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Circular e*e ™ colliders operating at energies below the di-Higgs production threshold can provide
information on the trilinear Higgs self-coupling A,;;, via its loop contributions to single Higgs
production processes and electroweak precision observables. We investigate how well a non-SM
value of A, can be determined indirectly via its loop contributions within a global EFT fit.
Using an inert doublet extension of the SM Higgs sector as an example for a scenario of physics
beyond the SM that could be realised in nature, we find that theoretical uncertainties related to
the treatment of loop contributions and the truncation of the EFT expansion, which are usually
neglected, play an important role in determining the sensitivity to Ay, in a global fit. The results
obtained from such an indirect determination of A;;,;, without taking these additional uncertainties
into account would be too optimistic, leading to an artificially high resulting precision for A;y,.
They could therefore be misleading in the quest to precisely identify the underlying physics of
electroweak symmetry breaking.
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1. Introduction

An e*e” Higgs factory has been identified as the highest priority for the next flagship collider
at CERN in the 2020 update of the European Strategy for Particle Physics [1]. Proposals for
such a machine include circular and linear colliders, which mostly differ by their luminosities and
achievable centre-of-mass (c.m.) energies. While circular accelerators such as the FCC-ee or CEPC
can achieve high luminosities at lower c.m. energies, linear colliders such as the Linear Collider
Facility (LCF) at CERN can reach much higher c.m. energies [2]. This difference is particularly
significant in the extraction of the trilinear Higgs-boson self-coupling 4y;,,, a key parameter whose
determination will yield important information on the shape of the Higgs potential, the nature of
electroweak symmetry breaking (EWSB) and the electroweak phase transition (EWPT). Crucially,
only linear colliders operating at c.m. energies of at least 500 GeV will have access to di-Higgs
production processesine e~ collisions (at ayy collider di-Higgs production can already be accessed
atac.m. energy of about 280 GeV [2-4]), suchase’e” — Zhh, in which A,,,,;, enters atleading order
(throughout this work, h denotes the Higgs boson observed with m,, = 125 GeV). On the other hand,
circular colliders only have access to the indirect effects of A;,;,;, via its loop-level contributions to
single-Higgs observables, as well as via its effects on electroweak precision observables (EWPOs)
from the two-loop level onwards. In the present work, we focus on the loop-level extraction of Ay},
by means of a global EFT fit, and in particular on the associated theoretical uncertainties. Such
global EFT fits have been the focus of several studies to date, see e.g. Refs. [5-8].

In contrast to previous works, we do not assume that future measurements will show no
deviations from the SM; instead, we select a certain BSM framework and generate inputs for the
global EFT fits as if this scenario was realised in nature. Concretely, we consider the Inert Doublet
Model (IDM) [9, 10] as an example of a simple and well-motivated BSM scenario. The IDM is a
two-Higgs-doublet extension of the SM that is invariant under an additional unbroken Z, symmetry,
under which one of the Higgs doublets is odd (and thus does not acquire a vacuum expectation
value, VEV) while the other, along with all other SM fields, is even; see Refs. [11, 12] for our
conventions. In this model a strong first-order electroweak phase transition (FOEWPT) can occur,
and its Z, symmetry leads to a natural dark matter candidate. Crucially, however, mass splittings
within the model lead to large loop contributions involving the additional Higgs bosons of the
extended Higgs sector, which result in large higher-order corrections to Ay, [11, 13-15], ! while
the single-Higgs couplings remain close to their SM counterparts [34].

2. Global fit methodology

In this work, we investigate how well a non-SM value of «; can be determined by its loop-level
contributions in a global EFT fit and in particular the impact of theory uncertainties on this deter-
mination. To that end, we make use of the HEPfit C++ package [35], which allows one to perform
global fits including direct and indirect constraints for a variety of New Physics scenarios, including
the Standard Model Effective Field Theory (SMEFT). In particular, we employ the same setup as
used in Ref. [6] and perform fits using pseudo-data at the FCC-ee (including all proposed c.m.
configurations up to 365 GeV) and the HL-LHC, including single-Higgs measurements, EWPOs,

"These types of effects are not exclusive to the IDM; originally found for Two-Higgs-Doublet Models [16, 17], they
are now known to occur for a wide range of models with extended scalar sectors [14, 15, 18-31] and/or with classical
scale invariance [32, 33]. Although, for concreteness, in this work we only consider the IDM, our findings can be
generalised to a larger set of models.
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and di-boson measurements (see Ref. [6] and references therein for a full description of the as-
sumed collider luminosities and the expected precision for each observable). The fitting procedure
is based on Markov Chain Monte Carlo methods implemented in the BAT package [36, 37], which
is integrated into HEPfit. However, instead of using the SM predictions as the input data for the
fits, we use the IDM predictions (for given benchmark scenarios) as the central values for each
fit observable, as an example of a New Physics scenario that could be realised in nature. In the
following section, we describe in detail the evaluation of the single-Higgs observables, where we
compare the prediction in the considered full model, the IDM, with the SMEFT description.

3. Calculation of the Zh cross-section and other single-Higgs observables

The sensitivity of future circular e e~ colliders to A, , or the corresponding coupling modifier

SM, (0 SM, (0
Ky = /lhhh//lhhh( ) (where /lhhh( )

of the e"e™ — Zh cross-section. In the SMEFT framework, employing the Warsaw basis [38],

is the tree-level prediction in the SM), relies on the measurement

the leading (dimension-6) BSM contributions to «, are parametrised in terms of the following
operators: Og, = (®'®)°, Opy = (@'®)0(®'®), and Oy, = (@' D @) (@' D, @), where Oy
and Og, modify «, solely through field redefinitions [39]. In terms of the corresponding Wilson
coefficients (denoted Cg,, Cgy. Cpp) and the New Physics scale Ayp, «; can be written as [39]:

2V4 Cq) 3\/2 1
SMEFT (tree level) : Ky=1- S t 5 (chD - —Cq,D) , (1
my, Axp Anp 4

where v is the vacuum expectation value of the Higgs field h. In this framework, the one-loop
diagrams contributing to e~ — Zh that include at least one insertion of « , are shown in Fig. 1.

e

et (b) " et
Figure 1: One-loop contributions to the process e e~ — Zh that depend on « .
Following Refs. [40, 41], the Zh cross-section can be expressed as a function of «; as:

Ugﬁ :Zh,K/IO—LO(l-i-K/ICl) . (2)
Here, 07  denotes the leading-order cross-section, whereas « ; - C; corresponds to the interference
of the vertex-correction diagrams (Figs. 1a and 1b) with the leading-order contribution. Finally,
Zy,«, denotes the resummed contribution to the wave function renormalisation (WFR) of the Higgs
field, corresponding to the diagram in Fig. Ic, and is given by Z, K, = (1- Ki(SZh)_l, where
0Z;, ~ -1.536 x 1073 [40]. The ratio of the Zh cross-section to its SM prediction therefore takes

he following form: ,
the following form oy _1-0Z, 1+x,C 3)
oéﬁ:l 1-x362, 1+C

Given that ; = 1 in the SM, it is instructive to expand Eq. (3) in terms of (k; — 1), which is of
o1/ AIZ\IP) in the SMEFT. This expansion can be done in several ways, in particular:

* by including terms up to O(1/ AIZ\IP):

Ka
TZh 267,
0'2’}11:1 =1+ (ky—1) (C1+1—6Zh) , 4)
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* by including terms up to O(1/ A4Np):

Ka
o 57 14367 57

KZ: ~ 1 +(KA—1)(C1+ h )+(Kﬂ-1)2 §Zy——2h o0, 2| (5)
Zh 1- 6Zh ( — 6Zh) 1- 6Zh

* by including terms up to O(1/ A4NP), but only strictly one-loop contributions (i.e., not per-

forming the resummation in the definition of Z;, , ):
o
TZh
K =1
Zh

~ 14+ (k= 1) (Cy +26Z,) + (k- 1262, (6)

* by including terms up to O(1/ Aijp), but excluding “mixing” terms, proportional to C; - 6Z;,:
Ka

O-Zh 1+ 362}1
—1+(K—1)(C +2——n )+( —1)2%5z,——=h | (7
=1 A 1 K h 2
ot 1- 5Zh (1-62,)
* or by including terms up to O(1/ Agp):
Ka
TZh 267, ) 14362, 67,
—1+(K—1)(C+ )+(/<—1) +2C
- Pl 1 _ a h 2 Iz
o 1-6Z, (1-62,) 1-6Z,
1+06Z 1+36Z
+ (kg - D} 402 ——"= + C 162, —— | . (8)
(1-62,) (1-62,)

Eq. (7) is used as the SMEFT prediction for o, in the HEPfit package. The specific values
for the C; coefficients at different c.m. energies are taken from Ref. [42]. All other single-Higgs
observables at future circular e "e ~ machines (namely, thee "e~ — vvh production cross-section and
the Higgs partial widths) can also be parametrised as functions of « ; following Eq. (2), where only the
C, terms are process-dependent. HEPfit includes these also following Eq. (7), with C; coefficients
for the partial widths taken from Ref. [40]. Apart from the one-loop contributions depending on
Kk, HEPfit also implements the full leading-order SMEFT prediction for each observable.

From the UV perspective, we perform a full one-loop IDM calculation for A ;. For the IDM
predictions for the single-Higgs production observables, we include the SM-like diagrams with
insertions of k,, in accordance with the HEPfit implementation. For the e*e” — Zh process,
we also evaluate the full one-loop momentum-dependent BSM vertex and external-leg corrections
(BSM box corrections are suppressed by the electron Yukawa coupling and negligible); represen-
tative diagrams are depicted in Fig. 2. For the other single-Higgs observables, we incorporate the
BSM corrections in terms of one-loop BSM predictions for the single-Higgs couplings gy, xx-

e Z Z
A ,CJJJ
Sro i
H e,
et h e \h
(a) (b)

Figure 2: Representative diagrams for the one-loop BSM corrections to e e~ — Zh in the IDM.

Instead of referring to the ratio o,/ 0_2811:/1’ in what follows it will be useful to introduce

effective coupling modifiers to the Zh cross-section, k;,, defined by K%ALO = 240 /(o 240 SM and
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365 365/ 365\SM 240 365 + - . .
Kzpn = A0 [(07,)°", where 0, and o, refer to the e"e” — Zh production cross-sections

at v/s = 240 GeV and 365 GeV, respectively.
4. Estimation of new nuisance parameters

While EFT descriptions of New Physics benefit from a certain degree of model-independence,
they also involve ambiguities in the choice of which operators to consider and where to truncate the
1/Axp expansion, given that it is not feasible to perform calculations up to all orders in 1/Ayp. In
particular, the truncation of the EFT expansion introduces a source of theoretical uncertainty in the
EFT predictions that is normally neglected in the evaluation of the «, precision. In this section, we
describe a procedure to estimate the size of these uncertainties for the case of o, in SMEFT.

The o, /050 ratio, or rather (k,;)”, can be expressed in terms of «, using Eq. (3). This
ratio can be written as an infinite series in terms of (k; — 1) o 1 /Aip, which in turn can be
truncated in different ways. In particular, Eqgs. (4) to (8) lead to different expressions for x,, and the
difference between these expressions serves as an indicator of the size of the theoretical uncertainties
arising from the truncation of the SMEFT expansion in powers of 1/Ayp. Next-to-leading order
(NLO) SMEFT contributions to o, were only computed recently [43, 44]. Meanwhile, the public
HEPfit implementation that we employ is restricted to leading-order contributions (of O(1/ Aﬁp))
complemented only by the NLO effects directly dependent on «,, as described in Section 3. The
inclusion of NLO effects is not expected to have a drastic impact on the EFT truncation uncertainties.

Our procedure to estimate these theoretical uncertainties is as follows: firstly, we select a set
of benchmark points (BPs) in the IDM parameter space, allowed by the current theoretical and
experimental constraints. We then compute corresponding SMEFT Wilson coefficients, which we
can then use to generate SMEFT predictions. More concretely, we note that, among the SMEFT
operators relevant for « ; at leading-order (Eq. (1)), only Cg, and Cg, are non-negligible in the IDM.
Instead of performing a full matching from the IDM onto SMEFT, we can therefore follow a simpler
procedure: first, we isolate the IDM contributions to «,, corresponding to Cg, and Cg,; these are the
SM-like diagrams with insertions of « ; (Fig. 1) as well as the BSM external-leg corrections (Fig. 2c).
We also note that it is possible to define a bijective correspondence (Cg, Cpy) — (K%}to, K%?ls) by
selecting any of the expressions in Eqgs. (4) to (8) and adding the tree-level SMEFT contribution
proportional to Cg, assuming all other Wilson coefficients to vanish. In particular, we consider
Eq. (7), as implemented in HEPfit. This bijective correspondence can thus be inverted, such that,
given IDM predictions for K%‘;O and K%?f (including only the aforementioned contributions), one
directly obtains corresponding Wilson coefficients Cg, and Cg for the given IDM BP.

Fig. 3a shows the IDM predictions for K%‘LO and K%?IS (excluding the BSM vertex corrections, in
accordance with the previous paragraph) as scatter points, with their colours corresponding to the
respective IDM prediction for « ;. Among these points, a set of benchmark scenarios was selected,
each represented by stars filled with the same colour. Following the procedure outlined above,
the values of Cg and Cg were obtained for each IDM benchmark point, and these values were
then used to generate different SMEFT predictions for K%to and K%?IS using Eqgs. (3) to (8). The
predictions obtained from each of these equations define a curve in Fig. 3a, as indicated by the
legend. Since Eq. (7) is used to obtain the Wilson coefficients for each IDM BP, the corresponding
curve (in orange) exactly matches the IDM curve (in pink), both of which are largely hidden by the
red curve. The difference between the various SMEFT curves in Fig. 3a provides an estimate of
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the theoretical uncertainties due to the truncation of the EFT expansion. This can be quantified by
the ellipses around the set of SMEFT predictions for each given IDM BP shown in Fig. 3b, using
their half-heights and half-widths as estimates for the uncertainties in K%ALO and K%?f, respectively.
For simplicity, we average both of these estimates over the 2 < k, < 6 range, to obtain a value
independent of «,. Note that the SMEFT predictions excluding all terms of order higher than
o1/ AIZ\]P) (¢f Eq. (4)), shown in blue, deviate significantly from all other curves; therefore,
we initially do not include this curve in the uncertainty estimation. Our initial estimates for the
theoretical uncertainties in («; )* and (K%?IS)Z are then &g = sﬁfeso = 0.107%. The inclusion
of the strictly O(1/ AIZ\]P) curve in the uncertainty evaluation leads instead to sﬁfe% = 1.15% and
safeso = 1.14%. These estimates are then used as the prior uncertainties for new nuisance parameters

that we implement into HEPfit.

’\ A 12 -
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Figure 3: (a) The projection of the IDM parameter space onto (k%to, K%?IS), with the IDM BPs and corre-
sponding SMEFT predictions. The blue, green, red, orange, and purple curves correspond to Egs. (4) to (8),
respectively, while “Full expression” (brown curve) refers to Eq. (3). (b) The ellipses used for the initial
estimates of the theoretical uncertainties.

5. Results and discussion

For the final selection of IDM BPs, all IDM contributions to k,, are now included and
all points are chosen to satisfy state-of-the-art experimental and theoretical constraints, including
perturbative unitarity, boundedness-from-below of the Higgs potential, dark matter phenomenology,
direct collider searches and EWPQ constraints (see e.g. Ref. [12] for a recent review). We focus on
four benchmark scenarios (illustrated in Fig. 3b), whose model parameters are shown in Table 1.
Following the procedure outlined in Section 2, we perform global SMEFT fits using IDM “Asimov”
pscudo-data. As a first step of our study, we generate fits using only strictly one-loop contributions
in IDM inputs, ie., we exclude the diagrams with insertions of «; (Fig. 1) from the fit inputs.
Fig. 4a illustrates the resulting values of «, extracted from the SMEFT fit, where a clear deviation
can be observed from their respective IDM predictions. In fact, the global fit is seemingly unable
to determine the presence of New Physics, as the extracted «; values are consistent with the SM
prediction in all benchmark scenarios. However, this study is arguably too naive, since the « ;-
dependent contributions to o, correspond to a two-loop-level effect in the IDM. On the other
hand, this first step of our study makes use of inputs at a consistent order in perturbation theory and
clearly illustrates the significance of higher-order corrections to the determination of « ;.



Uncertainties in the determination of k, from single-Higgs observables Murillo Vellasco

| e 4 | [ | a4 | a5 |my 1GeVI]my [GeV] [ mys [GeVI | «, |
BPO|1.178 x 10°|0.2581 [ 6.213 | 7.169 | -4.512 | -3.143| 1079 1164 181 | 11

BP 1[3.666 x 107 |0.2581 [3.084 | 11.46| -5.68 |-5.109| 6222 | 83438 845.1 |2.387
BP2[3.922x 107 |0.2581 | 10.06 | 14.19 | -6.974 | -6.407 | 6456 | 897.3 906.8 |3.345
BP3[3.432x 10°|0.2581[8.985|15.83|-7.704| 7.4 | 6043 | 902.1 9072 4333

Table 1: The model parameters for the IDM benchmark points. We follow the conventions of Ref. [11].

For more robust results, we again include the IDM vertex and external-leg corrections to oy,
also including the diagrams with insertions of «, (as described in Section 3). We perform this
analysis with and without the inclusion of the new nuisance parameters defined in Section 4. The
results for « ; are illustrated in Fig. 4b. Itis clear that using the initial estimates for sﬁfe% and sﬁfeso leads
to little effect on the fit results, whereas the inclusion of the strictly O(1/ AIZ\]P) curve in the estimates
for the nuisance parameters leads to a significant decrease in the «; precision. The latter result is not
fully realistic, as the Higgs external-leg correction to o, (Fig. Ic), of O(1/ A4NP), is independent
of the c.m. energy and does not affect the central-value of «, extracted from the global fit with
HEPfit. However, this analysis highlights the sensitivity of the fit to generic effects of O(1/ A4NP),
which are not fully taken into account in the current EFT analysis. This result therefore corresponds

to a more consistent estimation of the theoretical uncertainties from the SMEFT truncation.

IDM inputs: strictly 1L BSM contributions IDM inputs: 1L BSM + k;-dependent diagrams
X IDM prediction X 6 1 . Srr:cg::;i::;esﬁmates
4 @ Fitresults T o (LA curve
@ Estimates with &(1/A?) curve
X
3 4
= =
= x K
2 27
Jr 111 .
1 2 3 4 5 1 2 3 4 5
Kk§u¢ (IDM predictions) Ki“® (IDM predictions)
(a) (b)

Figure 4: (a) The results of the fits with strictly one-loop IDM inputs (blue), in comparison with the IDM
predictions for «, (red). (b) The global fit results for «; in the four IDM benchmark scenarios. The blue
markers depict the original fit results without the new nuisance parameters, while the other colours illustrate
the results using the two different sets of estimates for these parameters, with and without the inclusion of
the strictly O(1/ AIZ\]P) SMEFT curve (in red and green, respectively).

The results of this work illustrate the impact of theory uncertainties in the loop-level determi-
nation of «, from single-Higgs observables at future e*e ~ colliders. We mainly addressed here the
uncertainties arising in the truncation of the EFT expansion. In the future, we plan to assess other
potential sources of uncertainty, including those where the New Physics scenario assumed to be
realised in nature departs from the decoupling limit in which SMEFT is most consistently applied,
as well as uncertainties in the evaluation of the C; coeflicients entering the SMEFT expressions for
the single-Higgs observables. We stress that on the other hand the direct extraction of «; from di-
Higgs production observables at a future linear e*e ~ machine will be much less susceptible to these
sources of theory uncertainties, since «; contributes to such process already at leading order [45].
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