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Robust determination of the Higgs couplings: Power to the data
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We study the indirect effects of new physics on the phenomenology of the recently discovered
“Higgs-like” particle. In a model-independent framework these effects can be parametrized in terms
of an effective Lagrangian at the electroweak scale. In a theory in which the SU(2); X U(1)y gauge
symmetry is linearly realized they appear at lowest order as dimension-six operators, containing all the
standard model fields including the light scalar doublet, with unknown coefficients. We discuss the choice
of operator basis which allows us to make better use of all the available data to determine the coefficients
of the new operators. We illustrate our present knowledge of those by performing a global five-parameter
fit to the existing data which allows simultaneous determination of the Higgs couplings to gluons,
electroweak gauge bosons, bottom quarks, and tau leptons. We find that for all scenarios considered the
standard model predictions for each individual Higgs coupling and observable are within the correspond-
ing 90% C.L. allowed range, the only exception being the Higgs branching ratio into two photons for the
scenario with standard couplings of the Higgs to fermions. We finish by commenting on the implications

of the results for unitarity of processes at higher energies.
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L. INTRODUCTION

After searching for the Higgs boson for decades, the recent
discovery of a new state resembling the standard model (SM)
Higgs boson [1-6] at the CERN LHC [7] marks the dawn of
the direct exploration of the electroweak symmetry breaking
sector. In order to determine whether this new particle is
indeed the Higgs boson predicted by the SM we must deter-
mine its properties like spin, parity [8], and couplings [9,10],
as well as keep searching for further states that might be
connected to the electroweak symmetry breaking sector.
Moreover, the determination of its couplings can give hints
of new physics beyond the SM with some cutoff scale A
above which the new physics states are expected to appear.

Although we do not know the specific form of this theory
which will supersede the SM, we can always parametrize its
low-energy effects by means of an effective Lagrangian [11].
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The effective Lagrangian approach is a model-independent
way to describe new physics, which is expected to manifest
itself directly at an energy scale A larger than the scale at
which the experiments are performed, by including in the
Lagrangian higher dimension operators suppressed by
powers of A. The effective Lagrangian depends on the
particle content at low energies, as well as on the symmetries
of the low-energy theory.

With the present data we can proceed by assuming that
the observed state belongs indeed to a light electroweak
doublet scalar and that the SU(2); ® U(1)y symmetry is
linearly realized in the effective theory [12-19]. Barring
effects associated with violation of total lepton number, the
lowest order operators which can be built are of dimension
six. The coefficients of these dimension-six operators
parametrize our ignorance of the new physics effects in
the Higgs phenomenology and our task at hand is to
determine them using the available data. This bottom-up
approach has the advantage of minimizing the amount of
theoretical hypothesis when studying the Higgs couplings.

Following this approach we start by listing in Sec. II the
most general set of dimension-six operators which involve
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triple couplings of the low-energy scalar to the SM gauge
bosons and fermions and can affect the present Higgs data.
The list is redundant and, at any order, the operators listed are
related by the equations of motion (EOM). This allows for a
freedom of choice in the election of the basis of operators to
be used in the analysis. We will argue in Sec. I C that in the
absence of any a priori illumination on the form of the new
physics the most sensible choice of basis should contain
operators whose coefficients are more easily related to exist-
ing data from other well tested sectors of the theory. This will
reduce to six the number of operators testable with an
analysis of the existing Higgs data. We proceed then to
briefly describe in Sec. III the technical details of such
analysis. The status of this exercise with the most up-to-
date experimental results is presented in Sec. IV which
updates the analysis in Ref. [9] also extending the previous
analysis by including modifications of the Higgs couplings to
fermions. We summarize our conclusions in Sec. V.

II. EFFECTIVE LAGRANGIAN
FOR HIGGS INTERACTIONS

In order to probe the Higgs couplings we parametrize the
deviations from the SM predictions in terms of effective
Lagrangians. Here, we assume that the low-energy theory
exhibits all the symmetries of the SM and that it contains
only the SM degrees of freedom. Furthermore, we consider
that the recently observed state belongs to an SU(2),
doublet." We further assume that the present precision of
|

OGG = (I)T(DGZVGQMV’
@BW = @fé#VW”VCI),

O, = (D, D) DD (DHD),

where we denoted the Higgs doublet by ® and its covariant
derivative is D, ®=(d, +iig'B, +ig%W2)® in our
conventions. The hatted field strengths are defined as
BW = i%BW and WW = i50"Wy,,. Moreover, we de-
note the SU(2); (U(1)y) gauge coupling as g (g) and the
Pauli matrices as 0. Our conventions are such that
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the data allows us to parametrize the deviations from the
SM predictions by operators of dimension up to six, i.e.,

Lo = Z% 0,, (1

where the dimension-six operators O,, involve gauge boson,
Higgs boson, and/or fermionic fields with couplings f, and
where A is a characteristic scale. Moreover, we assumed
the SU(3), ® SU(2);, ® U(1)y SM local symmetry, as well
as the O, operators to be P and C even and the conservation
of baryon and lepton numbers.

Our first task is to fix the basis of dimension-six opera-
tors that is suitable to study the Higgs couplings. Of all
dimension-six operators just 59 of them, up to flavor and
Hermitian conjugation, are enough to generate the most
general S-matrix elements consistent with the above sym-
metries [20]. Before deciding the operators used in our
analyses, let us discuss the dimension-six effective inter-
actions that modify the Higgs coupling to gauge bosons
and to fermions.

A. Higgs interactions with gauge bosons

There are eight P and C even dimension-six operators
that modify the Higgs couplings to the electroweak
gauge bosons, while there is just one operator containing
gluons [12,13]:

@BB = (D"-B\MVB\MV(I),
Oy = (D, ®)1B* (D, D), 2)

Ops = (D, PN (DFD) (@1 D),

b= ! 0 4
_\/5<v+h(x))’ @

where v is its vacuum expectation value.

For the sake of completeness of our discussion, it is
interesting to introduce the operator that contains exclu-
sively Higgs fields

1
O3 = g(q)’rq>)3 &)
that gives an additional contribution to the Higgs potential
2(DTP) + Ag(DTD)? — @(qﬁcbﬁ 6
Mo 0 3A2 . ( )

This effective operator leads to a shift of the minimum of
the Higgs potential with respect to the SM result

2 2 2
2o M HU_@)E z(HU_@) 7
v A0< an ) -\ ae ) O
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The operators Og 1, Og,, and Og 4 contribute to the
kinetic energy of the Higgs boson field /& so we need to
introduce a finite wave function renormalization in order to
bring the Higgs kinetic term to the canonical form

H=H1+3 o + 2t T A% @
Furthermore, the operators Og, i (G =1,2,3,4) also alter
the Higgs mass according to

2
= 2/\01;2[1 _ Y

2A2(f<1>1 +2fps + fou + fq:)]

where we have expanded to linear order in the f;
coefficients.

The operator Oy contributes at tree level to Zy mixing;
therefore, the mass eigenstates are

2gg’  v? -1/2
2gg'  v? —12 o
A”=[1—g2+ /2FfBW] Al
g —g v !
[g + n AszW] ZiM (10)

The operators Ogy, Og 1, Og 3, and Og 4 also have an
impact on the electroweak gauge boson masses. Expanding
to linear order in the f; coefficients they read

2A2<fc1>1 So,

ool 2
+g _gl_gglz AQfBW)] (11)

2 _32
My, = 1+—fc1>4

2 f<1>
— 9 .2 3
4" [ 2A2< ®4 2A0>]' (12)

Notice that Opy and Oy, | contribute to the Z mass but not
to the W mass, therefore violating the custodial SU(2)
symmetry and contributing to 7 (or Ap).

In our calculations we will always use as inputs the
measured values of G, M, and «, where the electromag-
netic coupling is evaluated at zero momentum. Furthermore,
when convenient, we will also absorb part of the tree-level
renormalization factors by using the measured value of My, .

In particular using f;/f = 815;’42 and Eqgs. (11) and (12) we

obtain that

2
v = (ﬁGF)*'/Z(l - ;’Wfq>,4), (13)
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2gg’ V2

\/_GF) ! (1+ Azf‘lll g2+ ,QAszW) (14)

where we have denoted by ¢ = g/+/g* + g'* the tree-level
cosine of the SM weak mixing angle.

The dimension-six effective operators in Eq. (2) give rise
to Higgs interactions with SM gauge boson pairs that take
the following form in the unitary gauge:

LAV = gy HGY, G + gy HA, AP
+ gHZyA JZPOVH + gg)ZyHA,“,Z’“’
+ g9b, 2,70V H + 85y HZ,,, ZH
+ 8i HZ, 2P + gy (W, W H0"H + Hc.)
+ gimwwHW W + gy HW Wr, - (15)
where Vip=09,V,—9,V, withV = A, Z, W, and G. The

. . 12) (123 1,2,3
effective couplings grge, 8Hyys gngi, gﬁ,ww), and gfqzz)

are related to the coefficients of the operators appearing
in (1) through
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(16)
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where s = g'//g*> + g% stands for the tree-level sine of
the SM weak mixing angle. For convenience, we rescaled
the coefficient f;5 of the gluon-gluon operator by a loop
factor —a,/(87) such that an anomalous gluon-gluon
coupling f, ~ O(1-10) gives a contribution comparable
to the SM top loop. Furthermore, we have kept the nor-
malization commonly used in the pre-LHC studies for the
J

Oup; = (DTD)Ldeg),  Of) .= d1D, D)Ly L), O
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operators involving electroweak gauge bosons. Notice that
the general expressions above reproduce in the different
cases considered those of Refs. [16,18,21].

B. Higgs interactions with fermions

The dimension-six operators modifying the Higgs inter-
actions with fermion pairs are

DL,ij = (Df(iba,u,q))(l:i'yﬂa-allj)r

Oupyy = (DTD)Q;Pug),  Of, .. = DD, D)NQy*Q)), 0%, = P1iD*,D)0;v*0,0)),

@dq),ij = (CDT (D)(Q_i(dej),

0, = DD, D)(eg v e ),
@gl,ij = ®T(iﬁu®)(ﬁRi7MuRj)’ .
(Og)d,ij = qy‘r(lﬁ#cb)(a_’R[y“de)’
@Ell)ud,ij = (i)Jr(iBu(D)(ﬁRfyﬂde)’

where we define ® = o, dF, CI)TIH)#CI) = @*DMCI) —
(D, ®)f®, and @D, ® = ®te*D, D — (D, D) 5 ®.
We use the notation of L for the lepton doublet, Q for the
quark doublet, and fy for the SU(2) singlet fermions,
where i, j are family indices. Notice that, unlike the
Higgs-gauge boson operators of the previous subsection,
not all Higgs-fermion operators listed above are Hermitian.

In Eq. (17) we have classified the operators according
to the number of Higgs fields they contain. In a first set,
which we denote O, the operators exhibit three Higgs fields
and after spontaneous symmetry breaking they lead to mod-
ifications of the SM Higgs Yukawa couplings. The second

set, (Og}, contains operators presenting two Higgs fields and
one covariant derivative, and consequently, they contribute to
Higgs couplings to fermion pairs which also modify the
neutral current weak interactions of the corresponding fermi-
ons. The third set, @g)f, similar to the second, also leads to
modifications of the fermionic charged current interactions.

Operators O(g ;; renormalize fermion masses and mix-
ing, as well as modify the Yukawa interactions. In the SM,
these interactions take the form

Ly = —y5LPeg; — yij_iq)de - y?jQi(i)MRj + Hec,
(18)

while the dimension-six modifications of the Yukawa inter-
actions are

rHa Saaw,ij
eff A2

f ®,ij f ®,ij
(Odq),ij + %Oufp,lj + %Oeq),ij + H.C.,

(19)
where a sum over the three families i, j =1, 2, 3 is

understood. After spontaneous symmetry breaking and
prior to the finite Higgs wave function renormalization in

Egs. (8), (18), and (19) can be conveniently decomposed in
two pieces L, and L, given by

1 - V2
Ly = ﬁdL(_yd + Wfd(b)dR(v + h)
1 " v?
+ —ZML(_)’ + mep)u]e(v + h)
1 v?
+ —2éL(_yu + er(p)eR(v + ]’l) + H.C., (20)
and

2 1 2

+\/—§Pﬁquq,uRh + H.c., (21)
where f1 g = (fLri, fLro frr3)" With f=u, or d or e
and y/ and f ro are 3 X 3 matrices in generation space.

L is proportional to the mass term for the fermions and
in the mass basis leads to the SM-like Higgs-fermion
interactions with renormalized fermion masses and quark
weak mixings.” On the other hand, generically, the new
interactions contained in L; are not necessarily flavor
diagonal in the mass basis unless f ;g o y/.

Altogether the Hf f couplings in the fermion mass basis
and after renormalization of the Higgs wave function in
Eq. (8) can be written as

LA = gl Fl fxH + H.c. (22)

2Since we are not adding right-handed neutrinos to the fermion
basis nor allowing for L violating dimension-five operators, the
couplings to the charged leptons can be chosen to be generation
diagonal in the mass basis as in the SM.
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with
I 2
fo__m v
8uij = T Bij[l 4A2 o1+ 2fw2 fcM)jI

2
v
+ NTE Fhaip (23)

where we denoted the physical masses by m{ and f ;q,y ;j are

the coefficients of the corresponding operators in the mass
basis. In what follows we will denote all these coefficients
without the prime.

C. The right of choice

In the effective Lagrangian framework not all operators
at a given order are independent as they can be related by
the use of the classical EOM of the SM fields. The invari-
ance of the physical observables under the associated
operator redefinitions is guaranteed as it has been proved
that operators connected by the EOM lead to the same
S-matrix elements [22]. In a top-bottom approach, when
starting from the full theory and integrating out heavy
degrees of freedom to match the coefficients of the higher
dimension operators at low energies it is convenient not to
choose a minimal set of operators in order to guarantee that
the operators generated by the underlying theory can be
easily identified [23]. However, in a bottom-up approach
when we use the effective Lagrangian approach to obtain
bounds on generic extensions of the SM, we must choose a
minimum operator basis to avoid parameters’ combina-
tions that cannot be probed.

In our case at hand, we have to take into account the
SM EOM which imply that not all the operators in Eqgs. (2)
and (17) are independent. In particular the EOM for the
Higgs field and the electroweak gauge bosons lead to three
relations between the operators:

2@(1)’2 - 2@(13’4
= (50,0, + Y00 + ¥4(Ou0,)t +He), (24)
ij
1
205 + Opy + Opy + (O — 5 002)
I Lo 1o (1)
- 72(_ B Opri + 6 Opgii = Oe,ii
2 1
+ 3 @gl,ii 3 @gzi,ii)’ (25)
1
20y + Opy + Oyy + 82((94),4 - §@©,2>

2
- _%Z(@glu + (Dg)Q”) (26)

These constraints allow for the elimination of three opera-
tors listed in Egs. (2) and (17).
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At this point we are faced with the decision of which
operators to leave in the basis to be used in the analysis of
the Higgs data; different approaches can be followed in
doing so. Again, in a top-bottom approach in which some
a priori knowledge is assumed about the beyond the SM
theory one can use this theoretical prejudice to choose the
basis. For example if the UV completion of the SM is a
given gauge theory, it is possible to predict whether a given
operator is generated at tree level or at loop level [24]. One
may then be tempted to keep those in the basis as larger
coefficients are expected [21]. However, in the absence of
such illumination it is impossible to know if the low-energy
theory would contain any tree-level generated operator;
for instance see Ref. [25] for a model whose low-energy
theory contains only loop induced operators. Furthermore,
caution should be used when translating the bounds on the
effective operators into the scale of the new physics since
after the use of EOM coefficients of operators generated at
loop level can, in fact, originate from tree-level operators
eliminated using the EOM and vice versa [23]. In fact, all
choices of basis suffer from this problem.

In principle, given the proof of the equivalence of the
S-matrix elements the determination of physical observ-
ables like production cross sections or decay branching
ratios would be independent of the choice of basis.
Nevertheless independent does not mean equivalent in
real life. For this reason in this work we advocate that in
the absence of theoretical prejudices it turns out to be
beneficial to use a basis chosen by the data: “power to
the data.” With this we mean that the sensible (and cer-
tainly technically convenient) choice is to leave in the basis
to be used to study Higgs results those operators which are
more directly related to the existing data, in particular to
the bulk of precision electroweak measurements which
have helped us to establish the SM.

In this approach we choose to retain the fermionic
operators in Eq. (17) since they contribute to processes
well measured like Z properties at the pole, W decays,
low-energy v scattering, atomic parity violation, flavor-
changing neutral currents, parity violation in Moller
scattering, and e"e” — ff at LEP2. These processes
lead to strong constraints on many of the fermionic opera-
tors in our basis [26].

Some of the operators in Eq. (2) contribute at tree level
to electroweak precision measurements. In fact, the opera-
tors Og,; and Opy, contribute at tree level to the S and T
parameters [14,15,25,27]

v? 1 v?
aAS:€2PfBW and aAT:EPf(I)’l. (27)

For this reason we keep Og,; and Opy in our operator
basis.

Presently there is also data on triple electroweak gauge
boson vertices [28,29] that should be considered in the
choice of basis. The operators Oy and Oy modify the
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triple gauge-boson couplings yW* W™ and ZW* W™ that
can be parametrized as [15,17]

Lywy = _igWWV{gY(W;VW7#VV - WiV, W k)

)
+ ky WL W, VA + m—ZWJVW”’PVp“}, (28)
w

where gww, = e = gs, gwwz = gc. In general these ver-
tices involve six dimensionless couplings [27] g1, ky, and
Ay (V = v or Z). Notwithstanding, the electromagnetic
gauge invariance requires that g = 1, while the three
remaining couplings are related to the dimension-six
operators Oy and Oy :

2.2
_ _8v
Ag%_glz_l_gczAsz’
2.2
_ _&v
2.2
gv
AKZ:KZ_IZW(CZfW_SZfB),

A, =2z =0.

Therefore, we keep these two operators in our basis.

Now we can use the relations (24)—(26) to eliminate
three of the four Oy, Opg, Og,, and Og 4 remaining
dimension-six operators. At this point the choice is driven
by simplicity in the Higgs analysis. Our choice is to
remove from the list the operators Opp, Og,, and Og 4.
This choice avoids the need of renormalization of the
Higgs wave function Eq. (8) which affects all Higgs cou-
plings while keeping operators which gives rise to all
possible Lorentz structures in Eq. (16). This choice also
allows for clear separation of those operators affecting the
Higgs-gauge boson couplings from those affecting the
Higgs-fermion couplings and makes the analysis simpler.
Therefore, our dimension-six operator basis is

{066, Opw, Oww, Ow, Op, Og,1, Oyq, (9511}, (98}}. (30)

Now we can easily take advantage of all available experi-
mental information in order to reduce the number of rele-
vant parameters in the analysis of the Higgs data.

(i) Taking into account that the Z couplings to fermions
are in agreement with the SM at the per mil level
[30], the coefficients of all operators that modify
these couplings are so constrained that they will
have no impact in the Higgs physics. Therefore, we
will not consider the operators (@g}, @g}) in our

analyses (see also Ref. [26] for a recent analysis of
constraints on these operators).
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(i1) The precision measurement of parameters S, 7, U
in Eq. (43) leads to strong bounds on the coefficients
of Ogy and Oy, thus allowing us to neglect the
contribution of these operators.

(iii) Limits on low-energy flavor-changing interactions
impose strong bounds on off-diagonal Yukawa cou-
plings [31-36]. There may still be sizeable flavor-

changing effects in 7e and 7u [34,35] which are,
however, not relevant to the present analysis.
Consequently we also discard from our basis the
off-diagonal part of O.

(iv) Flavor diagonal Oq from first and second gene-
ration only affect the present Higgs data via
their contribution to the Higgs-gluon-gluon and
Higgs-y-vy vertex at one loop. The loop form fac-
tors are very suppressed for light fermions and
correspondingly their effect is totally negligible
in the analysis. Consequently, we keep only the
fermionic operators O,q,33, O, 33, and Oy 33.

(v) The tree-level information on htf from associate
production has very large errors. So quantitatively
the effects of the parameter f,433 enter via its
contribution to the one-loop Higgs couplings to
photon pairs and gluon pairs. At present these con-
tributions can be absorbed in the redefinition of the
parameters f, and fyy; therefore, we set f,, = 0.
In the future, when a larger luminosity will be
accumulated, it will be necessary to introduce f,,
as one of the parameters in the fit.

In brief the effective Lagrangian that we use in our

analyses is

S—WAQ(OGG-FJCW—W@WW-F&@W

A2 A2
+ % Op + % Ou033 + % 0,933 (31)

_avfy

£eff =

Notice that with this choice of basis all of the dimension-
six operators considered contribute to the Higgs-gauge
boson and Higgs-fermion couplings at the tree level.

ITI. ANALYSIS FRAMEWORK

In order to obtain the present constraints on the coeffi-
cients of the operators (31) we perform a chi-square test
using the available data on the signal strength () from
Tevatron, LHC at 7 TeVand LHC at 8 TeV for the channels
presented in Tables I, II, and III. We will also combine in
the chi-square the data coming from the most precise
determination of triple electroweak gauge boson couplings
as well as the constraints coming from electroweak preci-
sion data (EWPD).

In order to predict the expected signal strengths in the
presence of the new operators we need to include their
effect in the production channels, as well as in the decay

015022-6
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TABLE I. Results included in the analysis for the Higgs decay modes listed except for the yy

channels.

Channel P Comment

pp— WW- 0324013 CDF and DO [37]

pp — bb 1561072 CDF and DO [38]
pp— vy 3.6%39 CDF and DO [37]
pp— 17 0.7497 ATLAS @ 7 and 8 TeV [39]
pp — bb —-2.7+13¢ ATLAS @ 7 TeV [40]
pp — bb 1.0+ ATLAS @ 8 TeV [40]
pp— ZZ* = T LT 13793 ATLAS @ 7 and 8 TeV [41]
pp— WW* = € vl b 0.579% ATLAS @ 7 TeV [42]
pp— WW* = vl i 1.570:¢ ATLAS @ 8 TeV [43]
pp— 71T 1.00873 CMS @ 7 TeV [44]
pp— 77 0.62575:823 CMS @ 8 TeV [44]

pp — bb 13737 CMS @ 7 and 8 TeV [45]
pp— ZZ* — 0T LT 0.87033 CMS @ 7 and 8 TeV [46]
pp— WW* = £t vl b 0.747522 CMS @ 7 and 8 TeV [47]

branching ratios. We follow the approach described in
Ref. [9], which we briefly summarize here. Assuming
that the K factor associated with higher order corrections
is the same for the SM and new contributions we write

ano
oo =—t5 | o Mlsow (32)
Ty tree
ramo(h — X)
ramop —-X)= ———~= I'‘™M(p — X)|.. 33
( ) =% | e ( MNsoa  (33)

TABLE II. H — 7y results from ATLAS [48,49] included in
our analysis.

exp

Channel 7 TeV g 8 TeV

Unconverted central, low py, 0-5213(5) 1~0t813
Unconverted central, high pr, 0.2371-88 0.35% 11

Unconverted rest, low pr, 2.56118 2.85412
Unconverted rest, high pr, 10.47+3:4§ 1.8+14
Converted central, low pr, 6.1073:92 1.57133
Converted central, high py, —4.3611%0 1.0%}33
Converted rest, low pr, 2730138 2.35%13
Converted rest, high p7, —1.57+33! 0.55+}-6
Converted transition 0.41733 2.0739
2 jets/2 jets high mass 27305 2.050

2 jets low mass e 3.67513
Lepton tagged . 1.2724

with the superscripts ano (SM) standing for the value of the
observable considering the anomalous and SM interactions
(pure SM contributions). The ratios of the anomalous and
SM cross sections of the subprocess Y ( = gg, VBF, VH or
ttH) and of the decay widths are evaluated at tree level, and
they are multiplied by the value for the state-of-the-art SM
calculations, oM, and TSM(h—X)|s,, presented in
Ref. [51]. We did not include in our analyses an eventual
invisible decay of the Higgs [52,53]; therefore the total width
is obtained by summing over the decays into the SM parti-
cles. The evaluation of the relevant tree-level cross sections
was done using the package MadGraphS [54] with the
anomalous Higgs interactions introduced using FeynRules
[55]. We also cross-checked our results using COMPHEP
[56,57] and VBENLO [58].

For any final state F listed in Tables I, II, and III, we can
write the theoretical signal strength as

TABLE III. H — vy results from CMS [50] included in our
analysis.

P
Channel 7 TeV 8 TeV

pp — vy untagged 3 1.533;2{ 37831%

pp — vy untagged 2 0.73*1]13 0.951113

pp — vy untagged 1 0.66f8;g§ 1517193

pp — vy untagged 0 3.15:’%:% 1-463:%3
pp— yyjij 4.21+20 Loose —0.617303

Tight 1.327137
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F __ano F ano F ano F ano F ano ano
= €004 (L + &) + €ypproVir + €wnowWn + €707 + €500y  Br[h — F] (34)
F F _SM F SM F_SM F _SM F _SM SM ’
€00 T €yprOvpr T €wnOwn + €240720 T €10y BroY[h — F]
[
; ; ; ; F _ _F __F _ _F _ _F _
where fg is the pull associated with the gluon fusion cross €, =€elgp =€y = by =€y =1 (36)

section uncertainties [see Eq. (37)], and the branching
ratios and the anomalous cross sections are evaluated using
the prescriptions (32) and (33). The weight of the different
channels to each final state is encoded in the parameters ey
with X = VBF, gg, WH,ZH, and ttH.

The search for Higgs decaying into bb pairs takes place
through Higgs production in association witha W ora Z so
in this case
4f = el = etf; =0
The ATLAS and CMS analyses of the 7 (8) TeV
data separate the yvy signal into different categories
and the contribution of each production mechanism
to a given category is presented in Table 6 of ATLAS
Ref. [48], Table 1 of ATLAS Ref. [49], and Table II
of CMS Ref. [50] and we summarized them in Tables IV
and V.

With the exception of the above processes, all other
channels F = WW*, ZZ*, 7t are treated as inclusive,

bb bb =1

€ €WH = €7n (35)

For some final states the available LHC 8 TeV data have
been presented combined with the 7 TeV results. In this case
we construct the expected theoretical signal strength as an
average of the expected signal strengths for the center-of-
mass energies of 7 and 8 TeV. We weight the contributions
by the total number of events expected at each energy in the
framework of the SM (see Ref. [9] for details).

With all the data described above we perform a y? test
assuming that the correlations between the different chan-
nels are negligible except for the theoretical uncertainties
which are treated with the pull method [59,60] in order to
account for their correlations. The largest theoretical
uncertainties are associated with the gluon fusion subpro-
cess and to account for these errors we introduce two pull
factors, one for the Tevatron (£;) and one for the LHC at 7
and 8 TeV (£;). They modify the corresponding predic-
tions as shown in Eq. (34). We consider that the errors
associated with the pulls are o7 = 0.4 and o = 0.15.

TABLE IV. Weight of each production mechanism for the different y7y categories in the ATLAS
analyses of the 7 TeV data (upper values) and 8 TeV (lower values). For the 8 TeV analysis two new
exclusive categories enriched in vector boson associated production were added with the 2 jets low mass
(lepton tagged) category being built to select hadronic (leptonic) decays of the associated vector boson.

Channel €40 €VBE €WH €70 €0
Unconverted central, low py, 1.06 0.579 0.550 0.555 0.355
1.06 0.601 0.448 0.509 0.343
Unconverted central, high py. 0.760 2.27 3.03 3.16 4.26
0.868 2.17 1.25 1.64 291
Unconverted rest, low pr, 1.06 0.564 0.612 0.610 0.355
1.06 0.601 0.544 0.622 0.343
Unconverted rest, high pg, 0.748 2.33 3.30 3.38 3.19
0.868 2.16 1.44 1.87 2.06
Converted central, low pr, 1.06 0.578 0.581 0.555 0.357
1.06 0.601 0.448 0.509 0.343
Converted central, high pr, 0.761 2.21 3.06 3.16 443
0.880 2.07 1.31 1.58 291
Converted rest, low pr, 1.06 0.549 0.612 0.610 0.355
1.06 0.586 0.544 0.622 0.343
Converted rest, high py, 0.747 2.31 3.36 3.27 3.19
0.857 2.16 1.57 1.92 2.23
Converted transition 1.02 0.752 1.01 0.943 0.532
1.03 0.801 0.736 0.848 0514
2 jets/2 jets high mass 0.257 11.1 0.122 0.111 0.177
0.354 9.76 0.096 0.113 0.171
2 jets low mass (only 8 TeV) 0.685 0.730 6.63 6.84 274
Lepton tagged (only 8 TeV) 0.037 0.057 20 8.94 30.8
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TABLE V. Weight of each production mechanism for the
different yy categories in the CMS analyses of the 7 TeV data
(upper values) and 8 TeV (lower values). eyy = €75 = €wgy. For
the pp — yvyjj category the 8 TeV data were divided into two
independent subsamples labeled as “loose’ and “tight” accord-
ing to the requirement on the minimum transverse momentum of
the softer jet and the minimum dijet invariant mass.

Channel €4g €VBF €vH €:7H
pp — 7yvy untagged 3 1.04 0.579 0.788 0
1.05 0.572 0.818 0
pp — yvy untagged 2 1.04 0.579 0.788 0
1.05 0.572 0.613 0
pp — vy untagged 1 1.01 0.868 1.18 1.77
1.01 0.858 1.23 1.71

0.698 2.46 3.74 5.32
0.7717 1.72 3.27 6.85

pp — vy untagged 0

pp = Yvijj 0.309 10.6 0.197 0
pp — yvjj loose 0.605 6.44 0.409 0
pp — yvjj tight 0.263 11.0 0 0

Schematically we can write

(1 — uoP)? 2
x? = min al ';L] + Z(érpun) . @7
G 5 o pull \O pull

where j stands for channels presented in Tables I, 11,
and III. We denote the theoretically expected signal as
j, the observed best fit values as w;™*, and error

_ o) +(o;)?
9i=NT =z

One important approximation in our analyses is that
we neglect the effects associated with the distortions
of the kinematic distributions of the final states due to the
Higgs anomalous couplings arising from their non-SM-like
Lorentz structure. Thus we implicitly assume that the anoma-
lous contributions have the same detection efficiencies as the
SM Higgs. A full simulation of the Higgs anomalous opera-
tors taking advantage of their special kinematic features
might increase the current sensitivity on the anomalous
couplings and it could also allow for breaking degeneracies
with those operators which only lead to an overall modifica-
tion of the strength of the SM vertices (see also Ref. [61]). But
at present there is not enough public information to perform
such analysis outside of the experimental collaborations.

In the next section we will also combine the results of
Higgs data from Tevatron and LHC with those from the
most precise determination of the triple electroweak gauge
boson couplings (28). For consistency with our multi-
parameter analysis, we include the results of the two-
dimensional analysis in Ref. [28] which was performed
in terms of Ak, and Ag? with Ak, A,, and A as deter-
mined by the relations in Eq. (29):

PHYSICAL REVIEW D 87, 015022 (2013)

g7 =0984100%8,  k, =10047003%  (38)
with a correlation factor p = 0.11.

Finally for simplicity we will account for the constraints
from EWPD on the dimension-six operators in terms of
their contribution to the S, T, U parameters as presented for
example in Ref. [25]. We will not consider additional
effects associated with the possible energy dependence of
those corrections. In particular the one-loop contributions
from O, Oy, and Oy, read’

aAS = é 162 {3(fw b iy 1og(AZ)

+ 2[(5¢% — 2)fw — (5¢% — 3)fB] m log(AZ)

= [(2¢2 = 1y = (G0 + 15174 m log(Ai)

— 24c2fWW e 10g< Az)} (39)
* 4i216 {fB 1°g<A )+(C fW+fB)

X log< AH) +[2c2 fy + (3% — l)fB] 10g<2—;)},

(40)

WA = —% {( Afw + 5 L 1og(A2)

+ 2y - w% 10g<2—;>}. 1)

At present the most precise determination of S, T, U
from a global fit to EWPD yields the following values and
correlation matrix:

AS=0.00£0.10, AT=0.02=0.11, AU=0.03£0.09,

(42)
1 0.89 —0.55
p=1 089 1 —-0.8 |. (43)
—-0.55 —-0.8 1
IV. PRESENT STATUS

Initially let us focus on the scenario where the Higgs
couplings to fermions assume their SM values; i.e.,

*Should we have chosen a basis with Og,, and/or Og 4, the
corresponding contributions would read aAS = —%aAT =

—fo, 4) log( )

1 _ée?
6 1672 (f(I) 2
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FIG. 1 (color online). A y? as a function of Se» fwws fw, and
fg for foo = f» = 0. Each panel contains three lines: the dashed
(dotted) line was obtained using only the ATLAS (CMS) data
while the solid line stands for the result using all the available
data from ATLAS, CMS, and Tevatron. In each panel A Xz is
marginalized over the three undisplayed parameters.

we set fi = fr =0 and fit the available data using
{fe fw» fp fww} as free independent parameters.”
Figure 1 displays the Ay? as a function of the four free
parameters after marginalizing over the three undisplayed
ones. We present the results using only ATLAS data, only
CMS data, and combining all data from ATLAS, CMS, and
the Tevatron collaborations; see figure for the conventions.
As we can see, the A x? as a function of S, exhibits two
degenerate minima in all cases due to the interference
between SM and anomalous contributions. The gluon
fusion Higgs production cross section is too depleted for
f ¢ values between the minima. In the case of the chi-square
dependence upon fyy there is also an interference
between anomalous and SM contributions; however, the
degeneracy of the minima is lifted since the fyy coupling
contributes to Higgs decay into photons, but also to its
decay into WW* and ZZ* as well as in Vh associated and
vector boson fusion production mechanisms. Furthermore,
just looking at the scales, we can see that fyy is better
determined by the Higgs data than fp or fy. This is
expected since the former coupling modifies the Higgs
decay into two photons, which is a one-loop process in
the SM, and that is presently the main Higgs detection
mode. In general the ATLAS, CMS, and combined data
lead to similar chi-square behavior with respect to the
fitting parameters; however, there are small differences
between the ATLAS and CMS results for f, and fyy.
Altogether we find ,\/fnin = 44.4 for the combined analysis
and the SM lies at ,\/éM = 49.4, i.e., within the 71% C.L.
region in the four-dimensional parameter space. That is,
the SM is in agreement with the ATLAS, CMS, and
Tevatron results at better than 1.050 level.

We translate the results displayed in Fig. 1 in terms of
physical observables in Fig. 2, which shows the Ax?

“This scenario is a straightforward generalization of the first
scenario discussed in Ref. [9].

PHYSICAL REVIEW D 87, 015022 (2013)
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FIG. 2 (color online). The left (right) panels contain the chi-
square dependence with the Higgs branching ratios (Higgs
production cross sections) normalized to the SM values. The
top (middle) [bottom] panels were obtained using the CMS
(ATLAS) [combined ATLAS, CMS, and Tevatron] data. The
dependence of A y? on the branching ratio to the fermions shows
the effect of the other parameters in the total decay width.

dependence on the Higgs decay branching ratios and
production cross sections. Comparing the top and middle
panels we can see that there is a small difference between
ATLAS and CMS results for the Higgs branching ratio
into two photons since the CMS result prefers larger
values, though at present both best fit values lie within
less than 1o. Analogously for the gluon fusion Higgs
production cross section CMS results slightly prefer
smaller values. Examining the combined data sets we
see that there is a slight preference for an enhanced
Higgs branching ratio into two photons and a depleted
gluon fusion cross section; however, as mentioned above
the results are compatible with the SM predictions at better
than 71% C.L.

The effect of combining the Higgs data with the triple
gauge vertex (TGV) data and the EWPD is displayed
in Fig. 3; see the first column for analysis with SM fermion
couplings. When including EWPD we assumed a scale
of 10 TeV in the evaluation of the logarithms in
Egs. (39)—(41). Since f and fy, are the only fit parameters
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D (fo/N)

A" (fue/N)

Ax* (fu/N)

bx? (fe/ )

)]

o

FIG. 3 (color online). Ax? dependence on the fit parameters
when we consider all collider (ATLAS, CMS, and Tevatron) data
(solid red line), collider and TGV data (dashed purple line), and
collider, TGV, and EWPD (dotted blue line) using A =
10* GeV. The rows depict the A y?> dependence with respect to
the fit parameter shown on the left of the row. In the first column
we use fo, fww, fw, and fp as fitting parameters with fp, =
S+ = 0. In the second column the fitting parameters are f,, fww,
fw, fp>and fi with £ = 0. In panels on the right column we fit
the data in terms of f,, fww, fw = f5> foor» and f.

that modify the triple gauge vertices at tree level, they are
the ones that show the largest impact of the TGV data,
especially fg. Moreover, fp and f are also the parameters
that more strongly feel the inclusion of the EWPD; see
Egs. (39)—(41). In brief, the largest impact of the TGV and
EWPD is on fy and fp with a marginal effect on f, and
fww- The best fit values and 90% C.L. allowed ranges for
the couplings and observables in the combined analysis of
Tevatron + LHC + TGV data can be found in the two first

PHYSICAL REVIEW D 87, 015022 (2013)

columns in Table VL. Inclusion of the TGV data has no
quantitative impact on the values of x2. or the SM C.L.
Adding the EWPD increases A szni n(sm) O 45.1 (51.3) so

the SM lies in the full combined analysis at the 82% C.L.
four-dimensional region in agreement with these combined
results at 1.30 level.

With respect to correlations between the allowed ranges
of parameters the strongest correlations appear between f,
and fyw and we illustrate them in the left panel of Fig. 4,
which contains the 68%, 90%, 95%, and 99% C.L. two-
dimensional projection in the plane f, X fyy of the four-
dimensional allowed regions after marginalization over the
undisplayed parameters. The results are shown for the com-
bination of ATLAS, CMS, Tevatron, and TGV data sets.® As
we can see, this panel exhibits four isolated islands that
originate from the interference between anomalous and SM
contributions in Hyy and Hgg vertices. Within each island
there is a strong anticorrelation between f, and fyy that
stems from the data on Higgs to two photons as discussed
in Ref. [9].

Since the physics described by the four allowed regions
in the left panel of Fig. 4 is the same, i.e., the rate of yy
events, they can be translated into correlations between the
Higgs branching ratio into photons and its gluon fusion
production cross section as depicted in the left panel of
Fig. 5. Clearly, these quantities are anticorrelated since
their product is the major source of Higgs events decaying
into two photons.

Let us now turn to the effects of allowing for modifica-
tions of the Higgs couplings to fermions. We first do so by
augmenting the set of parameters by the anomalous bottom
Yukawa coupling fyo; i.e., our free parameters are
{fe fws fB: fwws foo)» Where we are still keeping f,=0.
We present in the middle panels of Fig. 3 the chi-square as
a function of the fitting parameters in this case. Comparing
with the first column of panels in this figure we see the
allowed range for f, becomes much larger and the one for
Sbot 18 also large. This behavior emanates from the fact that
at large f, the Higgs branching ratio into b-quark pairs
approaches 1, so to fit the data for any channel F # bb, the
gluon fusion cross section must be enhanced in order to
compensate the dilution of the H — F branching ratios.
This is clearly shown in Fig. 6, which depicts the strong
correlation between the allowed values of f, X fi.

5 Assuming that the top is the only particle contributing in the
loop of the Higgs to gluons vertex with a non-negligible form
factor, the best fit points and 90% C.L. ranges for f, could be
directly translated to values for fy,, as Poe;t = 1.9, 31 and
[-1.7,5]u[27,35] at 90% C.L. for the analysis with SM
fermion couplings and fiest = 1.9, 31 and [—30, 6.9] U [26, 63]
at 90% C.L. for the analysis with f},, and f.

®Here we do not include EWPD to avoid the introduction of a
model-dependent scale needed to evaluate the logarithms present
in Egs. (39)-(41).
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TABLE VI.
as TGV.

PHYSICAL REVIEW D 87, 015022 (2013)

Best fit values and 90% C.L. allowed ranges for the combination of all available Tevatron and LHC Higgs data as well

Fit with fioc = f> =0

Fit with fi, and f,

Best fit 90% C.L. allowed range Best fit 90% C.L. allowed range
fg/A2 (TeV™2) 1.3,214 [-1.2,3.5]U[19,24] 1.3,214 [—21,4.8]U[18, 44]
Fww/A? (TeV™2) —0.43 [—0.80, —0.10]U[2.85, 3.55] —-0.39 [—0.80,0]U[2.85,3.65]
fw/A? (TeV™2) 1.43 [=7.0,10] 0.42 [—7.4,7.6]
fg/A* (TeV~2) -84 [—30, 13] 0.42 [—7.4,7.6]
Foot/A? (TeV™2) <o s 0.00, 0.90 [—1.2,0.20]U[0.70, 2.1]
/A% (TeV™2) 0.02, 0.32 [—0.07,0.13]U[0.2, 0.40]
BRa""/BR 1.75 [1.15,2.62] 1.70 [0.20,3.00]
BR%,{,“V’V/BRWW 0.97 [0.75,1.14] 1.02 [0.11,1.94]
BR}’;’/BR?‘Z’[ 1.13 [0.78,1.45] 1.03 [0.11,1.96]
BR;’L"/BR%’[ 1.01 [0.84,1.06] 1.04 [0.53,1.53]
BR°/BRSM 1.01 [0.84,1.06] 0.85 [0.05,2.25]

“""/0' 0.79 [0.47,1.23] 0.79 [0.35,8]

0"{,“§F/0VBF 1.02 [0.92,1.21] 1.00 [0.91,1.13]
0'{‘,“}?/0'\,H 0.98 [0.58,1.40] 1.02 [0.57,1.49]

On the other hand, allowing for fi, # 0 has a small
impact on the parameters affecting the Higgs couplings to
electroweak gauge bosons fy, fp, and fyy as seen by
comparing the corresponding left and central panels of
Fig. 3, even prior to the inclusion of TGV constraints on
fw and fp. See also the right panel of Fig. 4 from where we
learn that the four allowed regions do now extend to much
larger values of f, while not so much for fyy. This is due
to the independent information from the b channel on the
associated production cross section and from 7y results;
see Fig. 7. This last one is also illustrated in the right panel
of Fig. 5, which shows that the gluon fusion production

Tevotron+LHC+TGV

T T
251

20F

Fit with o,y fufe ]
fba(:f7: O 7:

Fit with fg,fuw,fw,fs,foot

f/N [TeV?
o
T

50
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S T\« AR NPT TP, AT IO
5—2 -1 0 1 2 3 4

fou/ N2 [TeV]

52 -1 0 1 2
/N [TeV2]

FIG. 4 (color online). In the left (right) panel we present the
68%, 90%, 95%, and 99% C.L. allowed regions in the plane
fe X fww when we fit the ATLAS, CMS, Tevatron, and TGV
data varying fo, fww, fw, and fg (fg, fww. fw, [, and fro).
The stars stand for the global minima and we marginalized over
the undisplayed parameters.

cross section can now be much larger than the SM one but
only as long as the Higgs branching ratio into photons is
below the SM value in order to fit the observed rate of yy
events.

The effect of f},,; can also be understood by comparing
the upper and central lines in Fig. 7 which contain the
chi-square dependence on Higgs branching ratios (left)
and production cross sections (right) for the analysis
with fy = 0 (upper) and fp, # O (central). We can
immediately see that the bounds on branching ratios and
cross sections get loosened, with the VBF and VH produc-
tion cross sections being the least affected quantities.

Tevotron + LHC+TG\/

vvvvvvvvvvvvvvvv

3

Flt W|th f fww fw fE
fou=f,=0

Fit With f fwfuferfod
f, =07

ano SM
Oout / Toat
S}
L L B B

0HH\HH\HH\HH\HH
0 1 2 3 4

B Rwano/ B RWSM

B Rﬂano/B RWSM

FIG. 5 (color online). In the left (right) panel we present the
68%, 90%, 95%, and 99% C.L. allowed regions in the plane

o4 /oM X Br(h — yy)™/Br(h — yy)™ when we fit the
ATLAS, CMS, Tevatron, and TGV data varying fo, fww, fw,
and f5 (fg, fww fw, > and fi). The stars stand for the global
minima and we marginalized over the undisplayed parameters.
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FIG. 6 (color online). We present the 68%, 90%, 95%, and
99% C.L. allowed regions in the plane fi,, X f, when we fit the
ATLAS, CMS, Tevatron, and TGV data varying f,, fww, fw>
fB, and fi.. The stars stand for the global minima and we have
marginalized over the undisplayed parameters.

=20
-1.5 -1

Furthermore, the gluon fusion cross section becomes
unbound from above already at 95% C.L. The reason for
this deterioration of the constraints is due to the strong
correlation between f, and fy,,, we just mentioned.

The impact of fi,, on the fits is due to the absence of data
on the direct process pp — h — bb due to the huge SM
backgrounds. One way to mitigate the lack of information
on this channel is to have smaller statistical errors in the
processes taking place via VBF or VH associated produc-
tion. However, this will require a larger data sample than
that which is presently available.

Finally we study the effect of allowing the 7 Yukawa
coupling to deviate from its SM value as well. For the sake
of simplicity we keep the number of free parameters equal
to five and we choose them to be {f,, fww. fw =
fB frov f+}- We present in the right panels of Fig. 3 the
chi-square as a function of the free parameters in this case
and in the lower panels in Fig. 7 the corresponding depen-
dence for the decay branching ratios and production cross
sections. The results are that the inclusion of f. in the
analysis does not introduce any further strong correlation
and that the determination of the other parameters is not
affected very much. This is so because the data on pp —
h — 7777 cuts off any strong correlation between f, and
fq- The corresponding best fit values and allowed
90% C.L. ranges for the parameters and observables are
given in the right two columns in Table VI. We see that at
the best fit point the present global analysis favors a

PHYSICAL REVIEW D 87, 015022 (2013)
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FIG. 7 (color online). Chi-square dependence upon Higgs
branching ratios (left panels) and production cross sections (right
panels) when we consider all collider (ATLAS, CMS, and
Tevatron) and TGV data. In the upper panels we used f,,
fww, fw, and fp as fitting parameters with f,,, = f, = 0, while
in the middle panels the fitting parameters are f,, fww, fw, [5
and f},, with f. = 0. In the lower row we parametrize the data in
terms of f,, fww, fw = fp> Joo» and f,. The dependence of
A x? on the branching ratio to the fermions not considered in the
analysis arises from the effect of the other parameters in the total
decay width.

BR2°/BRSM smaller than 1 (0.85) which leads to two
possible values of f,: one small positive correction to the
negative SM Yukawa coupling and one larger positive
which will flip the sign of the Hr7 coupling but give the
same absolute value. This is the origin of the two minima
observed in the lowest panel in Fig. 3. Also, the inclusion
of the fermion couplings has no impact on the values of
anin’(SM). Thus the corresponding C.L. of the SM is only
affected because we have now one extra free parameter in
the analysis and it still holds that the SM is in overall
agreement with the Higgs and TGV results at better than
1o level.

V. DISCUSSIONS AND CONCLUSIONS

As the ATLAS and CMS experiments accumulate more
and more luminosity we start to better probe the couplings
of the recently discovered Higgs-like state. In this work we
used a bottom-up approach to describe departures of the
Higgs couplings from the SM predictions. In a model-
independent framework these effects can be parametrized
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in terms of an effective Lagrangian. Assuming that the
observed state is a member of an SU(2); doublet, and
therefore the SU(2); X U(1)y gauge symmetry is linearly
realized, they appear at lowest order as dimension-six
operators with unknown coefficients containing all the
SM fields including the light scalar doublet; for details
return to Sec. II where we give the full list of operators
affecting the Higgs couplings to gauge bosons and fermi-
ons. Not all the operators in Egs. (2) and (17) are indepen-
dent because at any order they are related by the equations
of motion. This allows for a “freedom of choice” in the
election of the basis of operators to be used in the analysis.

We have argued in Sec. II C that in the absence of any
a priori knowledge on the form of the new physics the most
sensible choice of basis should contain operators whose
coefficients are more easily related to existing data from
other well tested sectors of the theory, i.e., not only the
LHC data on the Higgs production, but also EWPD and
searches for anomalous triple gauge vertices. In this
approach we reduce the operator basis to the six operators
in Eq. (31) which are directly testable with an analysis of
the existing Higgs data. The summary of our present
determination of Higgs couplings, production cross sec-
tions, and decay branching ratios from the analysis of the
Higgs and TGV data can be found in Table VI. Here, we
present the results for new physics scenarios with SM (two
left columns) and nonstandard (two right columns) Higgs
couplings to fermions.

Generically in any analysis, we obtained that the SM
predictions for each individual coupling and observable are
within the corresponding 90% C.L. range with the only
exception being the Higgs branching ratio into two photons
for the analysis with SM couplings to fermions. Still at the
best fit, the present analyses prefer a larger-than-SM
branching ratio to photons and a smaller-than-SM gluon
fusion production cross section and decay branching ratio
into 7’s.

Should these results be confirmed they might be an
indirect signal for physics beyond the standard model
that is showing in the right place, i.e., an observable for
which the SM contributions occur only at the one-loop
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level. This allows for small new physics contributions to
these observable to be observed easily. For instance, there
has been a great interest in processes that can modify the
Higgs branching ratio into two photons [62].

The presence of nonvanishing coefficients for the
dimension-six operators alters the high-energy behavior
of the scattering amplitudes of SM particles. The scale
where unitarity is violated at tree level in a given process
can be used as a rough estimation for the onset of new
physics. For instance, the 2 — 2 scattering of SM (Higgs or
gauge) bosons has been used to test the validity of a theory
containing dimension-six effective operators [63,64]. The
operators Oy, and Op give rise to a contribution to the
neutral W, WLJr , Z1Zr,and HH channels which grows like
(fw.s/M3,)? [63]. Taking the best fit values for the
anomalous parameters obtained in our fits, a very strong
hypothesis, the study of unitarity violation indicates that
the scale of new physics beyond SM is of the order of
5-10 TeV. Certainly, this number should be taken with a
grain (not to say a lot) of salt. Nevertheless we expect, as
the errors shrink with larger data sets, that the 68% C.L.
allowed regions can be used to set limits to the new physics
scale in a not so far future.
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