 1.52]) , (6)

where E
γ1,2

T and ηγ1,2 denote, respectively, the transverse energies and pseudora-

pidities of the two leading photons. Furthermore, we assume a 95% efficiency for

the photon identification and we apply the isolation cut

Eiso
T < 0.05E

γ1,2

T + 6 GeV , (7)

bAs mentioned in the previous section, one has to keep in mind that the effective coupling cAA is

expected to receive sizable corrections from higher order operators in the effective Lagrangian for
c2AAm

2
X/v

2 ≈ O(1).
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Fig. 3. As in Fig. 2, under the assumptions that X is produced via top-mediated gluon fusion

and has a total decay width Γtot(X) ' Γ(X → tt̄). The dark shaded region corresponding to

BR(X → γγ) ≥ 10% indicates the parameter space where we expect sizable corrections to our
predictions (see the text for details).

where Eiso
T is defined as the transverse energy of the vector sum of all stable particles

(except muons and neutrinos) found within a cone ∆R =
√

(∆η)2 + (∆φ)2 ≤ 0.4,

with ∆η (∆φ) the pseudorapidity (azimuthal angle) separation.

We simulate the signal with MadGraph5 aMC@NLO [36], passing the events to

PYTHIA 6.4 [45] for showering and hadronization and to DELPHES 3 [46] to mimic

detector effects. The resulting signal acceptances vary from 0.47 for mX = 0.5 TeV

to 0.56 for mX = 5 TeV. The reach of the diphoton channel is estimated by taking a

sensitivity S/
√
S +B = 2, where S (B) denotes the number of signal (background)

events passing the selection at a given integrated luminosity. The corresponding

95% C.L. limits at LHC-13 are reported in Fig. 2 for three choices of the integrated

luminosity and apply to any new physics scenario with a new particle X entirely

produced via photon fusion, with BR(X → γγ) = 1. Taking for example mX = 1

TeV, we obtain from current data that cAA ≥ 0.018 is excluded at 95% C.L., while

with future data LHC-13 will be able to test values of cAA & 0.013 (0.010) [0.0077]

with a luminosity of 50 (100) [300] fb−1.

2.2. Top-mediated gluon fusion production

We now consider scenarios in which the pseudoscalar X is directly coupled to the

top via the renormalizable interaction given in Eq. (1), that is we set yt 6= 0. In this

case X dominantly decays at tree-level into a tt̄ pair and its production at the LHC
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proceeds via top-mediated gluon fusion, with a signal cross section given by

σ(pp→ X → γγ) =
π2Γ(X → g g)

8mX

dLgg

dm2
X

× BR(X → γ γ)

' c2AA
α2
S |F (m2

X/4m
2
t )|2

6144π

m4
X

m2
t v

2

dLgg

dm2
X

(8)

where dLgg/dm2
X is the gluon luminosity function, which can be extracted from

Fig. 1 and F (x) is the loop function defined below Eq. (3). Notice that the produc-

tion cross section is independent of yt.

We repeat the analysis of the exclusion limits and the reach of the diphoton

channel applied in the previous case and present our results in Fig. 3. The produc-

tion cross section includes the NLO K-factor corrections, as discussed in section 2.

We obtain in this case signal acceptances from 0.43 at mX = 0.5 TeV to 0.46 at

mX = 2 TeV. We report the current limits from ATLAS with 15.4 fb−1 [3] (blue

dashed curve) and CMS with 12.9 fb−1 [4] (red dotted curve). The continuous lines

represent the 2σ reach for different integrated luminosities. The gray-shaded area

in the plot corresponds to BR(X → γγ) ≥ 10%, calculated for yt = 1. In this

region of the parameter space, we expect a non-negligible contribution to the pro-

duction cross section from the photon fusion mechanism and sizable corrections to

the approximated expression in Eq. (8). We obtain that values of cAA ≥ 0.077 are

excluded at 95% C.L. for mX = 1 TeV, while for the same mass it is possible to

probe the effective coupling cAA up to 0.045 (0.036) [0.027] with a luminosity of 50

(100) [300] fb−1.

As expected, because of the different scaling of the photon and gluon PDFs

with mX , the LHC reach of the diphoton channel for a pseudoscalar X dominantly

produced via photon fusion is wider, extending to smaller effective couplings and to

a larger mass range, compared to that of a X which is mainly produced via gluon

fusion.

3. LHC-13 tests of composite diphoton resonances

We focus on a minimal framework of composite dynamics which naturally features

a new pseudoscalar particle in the TeV range, that can be produced at the LHC and

decays in the diphoton channel. We consider a technicolor-like theory with 4 Weyl

fermions UL,R and DL,R – dubbed techniquarks – in a complex representation R

of a new strong gauge group SU(NT ), which do not carry SM color charge. In the

absence of EW interactions, the theory preserves a SU(2)L × SU(2)R global chiral

symmetry which is dynamically broken around ΛT & 1 TeV to the custodial group

SU(2)V by the techniquark condensate 〈0|ULUR +DLDR + h.c.|0〉 6= 0.

The three Goldstone bosons, the technipions, which arise from the breaking

of the axial-vector symmetry are composite pseudoscalar fields made up of the

techniquarks and their antiparticles. When the SU(2)W ×U(1)Y gauge interactions

are switched on, the technipions become the longitudinal polarizations of the weak
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gauge bosons. The left-handed techniquarks are combined in a doublet of SU(2)W ,

QL ≡ (UL, DL), while the right-handed fields UR, DR are weak isosinglets. In

order to cancel Witten [47] and gauge anomalies, new fermions EL,R and NL,R
are introduced, which are singlets of SU(NT ). The left-handed chiral fields are

also embedded in a SU(2)W doublet, LL ≡ (NL, EL). We consider the following

hypercharge assignments:

Y (QL) =
y

2
, Y (UR/DR) =

y ± 1

2
,

Y (LL) = −d(R)
y

2
Y (NR/ER) =

−d(R) y ± 1

2
,

(9)

where d(R) represents the dimension of the techniquark representation and y is a

real parameter. The electric charge is given by Q = T3 + Y , where T3 is the weak

isospin generator. The EW gauge group is embedded by gauging a subgroup of

SU(2)L×SU(2)R×U(1)V and is dynamically broken to U(1)Q by the techniquark

condensate specified above.

One of the composite states of the spectrum is the pseudoscalar associated with

the axial U(1) anomaly of the underlying gauge theory, the analogous of the η′

meson in low-energy QCD. We identify it with the pseudoscalar X discussed in the

previous section. It is included as a singlet state in a 2× 2 unitary matrix U , which

also describes the technipions Π ≡ (Π1,Π2,Π3):

U = eiΦ/FΠ = exp

[
i

FΠ
(X + τ ·Π)

]
, (10)

where τ ≡ (τ1, τ2 , τ3) denote the Pauli matrices. The field matrix U transforms

bilinearly under a chiral rotation:

U → uL U u†R , (11)

with uL/R ∈ SU(2)L/R. The technipion decay constant FΠ sets the EW symmetry

breaking scale. Indeed, the EW boson masses result as: m2
W = 1/2 gW F 2

Π and

m2
Z = 1/2

√
g2
W + g2

Y F
2
Π, with FΠ = v = 246 GeV.c At LO in the large NT limit,

mX ≈ 6/NT ≈ 6/d(R) TeV [7], using the Witten-Veneziano relation [48,49].

The global axial-vector currents are anomalous and generate couplings of the

composite pseudoscalar X with the EW gauge bosons. These interactions are de-

scribed by the gauged WZW action [27–31] (see also [50]) which gives at LO in the

derivative expansion of the theory:

− i5C

FΠ
εµνρσTr

[
Φ
(
∂µAνL∂

ρAσL + ∂µAνR∂
ρAσR + ∂µ (AνL +AνR) ∂ρ (AσL +AσR)

)]
+

5C

F 3
Π

εµνρσTr
[
∂µΦ∂νΦ∂ρΦ (AσL +AσR)

]
+ . . . ,

(12)

c In Eq. (10) we assume the large-NT relation between the decay constants of the singlet X and
the technipions, namely FX = FΠ (1 +O(1/NT )).
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with C = −id(R)/(240π2) and

AµL = gY

(
Q− 1

2
τ3

)
Bµ +

1

2
gW τ ·W µ , AµR = gY QB

µ . (13)

The latter transform under the EW gauge group as

AµL → uLA
µ
L u
†
L − i ∂µuL u

†
L , AµR → uRA

µ
R u
†
R − i ∂µuR u

†
R . (14)

where uL ∈ SU(2)W and uR ≡ exp(i θ(x) τ3/2).

The X production mechanisms and decays at the LHC are determined by these

topological terms. By matching the interactions in Eq. (12) with the effective La-

grangian in Eq. (1) we obtain:

cAA =
(
1 + y2

)
e2 d(R)

8π2
, cAZ =

1− 2(1 + y2)s2
W

2 cW sW
e2 d(R)

8π2
,

cZZ =e2 1− 3s2
W + 3(1 + y2)s4

W

3 c2W s2
W

d(R)

8π2
, cWW = e2 1

s2
W

d(R)

24π2
.

(15)

Notice that three-body decay processes X → Π Π V , V = γ, Z,W±, which arise

from the second line in Eq. (12), dominate over the two-body decays into EW bosons

for large masses, i.e. mX & 1.5 TeV [7].

The gauged WZW term is responsible for the production of X at the LHC and its

decays into EW gauge bosons. In this case the dominant production mechanism is

via photon fusion. We can use our results for the constraints on the effective coupling

cAA derived in section 2.1 (see Fig. 2) to obtain information on the underlying

theory. Notice that in this model the branching ratio in diphoton depends on mX

and y and has an upper limit BR(X → γγ) . 0.7. The expressions of the decay rates

in terms of the effective coefficients in Eq. (1) are reported in Appendix A. Taking

as benchmark d(R) = 6 and mX = 1 TeV we have that values of the hypercharge

parameter y ≥ 1.5 are excluded at 95% C.L., while with an integrated luminosity

of 50 (100) [300] fb−1 it is possible to test at LHC-13 values of y & 1.2 (1.0) [0.86].

We now consider the possibility that the new pseudoscalar resonance is directly

coupled to SM fermions. This scenario can be realized by an extended gauge dynam-

ics which generates a coupling of X to the top quark as in the effective Lagrangian in

Eq. (1).d In this case the dominant production mechanism of the new pseudoscalar

is via top-mediated gluon fusion. Taking into account the results derived in section

2.2 (see Fig. 3) we find that for d(R) = 6 and mX = 1 TeV values of the hypercharge

parameter y ≥ 3 are excluded at 95% C.L., while with an integrated luminosity of

50 (100) [300] fb−1 it is possible to test at LHC-13 values of y & 2.2 (1.9) [1.6].

4. Summary

We have reviewed the present constraints on diphoton resonances at the LHC and

indicated the perspectives of detecting a new pseudoscalar state X in the diphoton

dWe refer to [7] for a detailed discussion of the X interactions with SM fermions.
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channel. Compared to the previous study in [7], here we have adopted the new set

of photon PDF, LUXqed [37].

We have analyzed two minimal scenarios for the X production mechanisms,

namely i) photon fusion and ii) top-mediated gluon fusion. We have used an effective

description, Eq. (1), to determine the current exclusion limit and the future reach

on the relevant Wilson coefficient cAA as a function of the X mass, mX . Our final

results are presented in Fig. 2 for scenario i) and in Fig. 3 for scenario ii). In the

first case we find that it is possible to probe the diphoton resonance up to masses

of ∼ 4 TeV and cAA as small as ∼ 0.008, with an integrated luminosity of 300 fb−1.

In the second case the reach in the diphoton channel with 300 fb−1 of data extends

up to masses mX . 2 TeV and values of cAA & 0.014.

We have applied this analysis to a specific scenario of dynamical EW symmetry

breaking, which naturally includes a new pseudoscalar composite state in the TeV

mass range. This state is associated with a global anomalous symmetry of the

composite sector, in analogy with the η′ meson in low-energy QCD. Its anomalous

couplings with the EW gauge bosons are univocally predicted by the gauged WZW

action of the composite theory. They depend on the fundamental parameters of the

underlying gauge dynamics, which can be accessed via this analysis of the diphoton

channel.

In general, topological interactions, which are predicted in theories of composite

(Goldstone) Higgs, lead to interesting phenomenology both at the LHC and at

future proton-proton colliders (see, e.g., [51]), which may reveal the fundamental

mechanism of EW symmetry breaking.
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Appendix A. Decay rates

From the effective Lagrangian in Eq. (1), the partial decay rates of X read:

Γ(X → gg) =
m3
X

8π

|cGG|2

v2
(A.1)

Γ(X → γγ) =
m3
X

64π

c2AA
v2

, (A.2)

Γ(X → γZ) =
m3
X

32π

c2AZ
v2

(
1 − m2

Z

m2
X

)3

, (A.3)

Γ(X → ZZ) =
m3
X

64π

c2ZZ
v2

(
1 − 4m2

Z

m2
X

)3/2

, (A.4)

Γ(X →W+W−) =
m3
X

32π

c2WW

v2

(
1 − 4m2

W

m2
X

)3/2

, (A.5)

Γ(X → tt̄) = y2
t

3mX

8π

m2
t

v2

√
1− 4m2

t

m2
X

. (A.6)

For the model described in section 3, the effective couplings cV V are given in

Eq. (15). In this case, taking the limit mΠ± ≈ mΠ0 ≡ mΠ, the three-body par-

tial decay rate of X is

Γ(X → Π Π V ) =
m3
X

122880π3

m4
X

F 6
Π

[√
1− 4u2

(
1− 2u2

(
14 + 47u2 − 80u4 + 60u6

) )
+ 240u4

(
−1 + 2u2 − 3u4 + 2u6

)
ln

(
2u

1 +
√

1− 4u2

)]
c2ΠΠV ,

(A.7)

where u ≡ mΠ/mX and

cΠ+Π−γ = e
d(R)

12π2
,

cΠ+Π−Z =
1− 2s2

W

2cW sW
cΠ+Π−γ ,

cΠ±Π0W± = ± 1

2sW
cΠ+Π−γ .

(A.8)
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