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Connecting electroweak-scale observables to BSM physics
through EFT and Bayesian statistics
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Recognizing the potential of effective field theories to posit multiple beyond Standard Model (BSM)
scenarios in a similar footing with a possibility to compare them, we inspect the effects of 11 single
scalar-multiplet extensions of the SM on the combined set of electroweak precision observables and
Higgs signal strength data by systematically integrating out the heavy multiplets and computing the
resulting Standard Model effective field theory operators and Wilson coefficients (WCs) up to one-
loop level. Noting that multiple BSM models give rise to a degenerate set of WCs, we then perform
Bayesian statistical inference both directly on the BSM parameters and on the associated set of
independent WCs. Using the posteriors of the BSM parameters, we infer the respective (correlated) WC
distributions and compare both the model-independent and -dependent analyses by overlaying the 2D
marginal WC posteriors from both processes, thus laying the groundwork for a data-driven attempt to
compare diverse BSM theories of different origins, and hopefully, a possible way to approach the
intractable inverse problem. We also demonstrate, with an example model, the crucial role of theoretical
constraints to rule out large chunks of BSM parameter spaces. All numerical results are available on

GitHub.
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I. INTRODUCTION

Despite the immense success of the Standard Model
(SM), it is still inadequate to explain a plethora of
phenomena in the high-energy physics spectrum. There
has been no direct evidence of any beyond Standard
Model (BSM) physics after the discovery of the Higgs
boson. We thus need to refer to indirect evidence hinting
toward BSM scenarios. Among the observables with the
potential to constrain BSM physics and thus to act as
indirect evidence for new physics (NP), electroweak
precision observables (EWPO) and those from Higgs
data play an important role. To effectively use these
observables to constrain BSM parameter space, we need
to bridge the gap between any BSM physics residing at a
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high scale and the observables lying at low energy. The
Standard Model effective field theory (SMEFT) [1,2] links
the BSM theories to the low-energy observables using the
higher-dimension operators originating from integrating
out the heavy degrees of freedom (d.o.f.). The SMEFT
effective operators, for a given mass dimension and
defined using particle content and symmetry of the SM,
offer additional contributions to the SM predictions of the
low-energy observables. These modifications are recast in
terms of the Wilson coefficients (WCs) that carry the
footprints of the unknown NP.

There have been numerous works over the years to
constrain the SMEFT WCs of dimension-six operators in a
model-independent manner. The general strategy has been
to perform statistical inference on these WCs using the
available data, either taking one of them at a time or all of
the pertinent WCs (to which the data are sensitive) together.
The SMEFT operators are frequently discussed in the
Warsaw [2] and SILH [3-5] bases. The inferences are
drawn mostly in a frequentist framework [6—18], though
some Bayesian analyses have been done as well [19-22].
The main idea here is that once a BSM theory is matched to
SMEFT, the bounds on the WCs can be converted to that of
the BSM parameters.

A lot of work has been done to match various BSM
theories to the SMEFT (up to one-loop order) [23-32],
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enabling the community to express the SMEFT Wilson
coefficients, and in turn, the low-energy observables
(EWPO, Higgs signal strengths, etc.) in terms of the
BSM parameters. Some (model-dependent) global fits have
also been done to constrain specific BSM parameters from
these matching results [7,15,33-36]. The main caveats of
this yet-accepted process are twofold: First, not all WCs are
modified within the scope of a specific model and even for
those which are affected, the effects are not of the same
degree; i.e., not all WCs are similarly sensitive to all model
parameters. This set of pertinent WCs also varies with chosen
BSM models. Second, though the model-independent infer-
ences performed on WCs can point to a conservative estimate
of the BSM parameter space, in reality, they are often highly
nonlinear functions of these parameters, and the actual
parameter space (obtained from a direct inference on the
parameters themselves) may differ a lot from the model-
independent estimates.

The motivation of this work is thus to probe the relative
capacity of these model-independent analyses to predict
the BSM parameter spaces, in comparison with direct
inference done on the parameters themselves. The main
challenge in this endeavor is to obtain the SMEFT WCs in
terms of the BSM parameters. We use the Mathematica
package cobDEx [37] to this end. Given the BSM
Lagrangian, CoDEx can provide a list of the different
dimension-six operators and their corresponding WCs at
one loop, in terms of different BSM model parameters.
For statistical inference, we choose the Bayesian frame-
work, and all required analyses are performed using the
Mathematica package OpteEx [38].

In this article, we work with the Warsaw basis
(a complete basis) of dimension-six SMEFT operators,
18 of which affect the data (EWPO and Higgs signal
strength) considered in this analysis. The relevant 18 WCs
fit is performed in a model-independent manner in two
ways: taken all together and taken one at a time. We also
consider 11 BSM scenarios, which after matching up to one
loop,1 generate a subset of the dimension-six operators
along with the corresponding WCs expressed as nonlinear
functions of the respective BSM parameters. Out of the 18
relevant operators contributing to the observables, only ten
operators are collectively generated by these BSM models.
So, we show the ten WCs fit also.

While studying the allowed parameter space of a set of
specific WCs, we are interested in distinguishing the case
where they are independent from the ones where they are
correlated. These correlations are a result of their depend-
ence on the model parameters. Matching each of these
BSMs with SMEFT, we generate the effective operators
and their corresponding WCs in terms of the BSM
parameters. We perform a fit on the set of WCs generated

'We consider one-loop processes for the heavy field propa-
gator in the loop (pure heavy loop) only.

for each BSM scenario without including the relations of
WCs with the respective model parameters, i.e., by treating
WCs to be free parameters. Furthermore, using the match-
ing results, the WCs generated in a specific BSM scenario
and expressed in terms of the respective model parameters
lead to the direct statistical bounds on the BSM parameters
from the observables considered. Using the bounds on the
model parameters, the parameter space of the WCs is again
explored, which is obtained to be more constrained and
thus exhibits the model-dependent allowed parameter space
of the WCs. In this way, a comparison of the allowed WCs
space of the independent WCs and the correlated WCs is
shown for a given BSM.

The work is organized as follows: Sec. II introduces the
observables relevant to the present analysis. In Sec. III, we
discuss the SMEFT contributions to these observables and
perform a model-independent analysis using the relevant
WCs. In Sec. IV, we introduce 11 BSM scenarios with the
potential to affect the observables in this analysis and
obtain individual statistical inferences on each of them. In
Sec. V, we compare the model-independent and -dependent
results obtained in the previous two sections by inspecting
the WC space populated by these results. Numerical results
of the entire analysis (including those not included in the
draft) are available in the GitHub repository [39] associated
with this work.

II. THE OBSERVABLES (Ojs)

As mentioned before, the chosen set of observables for
both model-dependent and -independent analyses in the
present work are the EWPO and Higgs signal strengths. We
summarize both the experimental inputs and the SM
expressions of the observables in this section.

A. Electroweak precision observables

The EWPO under consideration for our analysis includes
the higher-order radiative corrections which are parame-
trized in terms of the five SM parameters: Z-boson mass
(myz), Higgs mass (mp), top quark mass (m,), strong
coupling constant [e,(m%)], and hadronic contributions

to the running of « [Aa}%(m%)]. As experimental inputs,
we have used (i) EWPO measured at the Z-mass pole [14]
and their correlations [40] and (ii) mass and decay width of
W [41]. Some more details on these corrections to the
EWPO are listed below.

(i) sin® 6. receives up to full two-loop electroweak,
partial three-loop and four-loop QCD corrections;
see Refs. [14,42]. The missing higher-order correc-
tion is estimated to be 4.7 x 107>, included as
theoretical uncertainty in the computation.

(i1) Partial decay width ratios and hadronic peak cross
section of Z receives up to full two-loop fermionic
corrections; see Refs. [14,43].
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TABLE 1.

The Higgs signal strengths from both ATLAS and CMS.

Higgs signal strengths

References

7 and 8 TeV Run-I data

ATLAS measurement of

13 TeV ATLAS Run-II data H — ZZ* at 139 fb~!

Measurement of 4}, at 139 fb~!
Measurement of 4y, at 139 fb~!

VH — H — bb at 139 fb™!

Measurements for Higgs production through gluon
and vector boson fusions at 80 fb~!

Associated production of a Higgs boson with 7

VH - H - WW* at 36.1 fb~!

Signal strengths data up to 35.9 fb~!

13 TeV CMS Run-II data

cc cc
Measurements of u55, and pj5y

Combined ATLAS and CMS measurements
Combined ATLAS and CMS measurement of /),

Table 8 of Ref. [47]

Table 13 of Ref. [47]

Figure 1 of Ref. [48]

Table 8 of Ref. [49]

Ref. [50]

Ref. [51]

Ref. [52]

Figure 5 of Ref. [53] (correlations
in Fig. 6)

Refs. [54,55]

Ref. [56]

Table 3 of Ref. [57] (correlations
in auxiliary material)

Ref. [58]

(ili) Z pole asymmetry observables estimated using
sin2 @/ .7 see Refs. [14,44].

(iv) Mass of the W boson receives up to two-loop
complete and four-loop QCD corrections; see
Refs. [14,45].

(v) Decay width of the W boson receives up to one-loop
electroweak corrections; see Refs. [14,46].

B. Higgs signal strengths

The Higgs signal strengths used in our analysis contain
the latest Run-I and -II LHC data. The details of the relevant
experimental inputs are tabulated in Table 1.

ITII. MODEL-INDEPENDENT ANALYSIS

A. SMEFT contributions to the observables

The SMEFT induces corrections to the fit observables
capturing the new physics lying beyond the cutoff scale (A)
of the EFT. We consider the SMEFT contributions to these
observables from dimension-six effective operators (in the
Warsaw basis) [2]. The EWPO and the Higgs observables
can be expressed in terms of the associated WCs (C;) as

A
Onp :OSM+ZPCi’ (3.1)

where Oyp represents the expressions of observables
after including the SMEFT dimension-six operator correc-
tions, and Ogy; represents the SM expressions for the
observables discussed in Sec. II. The A;’s are functions of
the five SM parameters (see Sec. Il A), and i runs over the
number of dimension-six operators pertinent to the observ-
ables in question (18 in this work; see Table II). The WCs

29£ff’ the effective Weinberg mixing angle, receives the
corrections from fermions only.

encapsulate the effect of the NP on top of the SM estimates.
Contributions from the SMEFT operators to the observ-
ables are linear in order and discussed below.

The SM expressions of the EWPO are modified by the
effective operators: Qy, Oup, Ouo, Onwas QF},, QSI),

Otes QS;, QS?], Oxu» Ona, and Qy; through the redefini-
tions of the fields and the couplings. These modifications to
the EWPO are captured through the corrections in a, my,
and Gr [11,59]. Following the guidelines in Refs. [11,
59-61], the corrections to the EWPO in the presence of
these SMEFT operators are calculated. The modification of
the theoretical predictions of the Higgs boson production
and decay rates due to SMEFT operators (in the SILH-like
basis) are discussed in Ref. [62], which we rewrite in terms
of dimension-six operators in the Warsaw basis (for the
operator basis translation, see [60]). Following Ref. [62],
we only consider the contributions from the third gener-
ation of fermions for the operators Q,y, Qx> and QO y.

B. Statistical inference

Adopting the Bayesian framework, all inferences through-
out this work are obtained by sampling the unnormalized
posterior distribution using a Markov chain Monte Carlo
(MCMC). The algorithm used is Metropolis-Hastings [63],
and instead of using multiple walkers to assure convergence,
we depend on a single long chain. Ensuring that the random
variable samples are independent and identically distributed
(iid) and that the chain is converged to desired quantiles is
done by diagnostic checks and sequential runs, following the
prescriptions of Raftery and Lewis [64]. As sanity checks, all
corresponding frequentist maximum likelihood estimations
(MLEs) are also obtained for comparison of the best-fit
results, goodness-of-fit tests, and outlier estimation. Using
pulls and Cook’s distances [65-67], we have ensured that
none of the observables are simultaneously an outlier and a
point with disproportionately large influence in our analysis.
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TABLE II.

These are the 18 dimension-six effective operators (Warsaw basis) and offer additional contributions to

the EWPO and Higgs signal strengths. Here, 7/ are normalized Pauli matrices; I = 1, 2, 3.

Qn (H'H)® e (H'H)G,, " G*** Qe (H'iD,H)(zr"e)
Oun (H'H)O(H'H) o4 (H'iD,H)(i'1) O (H' 1D, Hi) (iiy"u)
Oup (H'D,H)*(H'D"H) QS[) (H*ir’%”H)(irly”l) Ona (H*il%ﬂH) (@yd)
Qup (H'H)B,,B" QS; (H’ri%”H) (@r"q) O.n (H'H)(leH) + H.c.
Onw (HTH)W,, W'+ QS), (HTiT’%MH) (@7'7"q) Oun (H'H)(quH) + H.c.
Ouws (H'<'H)W,,'B" Oy (I, D)(Iy*1) Oun (H'H)(gdH) + H.c.

The MLE and parameter-uncertainty estimation using
Hessians enables us to quickly select the initial points and
proposal spreads of the MCMC chains as well.

For the first part of our analysis, we perform a
model-independent statistical inference from a total of
88 observables mentioned in Sec. II in terms of 18
SMEFT dimension-six WCs as free parameters and five
SM parameters my, my, m,, a;(m%), and Aagfu)d(m%)
as nuisance parameters. To obtain the nuisance priors,
we have performed a SM fit of the EWPO, the details of
which are given in Appendix A 1. The priors for the SM
parameters are introduced as a multinormal distribution,
following the result of the fit mentioned above. For the
SMEFT model-independent analysis, uniform, uninform-
ative priors are taken for all free parameters (WCs). We
have found that the range {—10, 10} is good enough for
all WCs except Cyw and C,y, for which the range
{=50,50} is chosen.

We perform two types of fits at this stage: taking all
relevant WCs together, and taking one WC at a time. It is
expected that the inferred parameter space of any one WC
will be smaller for the fit with only that WC, whereas, in the
presence of all other WCs, it may have a considerably
larger parameter space. The results of these fits are
tabulated for comparison in Table III. The first column
lists the WCs, the second column is the result of the fit with
all 18 WCs taken together, and in the third column, the
values in each row show the result of the fit with only the
corresponding WC. The fourth column lists the fit results of
the ten WCs, which are generated collectively by our 11
adopted BSM scenarios. The purpose of taking these ten
WCs is explained at the end of Sec. IVA. All fits are done
with the cutoff set as A = 1 TeV. The correlations of the 18
WCs and ten WCs fits are tabulated in Tables XIV and XV
respectively in Appendix B.

A standard analysis comparable to ours can be found in
Ref. [34], and we compare the fit results mentioned in the
second and third columns of Table III with those of that
paper. The confidence intervals are consistent for most of
the WCs, and in the following we clarify the differences.
Significant dissimilarities in the parameter spaces arise due

to the different observable sets considered. Unlike
Ref. [34], we do not consider the differential LHC data
for diboson (WW and WZ) and the Higgstrahlung (WH and
ZH) at next-to-leading-order QCD, and LEP-2 diboson
data. On the other hand, we consider m,, my, and m, as
observables (with dependence on WCs) in our analysis,
whereas Ref. [34] considers them as auxiliary inputs. The
masses being very precise put stringent constraints on the
WCs that appear in their expressions. Cpp appears in
the SMEFT corrections to m; and my and is thus more
constrained in our analysis. The same is true for Cyyp,
Cyn, and C,py, which appear in m,, my, and m,, respec-
tively. Other than these differences, we have considered the
corrections to the Higgs production and decay rates due to
SMEFT operators from Ref. [62], where the kinematic
differences between the production and decay channels and
impact of the different center-of-mass energies on the
production cross sections are neglected.

IV. MODEL-DEPENDENT ANALYSIS
A. Realizing BSMs in terms of SMEFT operators

We consider the BSM scenarios which are single-heavy-
multiplet extensions of the SM. Once the massive particle
(s) are integrated out, their impacts are captured through the
higher-dimensional effective operators made up of SM
d.o.f. Then the renormalizable BSM theories can be
realized as effective ones and are expressed as

ﬁeff - ﬁgﬁ‘ + ,C]SEII\:,[T (41)

Here, LENT can be expressed in a compact form as

Sass. o (C,(.d)/Ad“‘)Qf-d), where the C/“s and 0\"s
are the WCs and the SM-invariant effective operators of
mass dimension d, respectively. Here, i runs over the
number of independent effective operators, i.e., the
dimension of the operator basis for a given mass dimension.
In this work, we restrict our study to dimension-six
effective operators in the Warsaw basis only. The SM
field convention is in Table IV. The SM Lagrangian is
defined as
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1 1
Lo = -1 —G4,G — 1 Wi, Wl

1
— BB+

D HI? = py|H? = A HI*

+ lLlDlL + EILquL + éRiDeR + ﬁRiDMR + aRlDdR

e) ryt= u) 77t = d 3
— (Y Hepl, + Y H g, + YO H drgy + Hee},

where B, W/w’ and Gy, are the field strength tensors of the
SM gauge groups U(1)y, SU(2),, and SU(3)., respec-
tively, with @ = 1, ..., 8. The D’s are the covariant deriv-
atives, the Yq\’'s are the SM Yukawa couplings, and
H = io,H*.

In the present analysis, we consider 11 BSM scenarios
which are single heavy field extensions of the SM. We
choose these models carefully to encompass the variety of
phenomenological features. To proceed further, we inte-
grate out the heavy fields belonging to the adopted BSMs
and compute the effective operators and their respective
WCs. It is important to note here, that the WCs are the
functions of BSM parameters and are thus not entirely
mdependent Here, we present the analytical structures
of the WCs which are computed up to one-loop level,
considering only heavy field propagators in the loop (pure
heavy 100p4) using the Mathematica package CoDEx [37].
We summarize the characteristics of the to-be integrated out
BSM fields corresponding to our adopted scenarios and
encapsulate the respective effective operators in Table V.

In principle, though one must write down the most
general gauge-invariant theories involving these heavy
fields and integrate them out to compute all possible
effective operators, our present analysis is driven by a
set of chosen observables that encompass a very specific set
of effective operators. Any other operator that does not
belong to that set remains unconstrained in our analysis and
is irrelevant for the purpose of this work. This is why we
only note down those interactions involving the BSM
fields, which can lead to the desired operators. As an
example, Yukawa-type interaction terms are viable in the
case of certain BSM scenarios (with the scalar as the
only heavy field), and these terms generate WCs of four-
fermionic effective operators that do not contribute to our
set of observables. These types of interactions are ignored
here, without any loss of generality. To check the complete
list of WCs and their expressions in terms of BSM
parameters, please go to the GitHub repository [39], where
we make the full workflow and results (BSM theory
implementation and the resulting effective operators and
their WCs) available in Mathematica notebook files. In this
work, we have ignored the renormalization group (RG)

*It is worth mentioning that this is very much unlike the usual
SMEFT approach where all the WCs are assumed to be
independent and free parameters.

We have ignored the contributions from heavy-light mixing in
the loop.

(4.2)

evolution of the effective operators, which are computed
up to one-loop level.” Thus, the WCs computed at the
matching scale are assumed to be unaltered at the electro-
weak scale.

Considering the points made above, we further note
that out of the 18 relevant WCs for the present set of
observables, a maximum of ten operators can be exhausted
(Table V) in the presence of one or more BSM scenarlos of
the 11 considered here. This justifies the absence of QHI,

QH[9 QHq’ QHq’ QHe’ QHM’ QHd’ and Qll operators in the
model-dependent part of our analysis.

In the following subsections, we first introduce the
relevant part of the BSM interactions and then tabulate
the effective operators and respective WCs as functions of
BSM parameters. Here, we consider the mass of the heavy
fields to be the same as the cutoff scale. Thus, all the
dimension-six operators are suppressed by mass-squared
terms of the integrated out heavy fields.

B. Real singlet scalar

This is the first of three BSM scenarios with a unique
WCs space. The SM is extended by a real singlet heavy
scalar (S) and the relevant part of interactions involving S
is given as® [28,68-70]

1
Ls>3D,SDS - —m582 — s HPPS =55 S HPS?

—3—‘;’33 —%34, (4.3)

where D, is the covariant derivative,” and m s 1s the mass of
the heavy scalar. We list the effective operators and the
respective WCs generated after S is integrated out in
Table VI. Note that the WCs are functions of the BSM
parameters depicted in Eq. (4.3). The tree-level generated
WCs agree with that shown in Refs. [32,68]. We tabulate
one-loop order WCs for pure heavy-loop processes only.

SAs we have checked for some of the cases, the incorporation
of RG evolution of the operators from the NP to electroweak scale
does not alter our conclusion significantly and hence, is of less
practlcal relevance.

®As the SM Lagrangian is always there for all BSMs, we are
not quoting that part of the Lagrangian explicitly for each model.

In this case, D, = 8” for a real singlet scalar, but for the rest
of the scenarios, D, possesses nontrivial structures. As its explicit
form is not required for this discussion, we will not mention it
further in detail.
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TABLE IV. The nomenclature and quantum numbers of the SM
“fields” relevant for this work. The BSM Lagrangians are defined
in terms of these SM and heavy fields (Table V).

SM quantum numbers

SM fields Spin SU3)c SU((2); u(1),”
qL % 3 2 %
I, I 1 2 -1
ug ! 3 1 z
d I 3 1 -1
ex I 1 | -1
H 0 1 2 %
B, 1 1 I 0
W, 1 1 3 0
G 1 8 1 0

*Hypercharge convention: Q.,, = T3 + Y, where Q.,, T, and
Y are electromagnetic charge, third component of isospin
quantum number, and hypercharge, respectively.

C. Complex singlet scalar

In the next BSM scenario with a unique choice of WCs,
the SM is extended by a complex singlet heavy scalar (S,)
with hypercharge Y = 2. The relevant part of the inter-
actions involving S, is noted as [71,72]

Ls, D (D,S)H(D!S,) — m% 838,

s,

2

where mg, is the mass of heavy scalar (S,), which gets
integrated out, leading to the effective operators and their

respective WCs depicted in Table VII. The WCs are
functions of BSM parameters; see Eq. (4.4).

H!|S,* - 45,

S

4 (4.4)

D. Isospin-triplet real scalar

In the third and the final BSM scenario with a unique
choice of WCs, the SM is extended with a color-singlet,

TABLE VI. The relevant effective operators (in the Warsaw
basis) and the associated WCs generated once the heavy real SM
singlet scalar (S) is integrated out up to one-loop level are
tabulated. The WCs are expressed as functions of BSM param-
eters; see Eq. (4.3).

Effective operator Wilson coefficient (SM + S)

2 2 2 3
On _ CsaRshs | CouKsHs  csakghs + Cs Ashs
3277 my 32mm§  64ximy 4872 mS
Y S T
967 m’; 6mS 2my 19272 m?
Q[-[D _ 5¢sakshs _ Eé.a/ls + llcé‘aﬂi‘ _ C\ZS.:I _ K%
192n2m§ 327[2111‘;, 3847[2;112 2m‘;. 384ﬂ217l§

isospin-triplet heavy scalar (A) with hypercharge Y = 0.
We write the relevant interactions involving A as
[23,29]

1 1 .
Ly D 5 (D,A)(D*A) - EmiA’A’ + 2k H T HA®

A
— 1| HPATAT =2 (ATAT)2, (4.5)
where m, is the mass of A. In Table VIII we list the
effective operators and WCs generated after A is integrated
out. The WCs are functions of the BSM parameters
mentioned in Eq. (4.5).

E. Color-singlet isospin-multiplet complex scalars

Next, we discuss the class of BSM theories, which are
extensions of the SM with SU(3). singlet but isospin
nonsinglet complex heavy scalar multiplets (H,, A4, X).

SM +H, —

The SM is extended by a heavy SU(2),; complex doublet
scalar (H,) with hypercharge Y = —% of mass my,,. The
relevant Z, invariant interactions of 7, are noted as
[23,73-76]

TABLE V. SM gauge quantum numbers for the heavy BSM scalars are in the second column. Relevant effective
operators are in columns 3—12. Ticks (v') and crosses (X) represent whether that operator (columns) is generated
from the heavy fields (rows) or not. Six different classes with identical sets of operators are separated by triple lines.

Heavy BSM  The SM gauge quantum no. Qn QOwo Qup Qus Ouw QCnws CQnc Qen Quu Qun
fields (color, isospin, hypercharge)

S (1,1,0) v v X X X X X X X X
S, (1,1,2) v 4 X v X X X X X X
A (1,3,0) v v v X v X X v v v
H, 1,2,— %) v v v v v v X v v v
A (1,3,1) v v v v v v X v v v
z (1,4,%) v v v v v v X v v v
@ 3,1,— %) v v X v X X v X X X
» (3.1,-39 v o/ X /X X o XXX
0, (3,2,%) v v X v v X v X X X
0, (3,2,%) v v X v v X v X X X
Q (3,3,-%) v v X v v X v X X X
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TABLE VII. WCs (similar to Table VI) after integrating out the
heavy complex SM singlet scalar (S,); see Eq. (4.4).

Effective operator Wilson coefficient (SM + S,)

QH '73“2
967r2m§2
Ous gy,
48n2m§,2
QH O _ rléz
1927[2m§,2
TABLE VIII. 'WCs (similar to Table VI) after integrating out the

heavy real triplet scalar (A); see Eq. (4.5).

Effective operator Wilson coefficient (SM + A)

QH _ SWAKilA _ UAK'i _ )73A S/IHKiAA 4AHKi
Sﬂzmi mz 87[2mi 2/121714A mi
2 52 4 K2
Ouno M OKp Ky
32m2m% + 8w m + my
2 2
Oup O 2K
Am*m'y ny
2
Ouw Naldy
967rzmi
(e) 2 (e) 2
O 5Ysy\§KA4/1A + YSM4KA
8" miy my
() () 2
OuH 5Y‘%K2AAM n Y ues
8w my my
(d) 2 (d) 2
QdH SYgmKaa + Yomka
87[2}112 mz

I )
Ly, 2 |DH* —mi,, [, ? —TZIHZ“‘ = Ayt [H*[H |?

—dag 2 H Ho P =g, s [(H Ho )+ (Ho T H)?. (4.6)
In Table IX, we list the effective operators and their
respective WC functions of the BSM parameters in
Eq. (4.6), which are generated after H, is integrated out.

SM+ A —

Here, we choose the heavy field to be an isospin-
complex triplet scalar (A;) with hypercharge ¥ =1 of
mass m, . The interactions involving A; which are relevant
for us are given as [77]

EAI D Tr[(D”Al)T(D”Al)} - mZAITr[A}LAl]
—{uas, (H"icyATH) + H.c.}
— a1 (HTH)TI”(A?AI) - }“Al,z[Tr(AJ{AI)]Z

— a3 Tr[(AJA))?] = Aa, 4HTA ATH. (4.7)
Once this field is integrated out, the same set of effective
operators as the previous case are generated; see Table IX.
However, the WCs are now functions of the BSM param-
eters given in Eq. (4.7).

SM + X.—

The last BSM scenario considered in this class is the
extension of the SM by an isospin-complex quartet heavy

scalar (X) with hypercharge Y :% of mass my. The Z,
invariant relevant interactions of X are given as [69,78,79]

Ls D (D,X)"(D'E) — m3ETE — us[(£H)* + Hec.]
~C(HTH)(2'2) - G(H'TH) (2T T}E)

g (S0 — Ao (SR, (4.8)
Once X is integrated out, the same set of effective operators
is generated, but the associated WCs have different func-
tional dependence on the BSM parameters depicted in
Eq. (4.8); see Table IX.

F. Color-triplet isospin-singlet complex scalars

Next, we will discuss the class of BSMs consisting of
two scenarios, where the SM is extended by color-triplet,
SU(2), singlet heavy complex scalar fields (¢; and ¢,)
with different hypercharges.

Our first choice in this category is the heavy color-triplet,
isospin-singlet complex scalar (¢;) with hypercharge
Y = —% of mass m, . The interactions of our interest
involving ¢, are [80,81]

L, D (D) (D'g)) —m2 @le

— 0 H' Hplp) = 2, (0]@)*. (4.9)
In Table X, we list the WCs along with the effective
operators that are generated after ¢; is integrated out. As
expected, these WCs are functions of the BSM parameters
noted in Eq. (4.9).

Another scenario belonging to the same class is found
when the SM is extended by a color-triplet, isospin-singlet
complex scalar (¢,) of hypercharge Y = —% and of
mass m,,. The interactions of our interest involving ¢,
are [82,83]

E(pz ) (Dy(p2)T(Dﬂfp2) - méz(pé(pZ

~ 1y, H'HQ 0> = 4y, (0392)°. (4.10)
We find that the exact set of effective operators is generated
as ¢ once ¢, is integrated out. For this case, the WC
functions of the BSM parameters noted in Eq. (4.10) are
captured in Table X.

G. Color-triplet isospin-multiplet complex scalars

The last class of BSM scenarios are extensions of the SM
with heavy complex scalar fields ®@;, ®,, and € charged
under both color and isospin symmetries.

SM +0,—

The first one is the extension of the SM with a
color-triplet, isospin-doublet complex scalar (®;) with
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TABLE IX. WCs (similar to Table VI) after integrating out the heavy complex scalars H,, A, and Z; see

Eqgs. (4.6)—(4.8).

Wilson coefficients

Effective operators SM + H, SM + A, SM+ X
QH Aﬁ(ﬁm ) AHMHZ ) 8/1HH2A] 4(%,.1)#%' _ 5C1§§ _ 5Cl/¢§
4872 m 1272 mH 2 m l4 - N 4 R 1287[2m22 367[27‘)’122
(o, )” (g )? le 1208, /0, )3, 4l0a, 008, R st
~ T T T Pmad T mad S SU 2
= 0’ a1 ! 247°ms? 1447 my?
Ay 2)t gy (g 0)° + Au (2, 4)? (AA] 1)? + RS + Shup
327 my,? 82 myy, 127%2my 2 iy, 2 967°my> ' 54x%my?
(iH 2)3 I 2(}'71 3)2 (AAI 1)(AA 4) _ 3(1A1 4)
- - - 167%my, 2 327my, 2
967° My, 2 SﬂzmHz 2 5
16(2a,.1)(Aa,. )ﬂAI _ 3(/1A|.1)2(1A|.4)
7’ ma, 4 SﬂzmAl 2
Oun _ (Ary.1)? _ Apatyn lli] (Aa,1)? _ a 4 56
96ﬂ2mH22 96/[2}117.,22 1672 mﬁl . 487%myx? 38477 my?
(ry2)* (Ary3)° _ a0 %Al +) + - 51
+ 384, + 9671z, 167"m,, 2 o2 a2 + 320 my?
Oun (s (o) M Oaa)? My G
247 my,? 9677 myy,” ma 4 2477 my, 2 1087°ms>  19272%my?
QHW 27‘-1;15?%\/ le.z.’]%V (lAI.l)g%v (}'AI )!]W 551!]3‘/
3847[2m7.¢22 7687[2m7.¢22 48]‘[2WLA 9677 mp 2 1927°my?
Ous Ay 1 97 + Ity 297 (2a,.1)9% (2a,4)97 sigy
384x2my,? | 76877y, 327t2m? 2 ) 64r7my, 2 19272%my?
A1, 29w Gy — LA )owdy 5829wy
s WIT 2529w Iy
Qi 1922 my,? 247%my, 2 19272 my?
QEH (/1”2»2)2%5?4 (AH2»3)2Y;\ZI ZYSM Hay (AA]A)ZY(S?/[ SYé‘;\}[g“% + Sy(M”):
1927[2m7122 48ﬂ2mH22 my 4 48752"”A 2 38477 my? 2167%my?
() () (u) (1)
QHH (/IHz«Z)ZYSM (leﬂ)ZYSM 2YSM/’A, + (/1A,4)7 s,‘f\; SMCZ + SYSM”E
19277 my, 2 487 myy, ma, 4 A8mA 2 a2 384nimy? T 21672 my?
) ) ) (d)
QdH (AHZ.z)zyg]Jl (AHgﬁ)ng]\}l 2y(§N>I”A| (M,A)ZY(S(& SYSMC§ + SYQ{M i
1927[2mH22 4871'2mH22 mA14 487[2"1A|2 38477 my? 2167°my?

TABLE X. WCs (similar to Table VI) after integrating out the
heavy scalars ¢; and @,; see Egs. (4.9) and (4.10).

Wilson coefficients

Effective operator SM + ¢, SM + ¢,
QH — L ’7(172
2,2 2,2
'52/; my, 3271 g,
0 oy _ m,z
HO 64”2'”%71 641r mq,2
)
Ousr Iyl gy’7¢z
576Ir2m§,1 367[21715)7
Onuc 95"l 55l
38422, 384r7ns,

hypercharge ¥ = { of mass mg . The relevant part of the
interactions involving ®; is [83,84]

Lo, > (D,©,)!(D"®,) — m}, ©]6,

—no H'HOO, — g (0]0,)%.  (4.11)

The effective operators and the associated WCs that are
generated after integrating out ®, are depicted in Table XI.

The WCs are expressed in terms of the BSM parameters
mentioned in Eq. (4.11).

SM + 0, —

In the second instance, the heavy field (®,) with mass
meg, is a color-triplet, isospin-doublet complex scalar with
hypercharge Y = %. The interactions of ®, that are relevant
to our analysis are [82-84]

Lo, D (D,8,)!(D"®,) — m} ©6,

— 10, H'HO}O, — 10,(0]0,)%.  (4.12)
Similar to the previous case, the same operators are
generated once 0, is integrated out. The WC functions
of the BSM parameters [Eq. (4.12)] are listed in Table XI.

SM + Q. —

In the last example model under this class, we choose the
heavy field to be a color-triplet, isospin-triplet scalar (€2)
with hypercharge Y = —% and mass mgq. The interactions
involving Q that are relevant for this work are [83,84]

LoD (D,Q)(D'Q) —myQ ' Q—noH  HQTQ — 1 (Q7Q)2.

(4.13)
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TABLE XI. WCs (similar to Table VI) after integrating out the
heavy scalars ©,, ©,, and Q; see Egs. (4.11)—(4.13).

Wilson coefficients

Effective operator SM + 0, SM + 0, SM + Q

QH 713@] 11%2 _ 3,7?!
- lﬁﬂzmél - W 3222m

Oun n, w, ™
32n2mél 32/:2111%)2 64’ m,

Ous 9ylle, 499310, e
1 1527r2m%_’l 1 lSZﬂzméz 1921127‘”522

Ouc Gilo, Gille, Falla
1287r2m(2_)l ]287!2m%_)2 3277 mé

Onw 9i'le, 93710, %o
19272 m(z_)I 19272 mé’z 12872 m?l

Once Q is integrated out, the same set of effective operators
similar to the previous two scenarios emerge. In Table XI,
we capture the WCs which are functions of the model
parameters given in Eq. (4.13).

H. Statistical inference

To obtain the bounds on the model parameters, first the
low-energy observables are written in terms of dimension-
six SMEFT WCs and the SM parameters and then they are
mapped to the effective theory by expressing the WCs as
functions of the BSM couplings and the cutoff scale A
following Secs. IV B-IV G.

The statistical methodology is similar to that described in
Sec. III B, with the exception that the free fit parameters
here are those of the BSM models. In general, we choose
uniform priors of {—4x,4x} for BSM quartic couplings
due to perturbativity and {—A, A} for couplings with mass
dimension one (since the cutoff scale A =1 TeV). In
certain scenarios, the Bayesian fit is insensitive to certain
model parameters, and in most cases, these insensitive
parameters are BSM self-quartic couplings.

In the following, we discuss the fits of the model
parameter space of different SM extensions. We first
discuss the models with multiple parameters followed by
single parameter models.

1. Models with multiple parameters

SM +S.—

In this model, we find a set of two WCs Cp; and Cyp that
depend upon the model parameters cg ,, Ks, fs, and Ag (see
column 2 of Table VI). We perform the fit assuming the
uniform priors of {—A, A} for ¢s, and ug, and {—4x, 4z}
for ks and 5. We find that the observables used in this
analysis are insensitive to ug and Ag; i.e., these have
negligible effects on the posterior distributions of the other

¥The masses of the heavy scalars are equivalent to the cutoff
scale A, which is chosen to be 1 TeV for the entirety of the
analysis.

parameters. Therefore, without loss of generality, these are
set to be zero, and the fit results of ¢s , and As are obtained
along with five SM parameters. The one-dimensional
(showing individual parameter space) and two-dimensional
(showing correlations) marginal posterior distributions
encapsulating the correlations between them are shown
in Fig. 1(a).

SM + A—

The seven WCs in the effective theory resulting from
extending the SM with a heavy real SU(2), triplet scalar
(A) constrain three model parameters 7,, k5, and 4, (see
the second column of Table VII). The ranges {—4x, 4z} for
na and A4, and {—A, A} for k, are set as uniform priors.
The marginal posteriors are shown in Fig. 1(b).

SM + A —

For the complex SU(2), triplet scalar (A;) extension, a
set of nine WCs is related to the five model parameters i ,
A, {1234y (third column of Table IX). The fit is performed
taking uniform priors within the range of {—4x, 4z} for the
scalar quartic couplings Aa, (1234} and {—A, A} for p,,
along with the SM parameters. Just like the model above,
the fit is insensitive to 44, », and 44, 3, and hence, they are
set to zero. The marginal posteriors of 4, 1, 45, 4, and pin,
are shown in Fig. 1(c).

SM + H,. —

We explore the model parameter space of the H,
extended BSM scenario utilizing the nine WCs written
as functions of three model parameters listed in the second
column of Table IX. The BSM quartic couplings 4, i,
Ay, 2, and Ay, 5 are fitted along with the SM parameters
assuming uniform priors of {—4z, 4x}. The one- and two-
dimensional marginal posterior for the BSM parameters
4,15 4,2, and Ay, 3 are presented in the Fig. 1(d).

SM + X.—

An analysis similar to those described above for different
BSM extensions is done for the model parameters of SM + =
using the one-loop matching results. In this SU(2), quartet
scalar extension of Z, a list of nine WCs are expressed as
functions of three model parameters {, {5, and us (see the
fourth column of Table IX). The posterior distributions of
these model parameters, along with SM parameters, are
sampled assuming uniform priors of {—4x,4x} for ¢y, {,,
and ps. The one-dimensional marginal posteriors of {;, {5,
and py, along with their two-dimensional counterparts, are
shown in Fig. 1(e).

2. Models with one parameter

In the rest of the BSM scenarios containing heavy scalars
So, 01, 9,,Q,0(,0,, the WCs are functions of only one
BSM parameter for each model. The fit results are shown
in Table XII. We refrain from showing their posteriors,
as these are quite imprecise with a large, equiprobable
parameter space while being consistent with zero.
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7a sy
0.03(49) —0.07(71)
CSs,a Ve A
A A4
0.3(1518) . ! 0.03(3132) 0.2(11)
KA N
K
° A Sy Ha,
0.1(11) ' . -2.(7) i 0.4(348)
A /lA o ¥
(a) SM+S (b) SM+A
Az 1 41
0.09(156) 0.07(56)
o Az,2 &2
~0.04(187) ~0.03(115)
Agg,3 Ms
, —0.005(859) 53 ., - 0.0001(8018)
Az g “s A

(d) SM+H

FIG. 1.

(e) SM+%

The one- and two-dimensional marginalized posteriors for different SM extensions (a) SM + S, (b) SM + A, (¢) SM + A,

(d) SM + H,, and () SM + Y showing the correlations among them. Only the BSM parameters are shown. For full tri-plots like these,
including the SM-parameters, please check our GitHub repository [39]. Here, the fitted values of ¢g ,, ka, and p1,, are expressed in GeV.

V. MODEL-INDEPENDENT VS MODEL-
DEPENDENT ANALYSES

Comparing the span of the WCs for the fit with all
effective operators present and fits with one WC at a time
(second and third columns of Table III) shows us how the
allowed space of each WC increases in the presence of
other independent WCs. This non-negligible variation of
the WC space is the reason for our including the ten WCs fit
result in the fourth column of the said table. This enunciates
the fact that for a meaningful comparison of parameter
spaces between model-independent and model-dependent
studies, we need to consider only those subsets of the WCs
which come from some BSM model considered here. As
can be seen from Table V, some of the BSM scenarios
considered in this analysis give rise to the same set of

effective operators. This observation motivates us to
categorize these 11 scenarios into six different classes of
BSM theories.

Our rule of thumb is if two or more BSM scenarios lead
to the same set of effective operators, they are declared
degenerate and are categorized into a single class. It is
important to remark that though the degenerate models
possess the same operators, their respective WCs, which
depend on model parameters, are entirely different, reflect-
ing the intrinsic nonidentical nature of those BSMs. This
strategy of categorizing multiple models together in a class,
using the power of EFT, enables us to bring down some of
the BSMs in the same footing to be adjudged simulta-
neously, and thus to allow further comparative remarks.
This methodology is illustrated by the flowchart in Fig. 2.

TABLE XII. Bayesian fit results of BSM theories with a single parameter.

Model SM + S, SM + ¢, SM + ¢, SM + Q SM + 0, SM + 0,
Model ns, = Ny, = Mg, = o = Mo, = Ne, =
Parameter 0.067 +1.141  0.076 £0.794 0.016 £0.793  0.093 +0.533  0.095 £0.619 0.032 + 0.622
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FIG. 2. This flowchart encapsulates the “model-independent” vs “model-dependent” analysis discussed in Sec. V.

For each of these six classes, we first want to constrain
the WCs from the data in a model-independent manner. To
this end, we obtain the Bayesian inference on these classes
of WCs without any model information and by varying
them as free and independent parameters in each case. The
operators that are not generated in a given model are taken
to be zero. These results from now on will be considered to
be the “model-independent” results. The remaining col-
umns of Table III list the best-fit values and uncertainties
for each class. As can be seen from the second row (from
top) in that table, the last three columns are the results for
classes with WCs, which can be connected to multiple
BSM scenarios. The results clearly show the necessity of
considering these individual classes, as the parameter space
of each WC varies largely from both the fit with all WCs
present and the fit with only that WC, as well as fits for
other classes. As an example, one can follow the row of
Cym in Table 11T and see how even the model-independent
results vary.

In the next step, using the data-driven BSM parameter
posteriors of each model of a given class (Sec. IV H) and
the matching the results relating the WCs to the BSM
parameters obtained using CoDEx (Tables VII-IX), we
proceed to constrain the same set of WCs again. In this
case, we expect to obtain a different result for each BSM
model, as the WCs are functions of the BSM parameters
and thus related to each other. We use the large samples

generated in the MCMC processes for each model fit to
obtain the multivariate distributions of corresponding WCs.
Where the model-independent results for each class do
not contain any model information, the WC distributions
generated in this way are naturally highly constrained by
the structure of the specific BSM models. Comparing the
WC distributions obtained in these two ways is effectively
one definitive way of comparing the model-independent
and -dependent results.

To visualize these distributions, we use marginal poste-
riors for the WC distributions taken two at a time. For a
specific class, the model-independent two-dimensional mar-
ginal posterior is the same, while those generated directly
from several BSM scenarios from the same class are differ-
ent. Whenever possible, we compare them together.

Figure 3 showcases these results for the class of models
SM + ¢, and SM + ¢, with four associated effective
SMEFT operators. The large gray regions correspond to
the model-independent 68% and 95% credible intervals
(darker to lighter) of corresponding WCs. Similarly, the
red-dashed-bounded and blue regions correspond to the
WC regions obtained from models SM + ¢ and SM + ¢,,
respectively. As the latter ones occupy comparatively
tiny regions in the main figure, we show their enlarged
versions in the inset. As we are mainly interested in the
allowed parameter spaces for individual WCs from model-
dependent or -independent analyses, we show only the
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FIG. 3.

Comparison of the two-dimensional posteriors of model-independent WCs (gray; 68% (darker) and 95% (lighter) credible

intervals) with those generated from the class of degenerate leptoquark singlet scenarios. The red-dashed-bounded and blue regions
correspond to the similar regions obtained from the SM + ¢ and SM + ¢, respectively. Enlarged spaces are shown in the inset. Figs. 3
(a)-3(c) show the two-dimensional posteriors for Cy; — Cyp, Cy — Cyp, and Cy — Cy respectively.

smallest subset of possible two-dimensional marginal
distributions here onward containing all the WC regions.
These, among all other possible figures not shown here, are
organized in the GitHub repository associated with this
work [39].

For the sake of clarity, let us discuss Fig. 3 in detail here.
We have seen from Sec. IV F that the two BSM models
with extra color-triplet, isospin-singlet complex scalars
with different hypercharges give rise to the same set of
four effective operators (Qy, Ono, Qup, and Q) relevant
to our observables. Thus, we put them in the same class of
models following the prescription at the beginning of this
section. Each model in this class has only one BSM para-
meter, whose parameter spaces are quoted in Table XII.

From a model-independent point of view, if we just keep
the four WCs (Cy, Cym, Cyp, and Cpg) as independent
parameters in the fit and vary them simultaneously, the
obtained parameter space is the one we get in the penulti-
mate column of Table III. This, in our result, constitutes a
four-dimensional posterior in the WC space. If we margin-
alize to just two WCs Cy and Cyn (not by setting the
other WCs to their best-fit value, but rather taking a two-
dimensional projection of the whole posterior), we get the
large gray elliptical shape in Fig. 3(a), the darker (lighter)
region of which is the 2D 68% (95%) credible region. The
tilt of the ellipse shows a positive correlation between the
WCs, which can be found to be 0.995. To show the optimal
amount of information in a minimum number of figures, we

076007-13



ANISHA, DAS BAKSHI, CHAKRABORTTY, and PATRA

PHYS. REV. D 103, 076007 (2021)

(=)
T
Q
0.0 e
o sm+oe
_05 W SM +0,
SM + 02
Model Independent
-0.1 0.0 0.1
Cn
() Cr - Cyo
0.0015
20
-0.0015
10 -0.013
E 0 D
—-10 [
i_D__: SM + @,
W SM +0,
—20 SM +0
Model Independent
—-0.1 0.0 0.1
Cu

©)Cx - Caw

0.0007 pmazasasasnssaeny ' 4x1070 g |
0.010[ { ------------ p-- e » §
0.0007.__,_,_____________i SN | N
-0.014 ‘ 0.014 =0:.014 0.014
0.005
o
T
Q
0.000 M
SM + ®;
N SM+06,
—0.005 . SM+Q
Model Independent
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Ch
(b) Cu -Cus
oo
0.010 : b i
o \ |
000148 L |
0.005 -0.014 0.014
O =
T 0.000 RE
Q L_\_J
-0.005| -
—-0.010
Model Independent
-0.1 0.0 0.1 0.2
Cu
(d) Cx - Cua

FIG. 4. Figs. 4(a)-4(d) similar to Fig. 3 corresponding to the class of leptoquark-multiplet scenarios, namely, SM + ©®;, SM + 0,,

and SM + Q.

have kept the x axis of the other two plots of Fig. 3 fixed to
Cy and varied the y axis. To compare this model-indepen-
dent parameter space with individual models, we then have
propagated the posteriors of the individual model parameters
and found the WC space for them as well. For example, the
model-dependent WC space for the BSM model SM + ¢, is
the blue region in all plots of Fig. 3. As can be seen, these
WC spaces are found to be orders of magnitude smaller than
the model-independent ones, and hence, we have enlarged
them in the inset. Sometimes, one round of magnification is
not enough, as is evident from Fig. 3(b), which shows that
the WC space corresponding to SM + ¢; is orders of
magnitude smaller than even that of SM + ¢,, thus neces-
sitating two rounds of magnification in the second inset.
Similar figures are obtained for the rest of the
classes with multiple models. The WC spaces for models

SM 4+ 0;, SM+0,, and SM + Q with five effective
SMEFT operators are shown in Fig. 4, whereas Figs. 5
and 6 show those regions for the class of models involving
SU(2), doublet, triplet, and quartet scalars with nine
mapped SMEFT operators.

The WC spaces for classes with a single model in each,
namely, SM+ A, SM+ S, and SM + S, are shown in Figs. 7
and 8, respectively. There is a single connecting theme
throughout all these figures: the minuscule size of the
model-constrained WC regions compared to their model-
independent counterparts. Though all model-independent
WC regions are consistent with the SM, looking only at the
model-independent WC spaces, one erroneously concludes
that any model giving rise to these WCs would probably
have quite a large parameter space allowed, whereas, in reality,
the allowed WC space strictly coming from a single model is
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FIG. 5.
SM + H,, and SM + X. Continued in Fig. 6.

constrained in a tiny region around zero (SM). Instead of this
being a quirk of one or a few models, we find this fact to be true
for all BSM scenarios considered in this work.

The situation turns even worse if we consider the fact that
we are only using a partial set of WCs relevant to the models
in question for the model-independent results. As is the norm
in the community, model-independent inferences are gen-
erally obtained with all WCs present simultaneously. As we
have seen from the first column of Table III, the WC spaces
become considerably larger in that case. Using such results
makes our model-independent inferences overwhelmingly
conservative and in essence, inaccurate.

This points us to the ominous realization that depending
solely on the model-independent SMEFT fit results to infer
parameter spaces of individual BSM scenarios, is in fact,
far from ideal. The results of this analysis motivate us to
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Figs. 5(a)-5(d) similar to Fig. 3 corresponding to the class of electroweak multiplet scalar scenarios, namely, SM + A,

propose that during any consequential data-driven analysis
of BSM theories in view of the low-energy observables, the
bottom-up approach of expressing the observables in terms
of SMEFT WCs should go hand in hand with the top-down
way of calculating those WCs in terms of the BSM model
parameters to avoid erroneous, conservative, and in effect,
too hopeful statistical inferences.

VI. ROLE OF THEORETICAL CONSTRAINTS

In this section, we will show how the theoretical
constraints can affect the model parameters derived in
Sec. IV H. For the sake of demonstration, we consider
the SM extension with A; as an example model. We have
noted the vacuum stability and unitarity bounds (see
Refs. [77,85,86]) as
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il. unitarity constraints
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Here, Ay = ;% is the SM Higgs self-quartic coupling.

The marginalized two-dimensional posterior distribu-
tion from the Bayesian fit for parameters A4, ; and A, 4
enclosing the 68% and 95% probability regions is shown in
Fig. 9. The unitary and vacuum stability bounds stated in
Egs. (6.1) and (6.2) are also shown in the figure. The
crosshatched region denotes the parameter space disal-
lowed by the theoretical bounds with 1, , = 14,3 = 0.
This shows that the allowed parameter space consistent
with experimental data may not be compatible with the
theoretical constraints for any arbitrary choice of other
parameters of the model. Thus, before performing the
phenomenological analysis while choosing the benchmark
values for the parameters, the inferred parameter space
must be checked against the theoretical constraints.

Param. Space
68% C.L

D 95%C.L

Theory bounds

-1
2
3 2 1 0 1 2 3
Aa,1

FIG.9. The marginalized 2D posterior for the 44, ; and 4, 4 for
the SM + A, extension. The crosshatched region denotes the
parameter space disallowed by the theoretical bounds for
/1A1.2 = /”.Alj = 0

)(4/1A1,2 + 3)*A1_3 - 471')

VII. CONCLUSION AND REMARKS

For long, experimental observations have persuaded us
to propose numerous theoretically consistent BSMs with
widely varying underlying symmetries and particle content.
The unsettling aspect of the phenomenological landscape is
that, on one hand, this diverse group of BSM scenarios,
often proposed to address similar queries, is not viable for
scrutiny under the same microscope. On the other hand, to
understand the correct nature of new physics, it is necessary
to find a common ground for multiple BSM scenarios, from
where we can start making comparative remarks about
them. The resolution of this apparent conflict has been our
chief motivation for the present work.

To achieve this, we proceed in this work to rerealize the
minimal extensions of the SM with the help of EFT. As the
experimental touchstone, we define our set of observables
using the EWPOs and the Higgs signal strengths from Run-
I and -II CMS and ATLAS data. Noting that the complete
set of our adopted observables can be recast in terms of 18
SMEFT dimension-six operators, we first estimate the
Bayesian posteriors of the respective 18 WCs (both taken
together and individually), assuming them to be indepen-
dent. To estimate the WC spaces and their correlations, we
use the marginalized one- and two-dimensional posteriors
of those WCs.

On the model side, we consider 11 BSM scenarios, each
of them an extension of the SM by a single heavy scalar
multiplet. We integrate out these heavy fields and compute
the effective operators and associated WCs up to one-loop
level, thus making the WCs correlated through the BSM
parameters. While computing the WCs, we ignore the
heavy-light mixing in the loop.

Further noticing that only ten of the 18 operators can be
generated from the said BSM scenarios, we recreate the
statistical analysis considering the relevant ten WCs inde-
pendent. Comparing the marginal posteriors of each WC
present in both ten and 18 WCs fits, we observe that
simultaneous fits of a larger number of independent WCs
nontrivially increase the allowed parameter space of each
WC. Based on this variation of the allowed WC space,
together with the observation that some of the scenarios
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lead to the same set of effective dimension-six operators,
we categorize such BSMs to form six classes encapsulating
11 models, with each class containing a distinct set of WCs.
The estimates of these groups of WCs constitute the model-
independent part of our analysis.

Next, we perform a Bayesian analysis to estimate the
ranges of the parameters appearing in the Lagrangians of all
11 BSM scenarios. Using samples from these posteriors,
we then reconstruct the WCs of the class to which those
models belong. This enables us to display and compare the
ranges and correlations of the WCs coming from different
models of the same class to their respective model-
independent estimates through two-dimensional marginal
distributions in the WC space. We also show, with an
example model, how the theoretical constraints, e.g.,
vacuum stability and unitarity, can play a further crucial
role to rule out some of the BSM parameter space which
is consistent with the experimental data. The numerical
results of the entire analysis, along with all figures
(including those not added in the draft) are available in
the GitHub repository [39] associated with this work.

This method of employing EFT and using the common
WC spaces shared by BSM scenarios provides a platform to
compare apparently disconnected UV theories described by
the same IR d.o.f. respecting the same symmetry, and paves
the way toward a complete data-driven way of addressing
the intractable inverse problem. Though EFT cannot
replace the full theoretical computation, it can help us
sniff out the correct nature of NP. It can be further used to
understand the underlying degeneracy in model space, with
a clue to break the same degeneracy including more
observables. This approach can be replicated even in the
event of the discovery of a new BSM patrticle. In that case,
we need to compute the complete set of effective operators
for the new theory (BSMEFT [87,88]) and recast the full
observable set in terms of these new operators. With the

help of Grip [89], coDEx [37], and an increasing number of
observables from different sectors, a suitable statistical
inference process could, hopefully, unveil the correct nature
of new theories.
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APPENDIX A: SM FIT OF ELECTROWEAK
PRECISION OBSERVABLES

Using the experimental inputs and theoretical predictions
of the electroweak precision observables mentioned in
Sec. II A, we perform the SM electroweak fit in terms of
five parameters using the Bayesian framework. The uni-
form priors are chosen with ranges of {90, 92}, {120, 130},
{170, 180}, {0,0.2}, and {0.02,0.03} for the SM param-
eters mass of the Z boson (m;), mass of the Higgs boson
(my), mass of the top quark (m;,), strong coupling constant
[a,(m2)], and the hadronic contribution to the running of &

[Aa](ézi(m%)], respectively. The central tendencies and
dispersions of the parameters obtained after performing a
Bayesian fit in terms of 19 observables are given in the
second and third columns of Table XIIL

The obtained results are cross-checked and found to
agree with the global electroweak fit performed by the
cGfitter group [90]. These fitted SM parameters are consid-
ered as nuisance parameters in the main part of our
analysis, and these results are fed into the SMEFT fits
as multinormal priors.

TABLE XIII. Results of the SM fit of EWPO.

Parameters Fit values Correlations

my (GeV) 91.188 4+ 0.002 1 0.002 —-0.097 —0.007 0.040

my (GeV) 125.1 +£0.2 1 0.002 —0.001 —0.001

m; (GeV) 173.554 + 0.843 1 0.045 0.098

a; 0.118 £+ 0.003 1 0.010
5

Aa®) (m2) 0.0276 + 0.0001 1
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APPENDIX B: CORRELATIONS FOR THE 18 WCs AND TEN WCs FIT

TABLE XIV. Correlations among the 18 WCs with the fit results shown in column 2 of Table III.

Correlations

WCs Cy Cun Cup Cup Caw Caws Cuc Cw Cw Ca Ca €O €3 €8 Cue Cuw Cus  Cy
Cy 1 0.998 —0.787 0.637 0.619 0.786 -0.281 0.170 —0.006 —0.269 —0.574 —0.784 0.048 -0.770 —0.730 0.024 0.018 -0.757

Cuno 1 —=0.767 0.649 0.618 0.767 —-0.278 0.178 —0.005 —0.261 —0.559 —0.765 0.048 —0.750 —-0.712 0.023 0.018 —0.738
Cup 1 —0.289 -0.525 —0.999 0.292 —0.004 0.029 0.358 0.733 0.997 -0.048 0.975 0.929 -0.015 —0.026 0.960
Cyp 1 0.501 0.289 -0.181 0.350 0.148 0.152 —0.210 —0.287 0.019 -0.278 —-0.265 —0.003 0.022 -0.277
Cuw 1 0.525 —-0.202 0.165 0.124 —-0.044 —0.387 —0.522 0.006 —0.498 —0.485 —0.047 0.055 -0.503
Cuws 1 —0.292 0.004 -0.029 —0.358 —0.734 —0.997 0.049 -0.975 —0.929 0.015 0.026 —-0.960
Cuc 1 —0.317 0.206 -0.645 0.218 0.293 —0.013 0.287 0.278 —0.011 —-0.009 0.281
Cent 1 -0.010 0.355 —-0.007 —0.005 0.015 -0.004 —0.008 0.010 0.020 —0.004
Cun 1 —0.019 0.030 0.037 0.002 0.035 0.049 —0.015 —0.008 0.033
Can 1 0.258 0.356 —-0.024 0.351 0.329 —-0.015 0.003 0.344
Cﬁ},’ 1 0.704 —0.048 0.726 0.787 0 -0.061 0.560
CS) 1 -0.050 0974 0.934 —-0.014 —0.030 0.977
C(}}S 1 —0.143 -0.068 0.649 0.351 —0.050
CSZ 1 0.902 —0.194 0.101 0.934
Chr. 1 0005 -0.101 0.897
Cha 1 —0.137 —=0.009
Cha 1 —0.043
Cy 1
TABLE XV. Correlations among the ten WCs with the fit results shown in column 4 of Table III.

Correlations
WCs Cu Cuo Cup Cus Chaw Chws Cue Con Cur Can
Cy 1 0.996 —0.065 0.698 0.402 0.063 —-0.077 0.272 0.037 0.016
Cun 1 —-0.061 0.700 0.403 0.0597 —-0.078 0.273 0.036 0.016
Cup 1 —0.040 —0.065 —0.964 —-0.020 0.002 —-0.157 0.028
Cup 1 0.434 0.047 —-0.097 0.366 0.165 0.280
Chw 1 0.070 —-0.053 0.190 0.169 0.177
Chws 1 0.030 —-0.002 0.198 —-0.028
Cuc 1 -0.315 0.203 —-0.836
Cen 1 —-0.010 0.369
Cun 1 —0.030
Can 1
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