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FIG. 2: Impact of various new physics parameters on aµ. The top row shows the dependence on terms from the renormalisable
part of the Lagrangian Eq. (4) while the bottom row includes e↵ects from di↵erent e↵ective operators. In (d) we investigate
how large C̄�RD is required to be in order to get a positive result when only the doubly charged state is present and we also
show that C̄�RD can be kept low by introducing the singly charged scalar. The e↵ect of altering C�RD and C�SD is also shown
in (e) when both scalars are included. Figure (f) shows the linear dependence of the anomalous magnetic moment on C�RD
and how it is shifted when introducing additional operators (through we choose C̄i = Civ

2
/⇤2 for convenience).

Charged scalar Renormalisable Contributing

type couplings operators

h
±

fS
O�SD , OeWS ,

OeBS , OSle,

Ol�S .

r
±±

fR
O�RD , OeR�,

ORle, Ol�R.

TABLE II: The renormalisable couplings and the singly- and
doubly-charged scalar related operators that contribute to the
muon anomalous magnetic moment.

function

�µ = �ieū(p0)


�
µ
F1(k

2) +
i

2Mµ

�
µ⌫
k⌫F2(k

2) + . . .

�
u(p) ,

(12)
with momentum transfer k = p

0
� p. The ellipses de-

note additional form factors that appear in chiral gauge
theories, e.g. the anomalous electric dipole moment. In
this work we limit ourselves to the anomalous magnetic

moment

aµ = F2(0) , (13)

which is directly related to the e↵ective Lagrangian
of Eq. (10). We employ dimensional regularisation
and choose MS renormalisation for the Wilson coe�-
cients and on-shell renormalisation for the remaining
electroweak contributions, in particular for the external
muon fields (see [27] for a review); Feynman diagram
contributions are shown in Fig. 1. We consider terms
up to ⇠ 1/⇤2 (i.e. we truncate the series expansion
at dimension-6 level), and renormalise the structure in
Eq. (10) to cancel the divergence associated with the
CeA Lorentz structure (details are presented appendix B).
At the considered one-loop, ⇤�2 level, these are ex-
clusively given by the e↵ective operator insertions re-
lated to h

±, the dimension-6 singularities of aµ arise
from ⇠ CeBS , CeWS loop contributions. We use Fey-
nArts [29] to enumerate the relevant one-loop diagrams
and FormCalc [30] for calculating the amplitudes and
extracting the relevant form factor. PackageX [31] is
used for simplifications of Passarino-Veltman scalar loop
integrals [32].
The anomalous magnetic moment in the context of the

Zee-Babu model has been studied extensively in the past
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‣ general decomposition of three-point QED vertex
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1 Introduction

The Standard-Model (SM) value of the muon anomaly can be calculated with sub-parts-
per-million precision. The comparison between the measured and the SM prediction
provides a test of the completeness of the Standard Model. At present, there appears
to be a three- to four-standard deviation between these two values, which has motivated
extensive theoretical and experimental work on the hadronic contributions to the muon
anomaly.

A lepton (` = e, µ, ⌧) has a magnetic moment which is along its spin, given by the
relationship

~µ` = g`
Qe

2m`

~s , g` = 2| {z }
Dirac

(1 + a`), a` =
g` � 2

2
(1)

where Q = ±1, e > 0 and m` is the lepton mass. Dirac theory predicts that g ⌘ 2,
but experimentally, it is known to be greater than 2. The small number a, the anomaly,
arises from quantum fluctuations, with the largest contribution coming from the mass-
independent single-loop diagram in Fig. 1(a). With his famous calculation that obtained
a = (↵/2⇡) = 0.00116 · · · , Schwinger [1] started an “industry”, which required Aoyama,
Hayakawa, Kinoshita and Nio to calculate more than 12,000 diagrams to evaluate the
tenth-order (five loop) contribution [2].

(a) (b) (c)
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µ
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µ

γ

γµ
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X X

Y

µ −
e

+
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Figure 1: The Feynman graphs for: (a) The lowest-order (Schwinger) contribution to
the lepton anomaly ; (b) The vacuum polarization contribution, which is one of five
fourth-order, (↵/⇡)2, terms; (c) The schematic contribution of new particles X and Y
that couple to the muon.

The interaction shown in Fig. 1(a) is a chiral-changing, flavor-conserving process,
which gives it a special sensitivity to possible new physics [3, 4]. Of course heavier
particles can also contribute, as indicated by the diagram in Fig. 1(c). For example,
X = W± and Y = ⌫µ, along with X = µ and Y = Z0, are the lowest-order weak
contributions. In the Standard-Model, aµ gets measureable contributions from QED, the
strong interaction, and from the electroweak interaction,

aSM = aQED + aHad + aWeak. (2)

In this document we present the latest evaluations of the SM value of aµ, and then dis-
cuss expected improvements that will become available over the next five to seven years.
The uncertainty in this evaluation is dominated by the contribution of virtual hadrons
in loops. A worldwide e↵ort is under way to improve on these hadronic contributions.
By the time that the Fermilab muon (g � 2) experiment, E989, reports a result later
in this decade, the uncertainty should be significantly reduced. We emphasize that the
existence of E821 at Brookhaven motivated significant work over the past thirty years
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new physics predominantly in muons, but large modification means 
either strong coupling or light states
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anomalous muon magnetic moment

[Abi et al.  (Muon g-2 collaboration) `21]
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We consider scalar extensions of the SM and their e↵ective field theoretic generalisations to illus-
trate the phenomenological connection between precision measurements of the anomalous magnetic
moment of the muon aµ, precision Higgs measurements, and direct collider sensitivity. To this end,
we consider charged BSM scalar sectors of the Zee-Babu type for which we develop a consistent,
and complete dimensions-5 and -6 e↵ective field theory extension. This enables us to track generic
new physics e↵ects that interact with the SM predominantly via radiative interactions. While the
operator space is high dimensional, the intersection of exotics searches at the Large Hadron Collider,
Higgs signal strength and anomalous muon magnetic measurements is manageably small. We find
that consistency of LHC Higgs observations and aµ requires a significant deformation of the new
states’ electroweak properties. Evidence in searches for doubly charged scalars as currently pursued
by the LHC experiments can be used to further tension the BSMEFT parameter space and resolve
blind directions in the EFT-extended Zee-Babu scenario.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM), albeit so far unsuccessful at the Large Hadron Col-
lider (LHC), is key to the current particle physics phe-
nomenology programme. The recent measurement of the
anomalous muon magnetic moment

aµ =
(g � 2)µ

2
, (1)

at Fermilab [1] aligns with the previous results obtained
at the BNL E821 experiment [2], leading to a ⇠ 4� dis-
crepancy [3, 4]

�aµ = aµ(exp)� aµ(SM) = (25.1± 5.9)⇥ 10�10
. (2)

While this deviation is a long standing, and potentially
tantalising hint for the existence of new interactions be-
yond the SM that deserves further scrutiny from all an-
gles (see e.g. [5]), it is flanked by broad consistency of
collider measurements with the SM. In particular, this
includes an increasing statistical control in searches for
new heavy BSM states, and an enhanced precision in
BSM tell-tale modifications of, e.g., precision Higgs data.

On the one hand, one interpretation of this result is a
large scale separation between the SM and BSM interac-
tions, perhaps in the range ⇤ & 10 TeV [6–14]. On the
other hand, we could be looking at an intricate cancella-
tion between new physics e↵ects that manifest themselves

∗Electronic address: anisha@iitk.ac.in
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‡Electronic address: joydeep@iitk.ac.in
§Electronic address: christoph.englert@glasgow.ac.uk
¶Electronic address: michael.spannowsky@durham.ac.uk
�Electronic address: p.stylianou.1@research.gla.ac.uk

in the phenomenological outcome that we currently ob-
serve.

In this paper, we elaborate on the latter option by
performing a case study of the interplay of Higgs preci-
sion physics, aµ and direct LHC sensitivity for a scenario
that turns out to be particularly motivated for this pur-
pose: For the Zee-Babu model [15–17], when extended
by e↵ective interactions, the phenomenological overlap
of these three searches is particularly transparent. This
enables us to discuss implications of low-energy precision
measurements for high-energy observations, connecting
anomalies around at the muon mass scale to TeV scale
Higgs physics and the high energy exotics searches.

Many BSM theories contain charged scalar states. If
we observe only these charged particles at the LHC when
the rest of the spectrum is too heavy to be produced on-
shell, then we can extend the Standard Model E↵ective
Field Theory (SMEFT) with these additional TeV scale
degrees of freedom, leading to a BSMEFT scenario [18].
If such a case is realised in nature, constraints of the
BSMEFT Wilson coe�cients are required to gain a qual-
itative understanding of the new physics energy scales
that perhaps lie beyond the reach of the LHC.

After electroweak symmetry breaking, the Zee-Babu
model is the simplest framework that provides singly and
a doubly charged scalars that also addresses open ques-
tions in neutrino physics. We choose this spectrum to
construct a prototype BSMEFT scenario, which, as we
show, is particularly suited to discuss the phenomenolog-
ical interplay of Higgs physics, LHC exotics searches and
anomalous magnetic moment studies. While we focus on
the doubly charged state as a LHC smoking gun signa-
ture, the inclusion of the singly charged scalar is crucial
to the comparison of aµ, Higgs data and future direct
sensitivity.

This work is organised as follows: In Sec. II, we briefly
review the Zee-Babu model before providing a detailed
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We consider scalar extensions of the SM and their e↵ective field theoretic generalisations to illus-
trate the phenomenological connection between precision measurements of the anomalous magnetic
moment of the muon aµ, precision Higgs measurements, and direct collider sensitivity. To this end,
we consider charged BSM scalar sectors of the Zee-Babu type for which we develop a consistent,
and complete dimensions-5 and -6 e↵ective field theory extension. This enables us to track generic
new physics e↵ects that interact with the SM predominantly via radiative interactions. While the
operator space is high dimensional, the intersection of exotics searches at the Large Hadron Collider,
Higgs signal strength and anomalous muon magnetic measurements is manageably small. We find
that consistency of LHC Higgs observations and aµ requires a significant deformation of the new
states’ electroweak properties. Evidence in searches for doubly charged scalars as currently pursued
by the LHC experiments can be used to further tension the BSMEFT parameter space and resolve
blind directions in the EFT-extended Zee-Babu scenario.

I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM), albeit so far unsuccessful at the Large Hadron Col-
lider (LHC), is key to the current particle physics phe-
nomenology programme. The recent measurement of the
anomalous muon magnetic moment

aµ =
(g � 2)µ

2
, (1)

at Fermilab [1] aligns with the previous results obtained
at the BNL E821 experiment [2], leading to a ⇠ 4� dis-
crepancy [3, 4]

�aµ = aµ(exp)� aµ(SM) = (25.1± 5.9)⇥ 10�10
. (2)

While this deviation is a long standing, and potentially
tantalising hint for the existence of new interactions be-
yond the SM that deserves further scrutiny from all an-
gles (see e.g. [5]), it is flanked by broad consistency of
collider measurements with the SM. In particular, this
includes an increasing statistical control in searches for
new heavy BSM states, and an enhanced precision in
BSM tell-tale modifications of, e.g., precision Higgs data.

On the one hand, one interpretation of this result is a
large scale separation between the SM and BSM interac-
tions, perhaps in the range ⇤ & 10 TeV [6–14]. On the
other hand, we could be looking at an intricate cancella-
tion between new physics e↵ects that manifest themselves
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in the phenomenological outcome that we currently ob-
serve.

In this paper, we elaborate on the latter option by
performing a case study of the interplay of Higgs preci-
sion physics, aµ and direct LHC sensitivity for a scenario
that turns out to be particularly motivated for this pur-
pose: For the Zee-Babu model [15–17], when extended
by e↵ective interactions, the phenomenological overlap
of these three searches is particularly transparent. This
enables us to discuss implications of low-energy precision
measurements for high-energy observations, connecting
anomalies around at the muon mass scale to TeV scale
Higgs physics and the high energy exotics searches.

Many BSM theories contain charged scalar states. If
we observe only these charged particles at the LHC when
the rest of the spectrum is too heavy to be produced on-
shell, then we can extend the Standard Model E↵ective
Field Theory (SMEFT) with these additional TeV scale
degrees of freedom, leading to a BSMEFT scenario [18].
If such a case is realised in nature, constraints of the
BSMEFT Wilson coe�cients are required to gain a qual-
itative understanding of the new physics energy scales
that perhaps lie beyond the reach of the LHC.

After electroweak symmetry breaking, the Zee-Babu
model is the simplest framework that provides singly and
a doubly charged scalars that also addresses open ques-
tions in neutrino physics. We choose this spectrum to
construct a prototype BSMEFT scenario, which, as we
show, is particularly suited to discuss the phenomenolog-
ical interplay of Higgs physics, LHC exotics searches and
anomalous magnetic moment studies. While we focus on
the doubly charged state as a LHC smoking gun signa-
ture, the inclusion of the singly charged scalar is crucial
to the comparison of aµ, Higgs data and future direct
sensitivity.

This work is organised as follows: In Sec. II, we briefly
review the Zee-Babu model before providing a detailed
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new physics?
‣ comprehensive investigation already after BNL

Model Spin SU(3)C ⇥ SU(2)L ⇥ U(1)Y Result for �a
BNL
µ , �a

2021
µ

1 0 (1,1, 1) Excluded: �aµ < 0
2 0 (1,1, 2) Excluded: �aµ < 0
3 0 (1,2,�1/2) Updated in Sec. 3.2
4 0 (1,3,�1) Excluded: �aµ < 0
5 0 (3,1, 1/3) Updated Sec. 3.3.
6 0 (3,1, 4/3) Excluded: LHC searches
7 0 (3,3, 1/3) Excluded: LHC searches
8 0 (3,2, 7/6) Updated Sec. 3.3.
9 0 (3,2, 1/6) Excluded: LHC searches
10 1/2 (1,1, 0) Excluded: �aµ < 0
11 1/2 (1,1,�1) Excluded: �aµ too small
12 1/2 (1,2,�1/2) Excluded: LEP lepton mixing
13 1/2 (1,2,�3/2) Excluded: �aµ < 0
14 1/2 (1,3, 0) Excluded: �aµ < 0
15 1/2 (1,3,�1) Excluded: �aµ < 0
16 1 (1,1, 0) Special cases viable
17 1 (1,2,�3/2) UV completion problems
18 1 (1,3, 0) Excluded: LHC searches
19 1 (3,1,�2/3) UV completion problems
20 1 (3,1,�5/3) Excluded: LHC searches
21 1 (3,2,�5/6) UV completion problems
22 1 (3,2, 1/6) Excluded: �aµ < 0
23 1 (3,3,�2/3) Excluded: proton decay

Table 1: Summary of known results for gauge invariant single field extensions with one-loop contributions to the anoma-
lous magnetic moment of the muon. These results are rather exhaustive due to systematic investigations and classifications
in Ref. [367,369–371]. Note however that while we present the results based on representations of SM gauge and Lorentz
symmetries, the references make assumptions that can be important to the conclusions and are di↵erent in each paper.
Thus the conclusions summarised in this table should be interpreted with care. For more information on models 1-2, 3-4,
5-9, 10-12, 13, 14-18 and 19-23 see references [371,419–421], [367,371], [124,371], [152,367,371], [371], [152,367,370,371,422]
and [370], respectively. We use color highlighting to give a visual indication of the status of the model, namely green for
viable explanations, red for excluded and purple for vector extensions excluded on the basis of their UV completions.
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Single field SM extensions
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Figure 1: The maximum results for �aµ in the two versions of the two-Higgs Doublet Model with minimal flavour
violation, compared with the 1� regions around �a

BNL
µ

(yellow) and new world average �a
2021
µ

(green); light green shows
the overlap between the two regions. The maximum results are shown as functions of MA, for three di↵erent values of
MH,H± , as indicated: (a) lepton-specific/type X model (b) flavour-aligned two-Higgs Doublet Model. The results are
based on Ref. [252]. The left plot is technically obtained in the framework of the flavour-aligned model but taking only
⌧ -loop contributions, which coincides with the type X model.

in a form appropriate for the 2HDM of type I, II, X, Y and the flavour-aligned 2HDM, in the form of Ref. [251],

LY = �

X

S=h,H,A

X

f

Y
S
f
mf

v
S f̄PRf + h.c., (15)

Y
h

f
= sin(� � ↵) + cos(� � ↵)⇣f , Y

A

d,l
= � ⇣d,l , (16)

Y
H

f
= cos(� � ↵) � sin(� � ↵)⇣f , Y

A

u = + ⇣u . (17)

where the Dirac fermions f run over all quarks and leptons, (� � ↵) is a mixing angle and sin(� � ↵) = 1

corresponds to h being SM-like. The dimensionless Yukawa prefactors ⇣f depend on the 2HDM version and will

be specialized later.

The 2HDM has a rich phenomenology with a plethora of new contributions to the Higgs potential and the

Yukawa sector. It di↵ers from the previously mentioned models in that two-loop contributions to aµ are known

to be crucial. Typically the dominant contributions arise via so-called Barr-Zee two-loop diagrams. In these

diagrams an inner fermion loop generates an e↵ective Higgs–�–� interaction which then couples to the muon

via a second loop. If the new Higgs has a large Yukawa coupling to the muon and if the couplings in the inner

loop are large and the new Higgs is light, the contributions to aµ can be sizeable. The Higgs mediated flavour

changing neutral currents in the 2HDM can be avoided by imposing either Z2 symmetry or flavour-alignment.

Fig. 1 presents up-to-date results of the possible contributions �aµ in both of these versions of the 2HDM.

The figure is based on results of Ref. [252] and compares them to the new world average �a
2021
µ obtained from

including the FNAL value. It arises from scans of the model parameter space and shows the maximum possible

�aµ as a function of the most important parameters, the two new Higgs masses MA and MH , where the choice

MH = MH± maximises �aµ. The reason why there are absolute upper limits on �aµ is a combination of
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new physics?
‣ comprehensive investigation already after BNL

Model Spin SU(3)C ⇥ SU(2)L ⇥ U(1)Y Result for �a
BNL
µ , �a

2021
µ

1 0 (1,1, 1) Excluded: �aµ < 0
2 0 (1,1, 2) Excluded: �aµ < 0
3 0 (1,2,�1/2) Updated in Sec. 3.2
4 0 (1,3,�1) Excluded: �aµ < 0
5 0 (3,1, 1/3) Updated Sec. 3.3.
6 0 (3,1, 4/3) Excluded: LHC searches
7 0 (3,3, 1/3) Excluded: LHC searches
8 0 (3,2, 7/6) Updated Sec. 3.3.
9 0 (3,2, 1/6) Excluded: LHC searches
10 1/2 (1,1, 0) Excluded: �aµ < 0
11 1/2 (1,1,�1) Excluded: �aµ too small
12 1/2 (1,2,�1/2) Excluded: LEP lepton mixing
13 1/2 (1,2,�3/2) Excluded: �aµ < 0
14 1/2 (1,3, 0) Excluded: �aµ < 0
15 1/2 (1,3,�1) Excluded: �aµ < 0
16 1 (1,1, 0) Special cases viable
17 1 (1,2,�3/2) UV completion problems
18 1 (1,3, 0) Excluded: LHC searches
19 1 (3,1,�2/3) UV completion problems
20 1 (3,1,�5/3) Excluded: LHC searches
21 1 (3,2,�5/6) UV completion problems
22 1 (3,2, 1/6) Excluded: �aµ < 0
23 1 (3,3,�2/3) Excluded: proton decay

Table 1: Summary of known results for gauge invariant single field extensions with one-loop contributions to the anoma-
lous magnetic moment of the muon. These results are rather exhaustive due to systematic investigations and classifications
in Ref. [367,369–371]. Note however that while we present the results based on representations of SM gauge and Lorentz
symmetries, the references make assumptions that can be important to the conclusions and are di↵erent in each paper.
Thus the conclusions summarised in this table should be interpreted with care. For more information on models 1-2, 3-4,
5-9, 10-12, 13, 14-18 and 19-23 see references [371,419–421], [367,371], [124,371], [152,367,371], [371], [152,367,370,371,422]
and [370], respectively. We use color highlighting to give a visual indication of the status of the model, namely green for
viable explanations, red for excluded and purple for vector extensions excluded on the basis of their UV completions.
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‣ lepton specific / flavour 
aligned possible: tau 
final states at run 3

Figure 3: Generic two-loop Barr-Zee type diagrams contributing to the EDMs of the electron and light quarks
(f = e, u, d, s). Upper: �H, and lower from left to right: ZH, WH and WW .

Figure 4: Generic two-loop Barr-Zee type diagrams contributing to the CEDMs of the light quarks (q = u, d, s).

have been computed before and the formulae can be found in [64, 69]. At two-loop level the
Higgs mediated Barr-Zee type diagrams contribute significantly to the EDMs. They are medi-
ated by neutral Higgs couplings to two photons, ��H0

i
[64], the charged Higgs coupling to the

charged W boson and a photon, �H±
W

⌥, the �W±
W

⌥coupling [70], and the couplings between
a neutral Higgs boson, a photon and a Z boson, �H0

i
Z [71]. We will denote these contributions

in the following as �H, WH, WW and ZH, respectively. The diagrams are displayed in Fig. 3.
Additionally, CEDMs of the light quarks u, d and s are generated by two-loop Higgs-mediated
Barr-Zee graphs [64, 69], cf. Fig. 4. For the Weinberg operator we take into account the con-
tributions from the Higgs-mediated two-loop diagrams [72] and additionally the contribution
from the quark-squark-gluino exchange contribution [73]. The coe�cients of the four-fermion
operators, finally, are generated from the t-channel exchanges of the CP-violating neutral Higgs
bosons [64].

We briefly describe how the observable EDMs are obtained from the various contributions
introduced above. For explicit formulae and more details we refer the reader to [64, 69] and
references therein. The Thallium EDM receives contributions from the electron EDM and ad-
ditionally from the CP-odd electron-nucleon interaction [74, 75]. For the neutron EDM three
di↵erent hadronic approaches are considered. These are the Chiral Quark Model (CQM), the
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new physics?

(SU(3)C ⇥ SU(2)L ⇥ U(1)Y )spin +Z2 Result for �a
BNL
µ , �a

2021
µ

(1,1, 0)0 – (1,1,�1)1/2
No Projected LHC 14 TeV exclusion, not confirmed
Yes Updated Sec. 4.2

(1,1,�1)0 – (1,1, 0)1/2 Both Excluded: �aµ < 0
(1,2,�1/2)0 – (1,1, 0)1/2 Both Excluded: �aµ < 0

(1,1, 0)0 – (1,2,�1/2)1/2
No Excluded: LHC searches
Yes Updated Sec. 4.2

(1,2,�1/2)0 – (1,1,�1)1/2
No Excluded: LEP contact interactions
Yes Viable with under abundant DM

(1,1,�1)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0
(1,2,�1/2)0 – (1,2,�1/2)1/2 Both Excluded: LEP search

(1,2,�1/2)0 – (1,3, 0)1/2
No Excluded: LHC searches
Yes Viable with under abundant DM

(1,2,�1/2)0 – (1,3,�1)1/2
No Excluded: LHC searches + LEP contact interactions
Yes Viable with under abundant DM

(1,3, 0)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0

(1,3, 0)0 – (1,3,�1)1/2
No Excluded: LHC searches
Yes Viable with under abundant DM

(1,3,�1)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0
(1,3,�1)0 – (1,3, 0)1/2 Both Excluded: �aµ < 0

(1,1,�1)1/2 – (1,1, 0)1 No Excluded: �aµ < 0
(1,2,�1/2)1/2 – (1,1, 0)1 No Excluded: �aµ < 0
(1,2,�1/2)1/2 – (1,3, 0)1 No Excluded: LHC searches + LEP contact interactions

(1,1, 0)1/2 – (1,1, 1)1 No Excluded: LHC searches + LEP contact interactions
(1,2,�1/2)1/2 – (1,1,�1)1 No Excluded: LHC searches + LEP contact interactions

(1,3,�1)1/2 – (1,3, 0)1 No Excluded: �aµ < 0

Table 2: Summary of known results for gauge invariant extensions of two fields with di↵erent spin with one-loop
contributions to the anomalous magnetic moment of the muon. These results are rather exhaustive due to systematic
investigations and classifications in Refs. [367,372,376]. Note that this summarises results in the literature where di↵erent
assumptions have been made, see the text and the original references for details. When there are multiple reasons for
ruling a scenario out, we mention the most model- independent constraint. We use color highlighting to give a visual
indication of the status of the model, namely green for viable explanations, red for excluded and purple for extensions
that are only viable with under abundant dark matter.

while requiring that the Z2 symmetric models simultaneously explain dark matter and �a
BNL
µ e↵ectively restricts

us to just the two models that we update in Sec. 4.2. However first, in the following, we explain the assumptions

used in our main sources to eliminate the remaining models that give a positive contribution to aµ and the

important caveats to these findings.

The introduction of a vector-like fermion and a scalar or a vector without any additional symmetries was

dealt with by Ref. [367], considering di↵erent SU(2)L representations, namely singlets, doublets, triplets or

adjoint triplets. They quickly eliminate a scalar doublet and fermion doublet combination, i.e. (1,2,�1/2)0

– (1,2,�1/2)1/2, without considering LHC constraints because cancellations amongst the contributions mean

�aµ is too small for a 1� explanation of �a
BNL
µ while satisfying basic assumptions like perturbativity and the

⇡ 100 GeV LEP limit [465, 466]. For LHC searches they look at Drell-Yan production, which depends only

on the gauge structure, but for decays they rely on Z2 violating leptonic interactions where they assume a

minimal flavour violating structure. They apply also LEP constraints on contact interactions, using the same

assumptions for the lepton interactions. However one should again note the caveats described at the beginning

21
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new physics?

(SU(3)C ⇥ SU(2)L ⇥ U(1)Y )spin +Z2 Result for �a
BNL
µ , �a

2021
µ

(1,1, 0)0 – (1,1,�1)1/2
No Projected LHC 14 TeV exclusion, not confirmed
Yes Updated Sec. 4.2

(1,1,�1)0 – (1,1, 0)1/2 Both Excluded: �aµ < 0
(1,2,�1/2)0 – (1,1, 0)1/2 Both Excluded: �aµ < 0

(1,1, 0)0 – (1,2,�1/2)1/2
No Excluded: LHC searches
Yes Updated Sec. 4.2

(1,2,�1/2)0 – (1,1,�1)1/2
No Excluded: LEP contact interactions
Yes Viable with under abundant DM

(1,1,�1)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0
(1,2,�1/2)0 – (1,2,�1/2)1/2 Both Excluded: LEP search

(1,2,�1/2)0 – (1,3, 0)1/2
No Excluded: LHC searches
Yes Viable with under abundant DM

(1,2,�1/2)0 – (1,3,�1)1/2
No Excluded: LHC searches + LEP contact interactions
Yes Viable with under abundant DM

(1,3, 0)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0

(1,3, 0)0 – (1,3,�1)1/2
No Excluded: LHC searches
Yes Viable with under abundant DM

(1,3,�1)0 – (1,2,�1/2)1/2 Both Excluded: �aµ < 0
(1,3,�1)0 – (1,3, 0)1/2 Both Excluded: �aµ < 0

(1,1,�1)1/2 – (1,1, 0)1 No Excluded: �aµ < 0
(1,2,�1/2)1/2 – (1,1, 0)1 No Excluded: �aµ < 0
(1,2,�1/2)1/2 – (1,3, 0)1 No Excluded: LHC searches + LEP contact interactions

(1,1, 0)1/2 – (1,1, 1)1 No Excluded: LHC searches + LEP contact interactions
(1,2,�1/2)1/2 – (1,1,�1)1 No Excluded: LHC searches + LEP contact interactions

(1,3,�1)1/2 – (1,3, 0)1 No Excluded: �aµ < 0

Table 2: Summary of known results for gauge invariant extensions of two fields with di↵erent spin with one-loop
contributions to the anomalous magnetic moment of the muon. These results are rather exhaustive due to systematic
investigations and classifications in Refs. [367,372,376]. Note that this summarises results in the literature where di↵erent
assumptions have been made, see the text and the original references for details. When there are multiple reasons for
ruling a scenario out, we mention the most model- independent constraint. We use color highlighting to give a visual
indication of the status of the model, namely green for viable explanations, red for excluded and purple for extensions
that are only viable with under abundant dark matter.

while requiring that the Z2 symmetric models simultaneously explain dark matter and �a
BNL
µ e↵ectively restricts

us to just the two models that we update in Sec. 4.2. However first, in the following, we explain the assumptions

used in our main sources to eliminate the remaining models that give a positive contribution to aµ and the

important caveats to these findings.

The introduction of a vector-like fermion and a scalar or a vector without any additional symmetries was

dealt with by Ref. [367], considering di↵erent SU(2)L representations, namely singlets, doublets, triplets or

adjoint triplets. They quickly eliminate a scalar doublet and fermion doublet combination, i.e. (1,2,�1/2)0

– (1,2,�1/2)1/2, without considering LHC constraints because cancellations amongst the contributions mean

�aµ is too small for a 1� explanation of �a
BNL
µ while satisfying basic assumptions like perturbativity and the

⇡ 100 GeV LEP limit [465, 466]. For LHC searches they look at Drell-Yan production, which depends only

on the gauge structure, but for decays they rely on Z2 violating leptonic interactions where they assume a

minimal flavour violating structure. They apply also LEP constraints on contact interactions, using the same

assumptions for the lepton interactions. However one should again note the caveats described at the beginning
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Figure 5: Results from Model L, scanning over the masses of the new fermion and scalar which couple to the left-handed
muon. Regions which can explain �aµ in Eq. (7) or Eq. (6) to within 1� are coloured green and yellow respectively, with
the overlap between the two regions is coloured lime. The black line indicates masses which produce a �aµ contribution
matching Eq. (7). The points where a dark matter candidate particle produces the observed relic abundance of 0.1200, Eq.
(8), are shown in red, with the region below being excluded due to having an over abundance of dark matter. The region
where M < M� is shaded cyan. Regions excluded by 13-TeV results at the LHC are shaded grey, with the exclusions
from the soft leptons search [482] obtained using CheckMate shaded in orange. Thus aµ can only be explained in small
slices of parameter space between the grey and orange regions. As the coupling between the left-handed muon and the
BSM particles is increased, higher masses are required to explain aµ.

and M� over 0...300 GeV) with fixed �L = 2, 2.5, 3.5. Due to the lack of enhanced chirality flips a su�ciently

large �aµ is obtained only when the coupling constant is large and the masses are relatively small. However

due to the new reduced measurement of aµ, the discrepancy can be explained with heavier masses than before

as indicated in the green curve. For �L  2, the model cannot provide large enough �aµ to explain the anomaly

within 1� while avoiding the LEP M > 100 GeV limit and LHC limits (discussed below), while for very large

values of �L = 2.5 or �L = 3.5 it is possible to explain the anomaly but even when �L is close to
p

4⇡, �a
2021
µ

can only be explained within 1� for masses below 260 GeV. These results can be approximately reproduced

using Eq. (34), though we have again performed the calculation with FlexibleSUSY 2.5.0 [43,44], which includes

the full one-loop calculation and the universal leading logarithmic two-loop QED contribution [450].

We do not consider scenarios with M < M� because such cases are like Higgsino dark matter or the doublet

case of minimal dark matter and as such will be under abundant when the mass is below about 1 TeV (see e.g.

Ref. [483]). Without a chirality flipping enhancement it will not be possible to explain �a
BNL
µ or �a

2021
µ with

masses that are heavy enough to explain dark matter. Hence the dark matter candidate is given by the scalar

singlet �. Direct detection of dark matter constraints then depend on the parameters of Higgs potential terms

involving the singlet. By including such terms, we found that direct detection constraints rule out significant

parts of the parameter space but can always be evaded by choosing the additional parameters to be small.

Therefore, for simplicity, we neglect these parameters in our final numerical results and do not show direct

detection constraints.

The collider constraints are shown with overlayed shading. The lower grey shaded region comes from

searches for charginos, neutralinos, sleptons, and long-lived particles, using leptonic final states in the 8-TeV

searches [423,484–486] and the 13-TeV searches [487–490], included in SModelS 1.2.3 [491,492] and excludes most

of the light mass parameter space where aµ can be explained. Nonetheless there is still a considerable gap close

to the M� = M line, which escapes these constraints, but may be closed by searches for compressed spectra.

We therefore also show in shaded orange the CMS search for the compressed spectra of soft leptons [482], which

25

soft lepton
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strong

full (multi-)loop calculations
many examples in literature

Effective field theory of BSM states
‣ elevate g-2 to input data (already for SMEFT)  
‣ address SM shortcomings beyond g-2 
‣ reflect how any integrated out dynamics affects correlations

[Aebischer et al. `21] 
[Allwicher et al. `21] 
[Cirigliano et al.`21]

e.g. CCWZ



‣ minimal example: Zee-Babu SM extension 

14

new strongly coupled physics?

2

FIG. 1: BSM Feynman diagrams con-
tributing to the muon anomalous mag-
netic moment µ ! µ� via the new
propagating r

±± and its EFT interac-
tions. The vertices include the renor-
malisable and the dimension-6 inter-
actions. Similar diagrams arise from
the h

± scalar.
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discussion of its dimension-5 and -6 e↵ective field theory
(EFT) extension. In Sec. III, we turn to the phenomeno-
logical implications that we focus on in this paper, i.e.
the anomalous muon magnetic moment in Sec. III A, ex-
pected modifications of 125 GeV Higgs boson measure-
ments in Sec. III B, and the direct sensitivity to doubly
charged scalar bosons as a smoking gun of this scenario in
Sec. III C. In Sec. IV, we combined these three searches
to highlight their complementarity and intersection. We
conclude in Sec. V.

II. THE MODEL

The Zee-Babu model [15, 16] is an extension of the
usual SM Lagrangian by two SU(2)L and color singlet
scalar fields with non-trivial hypercharges

S : (1,1, 1) ,

R : (1,1, 2) .
(3)

These give rise to the new renormalisable and e↵ec-
tive interactions determined by the gauge symmetry
SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The renormalisable La-
grangian is given by

Lrenorm = �
1

4
G

A

µ⌫
G

Aµ⌫
�

1

4
W

I

µ⌫
W

Iµ⌫
�

1

4
Bµ⌫B

µ⌫

+(Dµ�)
†(Dµ

�) + (DµS)
†(Dµ

S) + (DµR)†(Dµ
R)

�V(�,S,R) + i(L�µ
DµL+ e�

µ
Dµe+Q�

µ
DµQ

+u�
µ
Dµu+ d�

µ
Dµd) + (LYukawa + h.c.) , (4)

where

G
A

µ⌫
= @µG

A

⌫
� @⌫G

A

µ
+ g3f

ABC
G

B

µ
G

C

⌫
,

W
I

µ⌫
= @µW

I

⌫
� @⌫W

I

µ
+ g✏

IJK
W

J

µ
W

K

⌫
,

Bµ⌫ = @µB⌫ � @⌫Bµ, (5)

are the field strength tensors corresponding to SU(3)C ,
SU(2)L, and U(1)Y respectively, here {A,B,C} 2

{1, 2, · · · , 8}, and {I, J,K} 2 {1, 2, 3}.

The scalar potential V(�,S,R) in Eq. (3) reads

V(�,S,R) = µ
2
1 (�

†
�) + µ

2
2 (S

†
S) + µ

2
3 (R

†
R)

+m (S2
R

† + (S†)
2
R) + �1(�

†
�)2

+�2 (S
†
S)2 + �3 (R

†
R)2

+�4 (�
†
�)(S†

S) + �5 (�
†
�)(R†

R)

+�6 (S
†
S)(R†

R) . (6)

In contrast to the SM, the quantum numbers of the Zee-
Babu singlet scalars allow new quartic as well as trilin-
ear interactions, as can be seen in Eq (6). We have de-
noted the new quartic couplings as �2, �3, �4, �5, and �6,
whereas m parametrises the trilinear scalar interaction.
LYukawa contains two new Yukawa-like interactions

along with the usual SM ones

LYukawa = �yeLe�� yuQu�̃� ydQd�

�fS(Lci⌧2L)S � fR(ec e)R . (7)

Here, �̃i = ✏ij�
⇤

j
is the charge-conjugated Higgs doublet.

The Yukawa couplings fS and fR parametrise the inter-
actions between SU(2)L lepton doublet L, singlet e with
scalars S, and R, respectively.
Bounds on the parameters in Eq. (6) can be derived

from examining the shape of V(�,S,R). For the po-
tential to be bounded from below each of �1,�2 and �3

should be positive. To achieve the overall positivity of the
potential one can find the following relations, see e.g. [19]

�4/2
p

�1�2 > �1 , �5/2
p

�1�3 > �1 ,

�6/2
p

�2�3 > �1 . (8)

Apart from that, there are ⇠ 4⇡ perturbativity bounds
for �i, i = 2, . . . , 6.
After electroweak symmetry breaking, � acquires a

vacuum expectation value (vev) and gives rise to the
physical Higgs H. S and R emerge as singly and doubly
charged scalars h± and r

±±, respectively.

We aim to track the generic physics that predomi-
nantly couples to S,R. To this end, we modify SM corre-
lations not only through the presence of h± and r

±±, but

neutrino 
physics etc.

[Anisha et al. `21] 
5

(see for example Refs. [21–24]). We reproduce the stan-
dard result

a
d4
µ
(Zee-Babu) = �

M
2
µ

24⇡2

 
(f†

S
fS)µµ

M
2
h±

+ 4
(f†

R
fR)µµ

M
2
r±±

!
.

(14)
and the famous Schwinger result �aµ(QED) = ↵/2⇡ [33]
as a cross check and to align conventions.‡ A summary
of the impact of EFT operators, alongside the sensitivity
to renormalisable couplings of the scenario introduced
in Sec. II is provided in Tab. II. The e↵ect of di↵erent
parameters on aµ arising from the BSM contributions is

shown in Fig. 2.

The contributions from the renormalisable charged
scalar interactions are negative, Eq. (14), which is also
clearly visible from Figs. 2(a)-(c). To explain the ex-
perimental measurement of the anomalous magnetic mo-
ment, which favours a positive �aµ(BSM) slightly larger
than the SM expectation, this negative contribution
needs to be overcome by additional EFT contributions.
These can be logarithmically enhanced for large mass
gaps Mr±± ,Mh± � Mµ. The aµ contributions for the
e↵ective interactions related to r

±± take a particularly
compact form in the limit Mr±± � Mµ

⇤2
⇥ a

d6,r±±

µ
(Zee-Babu) =

fRM
2
µ
v
2(CeR�)µµ

6⇡2M2
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+
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µ
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2⇡2M2
r±±

✓
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✓
Mr±±

Mµ

◆
�

1

4

◆

+
fRM

3
µ
v(CR`e)µµ

p
2⇡2M2

r±±

✓
7

12
� log

✓
Mr±±

Mµ

◆◆
+

f
2
R
M

2
µ
v
2
C�RD

12⇡2M2
r±±

. (15)

This together with the fully-renormalised h
± interactions

give rise to the behaviour shown Figs. 2(d)-(f).§

Attributing the observed aµ to dominant C�RD inter-
actions requires large Wilson coe�cients, and we will dis-
cuss the phenomenological implication of such a scenario
below. In parallel, when we consider the contributions
related to h

±, the observed C�RD � aµ correlation can
be altered which again leads to experimentally testable
implications (see Sec. IV).

B. Loop-induced MH = 125 GeV Higgs physics

We now turn to the discussion of the impact of the
model discussed in Sec. II on the loop-induced phe-
nomenology of the 125 GeV Higgs boson. Assuming the
narrow width approximation (NWA), we consider the sig-
nal strengths from dominant gluon fusion production [34]
(see also [35–37])

µ
X

gg
=

[�GF ⇥ BR(H ! X)]BSM

[�GF ⇥ BR(H ! X)]SM
. (16)

The CMS experiment predict [38] a sensitivity in the ex-
perimentally clean H ! �� channel of

�µ
��

gg

µ
��

gg

= 3.3% (17)

§It is worth highlighting that these distributions include the Yukawa
interactions of r±±, h±, which means that there are non-vanishing
BSM contributions to aµ in all displayed cases.

at a (HL-)LHC luminosity of 3/ab. Sensitivity in the Z�

channel has been considered in [39] (for a recent analysis
see [40]) providing a HL-LHC estimate of

�µ
Z�

gg

µ
Z�

gg

= 18% . (18)

Mapping these sensitivity intervals onto BSM-modified
SM predictions, we include the e↵ective interactions of
Sec. II to H ! gg (which relates to Higgs production via
unitarity [41]), and H ! Z�, as well as H ! ��. This
leads to one-loop sensitivity to the operators listed in
Tab. III. Similar to our discussion in Sec. IIIA, the inclu-
sion of BSMEFT interactions leads to a renormalisation
of the SMEFT counterparts as outlined in Ref. [42].
In Fig. 3, we demonstrate the impact of the scenario

of this paper on the considered Higgs signal strength
measurements. While the charged scalars modify the
H ! Z�, �� branchings via their hypercharge quantum
numbers, their e↵ective operator interactions can lead
to significant modifications of the branching, in particu-
lar when these relate to the electroweak gauge interac-
tions. We find that H ! �� decays typically provide
more stringent limits than H ! Z�.

C. Direct LHC sensitivity to doubly charged
scalars

The scalars of Sec. II can be produced at colliders via
their hypercharge quantum numbers, implying a predom-
inant production in pairs via Drell-Yan like processes,
which is common to many charged scalar extensions of
the SM (see e.g. [43–45]). The production of two r

±± is

2

FIG. 1: BSM Feynman diagrams con-
tributing to the muon anomalous mag-
netic moment µ ! µ� via the new
propagating r

±± and its EFT interac-
tions. The vertices include the renor-
malisable and the dimension-6 inter-
actions. Similar diagrams arise from
the h

± scalar.
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discussion of its dimension-5 and -6 e↵ective field theory
(EFT) extension. In Sec. III, we turn to the phenomeno-
logical implications that we focus on in this paper, i.e.
the anomalous muon magnetic moment in Sec. III A, ex-
pected modifications of 125 GeV Higgs boson measure-
ments in Sec. III B, and the direct sensitivity to doubly
charged scalar bosons as a smoking gun of this scenario in
Sec. III C. In Sec. IV, we combined these three searches
to highlight their complementarity and intersection. We
conclude in Sec. V.

II. THE MODEL

The Zee-Babu model [15, 16] is an extension of the
usual SM Lagrangian by two SU(2)L and color singlet
scalar fields with non-trivial hypercharges

S : (1,1, 1) ,

R : (1,1, 2) .
(3)

These give rise to the new renormalisable and e↵ec-
tive interactions determined by the gauge symmetry
SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The renormalisable La-
grangian is given by

Lrenorm = �
1

4
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µ⌫
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Dµd) + (LYukawa + h.c.) , (4)

where
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IJK
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W
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⌫
,

Bµ⌫ = @µB⌫ � @⌫Bµ, (5)

are the field strength tensors corresponding to SU(3)C ,
SU(2)L, and U(1)Y respectively, here {A,B,C} 2

{1, 2, · · · , 8}, and {I, J,K} 2 {1, 2, 3}.

The scalar potential V(�,S,R) in Eq. (3) reads

V(�,S,R) = µ
2
1 (�

†
�) + µ

2
2 (S

†
S) + µ

2
3 (R

†
R)

+m (S2
R

† + (S†)
2
R) + �1(�

†
�)2

+�2 (S
†
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†
R)2

+�4 (�
†
�)(S†

S) + �5 (�
†
�)(R†

R)

+�6 (S
†
S)(R†

R) . (6)

In contrast to the SM, the quantum numbers of the Zee-
Babu singlet scalars allow new quartic as well as trilin-
ear interactions, as can be seen in Eq (6). We have de-
noted the new quartic couplings as �2, �3, �4, �5, and �6,
whereas m parametrises the trilinear scalar interaction.
LYukawa contains two new Yukawa-like interactions

along with the usual SM ones

LYukawa = �yeLe�� yuQu�̃� ydQd�

�fS(Lci⌧2L)S � fR(ec e)R . (7)

Here, �̃i = ✏ij�
⇤

j
is the charge-conjugated Higgs doublet.

The Yukawa couplings fS and fR parametrise the inter-
actions between SU(2)L lepton doublet L, singlet e with
scalars S, and R, respectively.
Bounds on the parameters in Eq. (6) can be derived

from examining the shape of V(�,S,R). For the po-
tential to be bounded from below each of �1,�2 and �3

should be positive. To achieve the overall positivity of the
potential one can find the following relations, see e.g. [19]

�4/2
p

�1�2 > �1 , �5/2
p

�1�3 > �1 ,

�6/2
p

�2�3 > �1 . (8)

Apart from that, there are ⇠ 4⇡ perturbativity bounds
for �i, i = 2, . . . , 6.
After electroweak symmetry breaking, � acquires a

vacuum expectation value (vev) and gives rise to the
physical Higgs H. S and R emerge as singly and doubly
charged scalars h± and r

±±, respectively.

We aim to track the generic physics that predomi-
nantly couples to S,R. To this end, we modify SM corre-
lations not only through the presence of h± and r

±±, but

e.g. [Leville et al. `78] 
[Moore et al. `85] 
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FIG. 1: BSM Feynman diagrams con-
tributing to the muon anomalous mag-
netic moment µ ! µ� via the new
propagating r

±± and its EFT interac-
tions. The vertices include the renor-
malisable and the dimension-6 inter-
actions. Similar diagrams arise from
the h

± scalar.
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discussion of its dimension-5 and -6 e↵ective field theory
(EFT) extension. In Sec. III, we turn to the phenomeno-
logical implications that we focus on in this paper, i.e.
the anomalous muon magnetic moment in Sec. III A, ex-
pected modifications of 125 GeV Higgs boson measure-
ments in Sec. III B, and the direct sensitivity to doubly
charged scalar bosons as a smoking gun of this scenario in
Sec. III C. In Sec. IV, we combined these three searches
to highlight their complementarity and intersection. We
conclude in Sec. V.

II. THE MODEL

The Zee-Babu model [15, 16] is an extension of the
usual SM Lagrangian by two SU(2)L and color singlet
scalar fields with non-trivial hypercharges

S : (1,1, 1) ,

R : (1,1, 2) .
(3)

These give rise to the new renormalisable and e↵ec-
tive interactions determined by the gauge symmetry
SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The renormalisable La-
grangian is given by

Lrenorm = �
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Bµ⌫ = @µB⌫ � @⌫Bµ, (5)

are the field strength tensors corresponding to SU(3)C ,
SU(2)L, and U(1)Y respectively, here {A,B,C} 2

{1, 2, · · · , 8}, and {I, J,K} 2 {1, 2, 3}.

The scalar potential V(�,S,R) in Eq. (3) reads

V(�,S,R) = µ
2
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†
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2
2 (S

†
S) + µ

2
3 (R

†
R)

+m (S2
R

† + (S†)
2
R) + �1(�

†
�)2

+�2 (S
†
S)2 + �3 (R

†
R)2

+�4 (�
†
�)(S†

S) + �5 (�
†
�)(R†

R)

+�6 (S
†
S)(R†
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In contrast to the SM, the quantum numbers of the Zee-
Babu singlet scalars allow new quartic as well as trilin-
ear interactions, as can be seen in Eq (6). We have de-
noted the new quartic couplings as �2, �3, �4, �5, and �6,
whereas m parametrises the trilinear scalar interaction.
LYukawa contains two new Yukawa-like interactions

along with the usual SM ones

LYukawa = �yeLe�� yuQu�̃� ydQd�

�fS(Lci⌧2L)S � fR(ec e)R . (7)

Here, �̃i = ✏ij�
⇤

j
is the charge-conjugated Higgs doublet.

The Yukawa couplings fS and fR parametrise the inter-
actions between SU(2)L lepton doublet L, singlet e with
scalars S, and R, respectively.
Bounds on the parameters in Eq. (6) can be derived

from examining the shape of V(�,S,R). For the po-
tential to be bounded from below each of �1,�2 and �3

should be positive. To achieve the overall positivity of the
potential one can find the following relations, see e.g. [19]

�4/2
p

�1�2 > �1 , �5/2
p

�1�3 > �1 ,

�6/2
p

�2�3 > �1 . (8)

Apart from that, there are ⇠ 4⇡ perturbativity bounds
for �i, i = 2, . . . , 6.
After electroweak symmetry breaking, � acquires a

vacuum expectation value (vev) and gives rise to the
physical Higgs H. S and R emerge as singly and doubly
charged scalars h± and r

±±, respectively.

We aim to track the generic physics that predomi-
nantly couples to S,R. To this end, we modify SM corre-
lations not only through the presence of h± and r

±±, but
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(see for example Refs. [21–24]). We reproduce the stan-
dard result
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(14)
and the famous Schwinger result �aµ(QED) = ↵/2⇡ [33]
as a cross check and to align conventions.‡ A summary
of the impact of EFT operators, alongside the sensitivity
to renormalisable couplings of the scenario introduced
in Sec. II is provided in Tab. II. The e↵ect of di↵erent
parameters on aµ arising from the BSM contributions is

shown in Fig. 2.

The contributions from the renormalisable charged
scalar interactions are negative, Eq. (14), which is also
clearly visible from Figs. 2(a)-(c). To explain the ex-
perimental measurement of the anomalous magnetic mo-
ment, which favours a positive �aµ(BSM) slightly larger
than the SM expectation, this negative contribution
needs to be overcome by additional EFT contributions.
These can be logarithmically enhanced for large mass
gaps Mr±± ,Mh± � Mµ. The aµ contributions for the
e↵ective interactions related to r

±± take a particularly
compact form in the limit Mr±± � Mµ
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This together with the fully-renormalised h
± interactions

give rise to the behaviour shown Figs. 2(d)-(f).§

Attributing the observed aµ to dominant C�RD inter-
actions requires large Wilson coe�cients, and we will dis-
cuss the phenomenological implication of such a scenario
below. In parallel, when we consider the contributions
related to h

±, the observed C�RD � aµ correlation can
be altered which again leads to experimentally testable
implications (see Sec. IV).

B. Loop-induced MH = 125 GeV Higgs physics

We now turn to the discussion of the impact of the
model discussed in Sec. II on the loop-induced phe-
nomenology of the 125 GeV Higgs boson. Assuming the
narrow width approximation (NWA), we consider the sig-
nal strengths from dominant gluon fusion production [34]
(see also [35–37])

µ
X

gg
=

[�GF ⇥ BR(H ! X)]BSM

[�GF ⇥ BR(H ! X)]SM
. (16)

The CMS experiment predict [38] a sensitivity in the ex-
perimentally clean H ! �� channel of

�µ
��

gg

µ
��

gg

= 3.3% (17)

§It is worth highlighting that these distributions include the Yukawa
interactions of r±±, h±, which means that there are non-vanishing
BSM contributions to aµ in all displayed cases.

at a (HL-)LHC luminosity of 3/ab. Sensitivity in the Z�

channel has been considered in [39] (for a recent analysis
see [40]) providing a HL-LHC estimate of

�µ
Z�

gg

µ
Z�

gg

= 18% . (18)

Mapping these sensitivity intervals onto BSM-modified
SM predictions, we include the e↵ective interactions of
Sec. II to H ! gg (which relates to Higgs production via
unitarity [41]), and H ! Z�, as well as H ! ��. This
leads to one-loop sensitivity to the operators listed in
Tab. III. Similar to our discussion in Sec. IIIA, the inclu-
sion of BSMEFT interactions leads to a renormalisation
of the SMEFT counterparts as outlined in Ref. [42].
In Fig. 3, we demonstrate the impact of the scenario

of this paper on the considered Higgs signal strength
measurements. While the charged scalars modify the
H ! Z�, �� branchings via their hypercharge quantum
numbers, their e↵ective operator interactions can lead
to significant modifications of the branching, in particu-
lar when these relate to the electroweak gauge interac-
tions. We find that H ! �� decays typically provide
more stringent limits than H ! Z�.

C. Direct LHC sensitivity to doubly charged
scalars

The scalars of Sec. II can be produced at colliders via
their hypercharge quantum numbers, implying a predom-
inant production in pairs via Drell-Yan like processes,
which is common to many charged scalar extensions of
the SM (see e.g. [43–45]). The production of two r

±± is

2

FIG. 1: BSM Feynman diagrams con-
tributing to the muon anomalous mag-
netic moment µ ! µ� via the new
propagating r

±± and its EFT interac-
tions. The vertices include the renor-
malisable and the dimension-6 inter-
actions. Similar diagrams arise from
the h

± scalar.
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discussion of its dimension-5 and -6 e↵ective field theory
(EFT) extension. In Sec. III, we turn to the phenomeno-
logical implications that we focus on in this paper, i.e.
the anomalous muon magnetic moment in Sec. III A, ex-
pected modifications of 125 GeV Higgs boson measure-
ments in Sec. III B, and the direct sensitivity to doubly
charged scalar bosons as a smoking gun of this scenario in
Sec. III C. In Sec. IV, we combined these three searches
to highlight their complementarity and intersection. We
conclude in Sec. V.

II. THE MODEL

The Zee-Babu model [15, 16] is an extension of the
usual SM Lagrangian by two SU(2)L and color singlet
scalar fields with non-trivial hypercharges

S : (1,1, 1) ,

R : (1,1, 2) .
(3)

These give rise to the new renormalisable and e↵ec-
tive interactions determined by the gauge symmetry
SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The renormalisable La-
grangian is given by
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are the field strength tensors corresponding to SU(3)C ,
SU(2)L, and U(1)Y respectively, here {A,B,C} 2

{1, 2, · · · , 8}, and {I, J,K} 2 {1, 2, 3}.

The scalar potential V(�,S,R) in Eq. (3) reads

V(�,S,R) = µ
2
1 (�
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2
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†
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2
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In contrast to the SM, the quantum numbers of the Zee-
Babu singlet scalars allow new quartic as well as trilin-
ear interactions, as can be seen in Eq (6). We have de-
noted the new quartic couplings as �2, �3, �4, �5, and �6,
whereas m parametrises the trilinear scalar interaction.
LYukawa contains two new Yukawa-like interactions

along with the usual SM ones

LYukawa = �yeLe�� yuQu�̃� ydQd�

�fS(Lci⌧2L)S � fR(ec e)R . (7)

Here, �̃i = ✏ij�
⇤

j
is the charge-conjugated Higgs doublet.

The Yukawa couplings fS and fR parametrise the inter-
actions between SU(2)L lepton doublet L, singlet e with
scalars S, and R, respectively.
Bounds on the parameters in Eq. (6) can be derived

from examining the shape of V(�,S,R). For the po-
tential to be bounded from below each of �1,�2 and �3

should be positive. To achieve the overall positivity of the
potential one can find the following relations, see e.g. [19]

�4/2
p

�1�2 > �1 , �5/2
p

�1�3 > �1 ,

�6/2
p

�2�3 > �1 . (8)

Apart from that, there are ⇠ 4⇡ perturbativity bounds
for �i, i = 2, . . . , 6.
After electroweak symmetry breaking, � acquires a

vacuum expectation value (vev) and gives rise to the
physical Higgs H. S and R emerge as singly and doubly
charged scalars h± and r

±±, respectively.

We aim to track the generic physics that predomi-
nantly couples to S,R. To this end, we modify SM corre-
lations not only through the presence of h± and r

±±, but

‣ negative result can be compensated by kinematically enhanced loop 
dynamics and/or strong couplings….

e.g. [Leville et al. `78] 
[Moore et al. `85] 
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FIG. 1: BSM Feynman diagrams con-
tributing to the muon anomalous mag-
netic moment µ ! µ� via the new
propagating r

±± and its EFT interac-
tions. The vertices include the renor-
malisable and the dimension-6 inter-
actions. Similar diagrams arise from
the h

± scalar.
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discussion of its dimension-5 and -6 e↵ective field theory
(EFT) extension. In Sec. III, we turn to the phenomeno-
logical implications that we focus on in this paper, i.e.
the anomalous muon magnetic moment in Sec. III A, ex-
pected modifications of 125 GeV Higgs boson measure-
ments in Sec. III B, and the direct sensitivity to doubly
charged scalar bosons as a smoking gun of this scenario in
Sec. III C. In Sec. IV, we combined these three searches
to highlight their complementarity and intersection. We
conclude in Sec. V.

II. THE MODEL

The Zee-Babu model [15, 16] is an extension of the
usual SM Lagrangian by two SU(2)L and color singlet
scalar fields with non-trivial hypercharges

S : (1,1, 1) ,

R : (1,1, 2) .
(3)

These give rise to the new renormalisable and e↵ec-
tive interactions determined by the gauge symmetry
SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The renormalisable La-
grangian is given by

Lrenorm = �
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are the field strength tensors corresponding to SU(3)C ,
SU(2)L, and U(1)Y respectively, here {A,B,C} 2

{1, 2, · · · , 8}, and {I, J,K} 2 {1, 2, 3}.

The scalar potential V(�,S,R) in Eq. (3) reads
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In contrast to the SM, the quantum numbers of the Zee-
Babu singlet scalars allow new quartic as well as trilin-
ear interactions, as can be seen in Eq (6). We have de-
noted the new quartic couplings as �2, �3, �4, �5, and �6,
whereas m parametrises the trilinear scalar interaction.
LYukawa contains two new Yukawa-like interactions

along with the usual SM ones

LYukawa = �yeLe�� yuQu�̃� ydQd�

�fS(Lci⌧2L)S � fR(ec e)R . (7)

Here, �̃i = ✏ij�
⇤

j
is the charge-conjugated Higgs doublet.

The Yukawa couplings fS and fR parametrise the inter-
actions between SU(2)L lepton doublet L, singlet e with
scalars S, and R, respectively.
Bounds on the parameters in Eq. (6) can be derived

from examining the shape of V(�,S,R). For the po-
tential to be bounded from below each of �1,�2 and �3

should be positive. To achieve the overall positivity of the
potential one can find the following relations, see e.g. [19]
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p

�1�3 > �1 ,

�6/2
p

�2�3 > �1 . (8)

Apart from that, there are ⇠ 4⇡ perturbativity bounds
for �i, i = 2, . . . , 6.
After electroweak symmetry breaking, � acquires a

vacuum expectation value (vev) and gives rise to the
physical Higgs H. S and R emerge as singly and doubly
charged scalars h± and r

±±, respectively.

We aim to track the generic physics that predomi-
nantly couples to S,R. To this end, we modify SM corre-
lations not only through the presence of h± and r

±±, but
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(see for example Refs. [21–24]). We reproduce the stan-
dard result
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(14)
and the famous Schwinger result �aµ(QED) = ↵/2⇡ [33]
as a cross check and to align conventions.‡ A summary
of the impact of EFT operators, alongside the sensitivity
to renormalisable couplings of the scenario introduced
in Sec. II is provided in Tab. II. The e↵ect of di↵erent
parameters on aµ arising from the BSM contributions is

shown in Fig. 2.

The contributions from the renormalisable charged
scalar interactions are negative, Eq. (14), which is also
clearly visible from Figs. 2(a)-(c). To explain the ex-
perimental measurement of the anomalous magnetic mo-
ment, which favours a positive �aµ(BSM) slightly larger
than the SM expectation, this negative contribution
needs to be overcome by additional EFT contributions.
These can be logarithmically enhanced for large mass
gaps Mr±± ,Mh± � Mµ. The aµ contributions for the
e↵ective interactions related to r

±± take a particularly
compact form in the limit Mr±± � Mµ
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This together with the fully-renormalised h
± interactions

give rise to the behaviour shown Figs. 2(d)-(f).§

Attributing the observed aµ to dominant C�RD inter-
actions requires large Wilson coe�cients, and we will dis-
cuss the phenomenological implication of such a scenario
below. In parallel, when we consider the contributions
related to h

±, the observed C�RD � aµ correlation can
be altered which again leads to experimentally testable
implications (see Sec. IV).

B. Loop-induced MH = 125 GeV Higgs physics

We now turn to the discussion of the impact of the
model discussed in Sec. II on the loop-induced phe-
nomenology of the 125 GeV Higgs boson. Assuming the
narrow width approximation (NWA), we consider the sig-
nal strengths from dominant gluon fusion production [34]
(see also [35–37])

µ
X

gg
=

[�GF ⇥ BR(H ! X)]BSM

[�GF ⇥ BR(H ! X)]SM
. (16)

The CMS experiment predict [38] a sensitivity in the ex-
perimentally clean H ! �� channel of

�µ
��

gg

µ
��

gg

= 3.3% (17)

§It is worth highlighting that these distributions include the Yukawa
interactions of r±±, h±, which means that there are non-vanishing
BSM contributions to aµ in all displayed cases.

at a (HL-)LHC luminosity of 3/ab. Sensitivity in the Z�

channel has been considered in [39] (for a recent analysis
see [40]) providing a HL-LHC estimate of

�µ
Z�
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µ
Z�

gg

= 18% . (18)

Mapping these sensitivity intervals onto BSM-modified
SM predictions, we include the e↵ective interactions of
Sec. II to H ! gg (which relates to Higgs production via
unitarity [41]), and H ! Z�, as well as H ! ��. This
leads to one-loop sensitivity to the operators listed in
Tab. III. Similar to our discussion in Sec. IIIA, the inclu-
sion of BSMEFT interactions leads to a renormalisation
of the SMEFT counterparts as outlined in Ref. [42].
In Fig. 3, we demonstrate the impact of the scenario

of this paper on the considered Higgs signal strength
measurements. While the charged scalars modify the
H ! Z�, �� branchings via their hypercharge quantum
numbers, their e↵ective operator interactions can lead
to significant modifications of the branching, in particu-
lar when these relate to the electroweak gauge interac-
tions. We find that H ! �� decays typically provide
more stringent limits than H ! Z�.

C. Direct LHC sensitivity to doubly charged
scalars

The scalars of Sec. II can be produced at colliders via
their hypercharge quantum numbers, implying a predom-
inant production in pairs via Drell-Yan like processes,
which is common to many charged scalar extensions of
the SM (see e.g. [43–45]). The production of two r

±± is

‣ negative result can be compensated by kinematically enhanced loop 
dynamics and/or strong couplings….
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(see for example Refs. [21–24]). We reproduce the stan-
dard result
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and the famous Schwinger result �aµ(QED) = ↵/2⇡ [33]
as a cross check and to align conventions.‡ A summary
of the impact of EFT operators, alongside the sensitivity
to renormalisable couplings of the scenario introduced
in Sec. II is provided in Tab. II. The e↵ect of di↵erent
parameters on aµ arising from the BSM contributions is

shown in Fig. 2.

The contributions from the renormalisable charged
scalar interactions are negative, Eq. (14), which is also
clearly visible from Figs. 2(a)-(c). To explain the ex-
perimental measurement of the anomalous magnetic mo-
ment, which favours a positive �aµ(BSM) slightly larger
than the SM expectation, this negative contribution
needs to be overcome by additional EFT contributions.
These can be logarithmically enhanced for large mass
gaps Mr±± ,Mh± � Mµ. The aµ contributions for the
e↵ective interactions related to r

±± take a particularly
compact form in the limit Mr±± � Mµ
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This together with the fully-renormalised h
± interactions

give rise to the behaviour shown Figs. 2(d)-(f).§

Attributing the observed aµ to dominant C�RD inter-
actions requires large Wilson coe�cients, and we will dis-
cuss the phenomenological implication of such a scenario
below. In parallel, when we consider the contributions
related to h

±, the observed C�RD � aµ correlation can
be altered which again leads to experimentally testable
implications (see Sec. IV).

B. Loop-induced MH = 125 GeV Higgs physics

We now turn to the discussion of the impact of the
model discussed in Sec. II on the loop-induced phe-
nomenology of the 125 GeV Higgs boson. Assuming the
narrow width approximation (NWA), we consider the sig-
nal strengths from dominant gluon fusion production [34]
(see also [35–37])

µ
X

gg
=

[�GF ⇥ BR(H ! X)]BSM

[�GF ⇥ BR(H ! X)]SM
. (16)

The CMS experiment predict [38] a sensitivity in the ex-
perimentally clean H ! �� channel of

�µ
��

gg

µ
��

gg

= 3.3% (17)

§It is worth highlighting that these distributions include the Yukawa
interactions of r±±, h±, which means that there are non-vanishing
BSM contributions to aµ in all displayed cases.

at a (HL-)LHC luminosity of 3/ab. Sensitivity in the Z�

channel has been considered in [39] (for a recent analysis
see [40]) providing a HL-LHC estimate of

�µ
Z�

gg

µ
Z�

gg

= 18% . (18)

Mapping these sensitivity intervals onto BSM-modified
SM predictions, we include the e↵ective interactions of
Sec. II to H ! gg (which relates to Higgs production via
unitarity [41]), and H ! Z�, as well as H ! ��. This
leads to one-loop sensitivity to the operators listed in
Tab. III. Similar to our discussion in Sec. IIIA, the inclu-
sion of BSMEFT interactions leads to a renormalisation
of the SMEFT counterparts as outlined in Ref. [42].
In Fig. 3, we demonstrate the impact of the scenario

of this paper on the considered Higgs signal strength
measurements. While the charged scalars modify the
H ! Z�, �� branchings via their hypercharge quantum
numbers, their e↵ective operator interactions can lead
to significant modifications of the branching, in particu-
lar when these relate to the electroweak gauge interac-
tions. We find that H ! �� decays typically provide
more stringent limits than H ! Z�.

C. Direct LHC sensitivity to doubly charged
scalars

The scalars of Sec. II can be produced at colliders via
their hypercharge quantum numbers, implying a predom-
inant production in pairs via Drell-Yan like processes,
which is common to many charged scalar extensions of
the SM (see e.g. [43–45]). The production of two r

±± is

+ …..

e.g. [Leville et al. `78] 
[Moore et al. `85] 
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FIG. 5: Diagram depicting BSMEFT operators that contribute to three measurements considered in the calculation.
Or,O�R,O�S ,OGR,O eGR,OGS ,O eGS are the common operators contributing to both Higgs-decay and processes relevant for
direct detection for production and decay for charged scalars. ORle,OSle,Ol�S ,Ol�R,OeR� contribute to anomalous muon
magnetic moment as well as charged scalar production and decay processes. O�RD,O�SD contribute to all three processes. A
range of the operators are mass-suppressed thus leading to a small overlap in the limit of vanishing quark/lepton masses (e.g.
when considering the parton model of LHC collisions).

The M distribution obtained from SM processes
is fitted away from the signal region to obtain an
experimentally-driven estimate for the background for
large values of M . The M distribution for particular
values of new physics parameters is shown in Fig. 4. We
evaluate the signal and background number of events in
the region M > 200 GeV at an integrated luminosity of
3/ab as S and B, respectively and calculate, the signif-
icance S/

p
B (S/

p
S +B) under the SM (new physics)

hypothesis. We will comment on the search’s sensitivity
in the next section.

IV. BSMEFT INTERPLAY

We are now ready to consider the phenomenological
interplay of the observables discussed in the previous
Sec. III.� In Fig. 5, the Venn diagram shows the common
operators contributing to all three processes discussed
in Sec. III. A number of these operators contribute in a

�As indicated by the renormalisation procedure, the measurements
considered in this work would be part of the input data in com-
prehensive global fit. In this work we limit ourselves to the phe-
nomenological interplay of the three measurement methodologies
assuming vanishing SMEFT contributions.

fermion mass-suppressed way. The dominant overlap of
Higgs data, aµ and Drell-Yan production is therefore a
single operator ⇠ C�RD, which only a↵ects the total with
of the exotic scalar search. It is worthwhile to stress that
when we do not consider e↵ective interactions related
to h

±, the anomalous magnetic moment is predictive at
O(⇤�2), i.e. the r

±± contribution to �a is finite even
when EFT insertions are considered (see Eq. (15)). The
interplay of Higgs data, direct sensitivity in LHC searches
and anomalous magnetic moment is therefore relatively
transparent in the scenario of Sec. II.
In Fig. 6, we show the interplay of the direct search out-

lined in Sec. III C with the anomalous magnetic moment
for a particular mass choice of the exotic charged scalars
(including open decays r±±

! h
±
h
±). The blue contour

refers to the Fermilab aµ measurement while the red con-
tour shows the SM expectation as provided in Ref. [4]

aµ(SM) = (116591810± 43)⇥ 10�11
, (24)

when the uncertainty is used as a limit for new physics.
The size of the Fermilab/BNL excess can be compen-
sated by contributions that can be attributed to new
BSM physics, overcoming the limitations of the renor-
malisable Zee-Babu model, however, at strong coupling
C�RDTeV

2
/⇤2

' 66. This is due to the fact that the EFT
contribution, whilst not being logarithmically enhanced
has to overcome the renormalisable contribution of the
charged scalars. As already alluded to in Sec. III A, this
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The M distribution obtained from SM processes
is fitted away from the signal region to obtain an
experimentally-driven estimate for the background for
large values of M . The M distribution for particular
values of new physics parameters is shown in Fig. 4. We
evaluate the signal and background number of events in
the region M > 200 GeV at an integrated luminosity of
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hypothesis. We will comment on the search’s sensitivity
in the next section.

IV. BSMEFT INTERPLAY

We are now ready to consider the phenomenological
interplay of the observables discussed in the previous
Sec. III.� In Fig. 5, the Venn diagram shows the common
operators contributing to all three processes discussed
in Sec. III. A number of these operators contribute in a

�As indicated by the renormalisation procedure, the measurements
considered in this work would be part of the input data in com-
prehensive global fit. In this work we limit ourselves to the phe-
nomenological interplay of the three measurement methodologies
assuming vanishing SMEFT contributions.

fermion mass-suppressed way. The dominant overlap of
Higgs data, aµ and Drell-Yan production is therefore a
single operator ⇠ C�RD, which only a↵ects the total with
of the exotic scalar search. It is worthwhile to stress that
when we do not consider e↵ective interactions related
to h

±, the anomalous magnetic moment is predictive at
O(⇤�2), i.e. the r

±± contribution to �a is finite even
when EFT insertions are considered (see Eq. (15)). The
interplay of Higgs data, direct sensitivity in LHC searches
and anomalous magnetic moment is therefore relatively
transparent in the scenario of Sec. II.
In Fig. 6, we show the interplay of the direct search out-

lined in Sec. III C with the anomalous magnetic moment
for a particular mass choice of the exotic charged scalars
(including open decays r±±

! h
±
h
±). The blue contour

refers to the Fermilab aµ measurement while the red con-
tour shows the SM expectation as provided in Ref. [4]

aµ(SM) = (116591810± 43)⇥ 10�11
, (24)

when the uncertainty is used as a limit for new physics.
The size of the Fermilab/BNL excess can be compen-
sated by contributions that can be attributed to new
BSM physics, overcoming the limitations of the renor-
malisable Zee-Babu model, however, at strong coupling
C�RDTeV
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' 66. This is due to the fact that the EFT
contribution, whilst not being logarithmically enhanced
has to overcome the renormalisable contribution of the
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FIG. 6: Regions in the fR-C̄�RD plane, where C̄i = Civ
2
/⇤2. Blue and red show the parameter regions where aµ is in agreement

with the Fermilab experimental measurement and the SM expectation, respectively. On the left figure we set Mr±± = 1 TeV
and Mh± = 0.48 TeV and also show the S/

p
B = 3 (S/

p
S +B = 3) contour for the direct detection analysis with yellow

(green) using a value of m = 246 GeV. Note that strong EFT coupling (BSMEFT > BSM) is |C̄�RD| & 0.8. On the right, we
restrict C̄�SD ⇡ �4C̄�RD and set Mr±± = Mh± = 1 TeV. The contours from the anomalous magnetic moment depend on fS
with blue and red contours shown with a value of zero. We note that any value of fS smaller than unity does not significantly
a↵ect the results. Additionally, we show the contours that yield agreement with the Fermilab measurement when fS = 2 with
green and overlay the results for the Higgs decay sensitivity from Eq. (17) for the choice of Eq. (25).

can be mitigated by considering charged scalar contribu-
tions. Our r±±-related findings are qualitatively similar
to results reported in other model-specific aµ analyses [6–
14]: BSM states are forced to be light and/or strongly
coupled to address the aµ anomaly. Including signal ex-
trapolations at the LHC as shown in Fig. 6(a) shows that
any evidence for new doubly charged states at the LHC
would stand in stark contrast with the aµ measurement
when interpreted from an extended Zee-Babu perspec-
tive.

Including Higgs physics (which is dominated by µ
��

gg
)

leads to further tension. Even when direct renormalisable
trilinearH�r

++
�r

�� couplings are dialled small �5 ' 0
(note that Eq. (8) includes this limit), O�RD (see Tab. I)
introduces the r±± loop contributions to the Higgs signal
strength µ

��

gg
, which at this point in the LHC programme

is already constrained at the 10% level. Scanning the
Higgs signal strength modifications, including the h

± in-
teractions and their dimension-6 EFT modifications, we
are not able to reconcile SM consistency of the H ! ��

branching with the aµ anomaly when the latter is at-
tributed to choices in the fR � C�RD plane.

Opening up the EFT and renormalisable coupling
space, cancellations between the charged states and their
EFT interactions can appear. This typically requires the
full renormalisation of aµ as described above. For

C�SD = �4 C�RD, Mr±± ' Ms± , (25)

the charged Higgs contributions cancel. The aµ excess

could then be capture in a mismatch of the Yukawa cou-
plings, see Fig. 6(b) We find that fR ⇠ 5 and fS ⇠ 1
can accommodate the Fermilab excess for strong cou-
pling C̄�RD ⇠ 3, which implies a r

±± partial width into
a single lepton combination of around 60 GeV. Such
a state can fall into the LHC kinematic coverage, see
Fig. 6(a) and Ref. [53]. The further exploration of the
high mass doubly charged scalar production is therefore
highly motivated in the light of a SM-like Higgs and the
consolidated aµ anomaly.

V. CONCLUSIONS

The recent Fermilab consolidation of aµ raises the
question of how new physics can be accommodated as the
exotics and Higgs precision programme is evolving at the
LHC. The direct sensitivity at the LHC with its so far null
results in BSM searches moves new physics scales into
regions where it becomes challenging to accommodate
a significant anomalous magnetic moment of the muon
when we take the BNL/Fermilab results as indication
for BSM interactions. In this work we have approached
the interplay of these experimental arenas by means of
e↵ective field theory. A significant muon magnetic mo-
ment requires the presence of relatively light charged de-
grees of freedom which we supplement with a complete
dimension-5 and -6 e↵ective field theory analysis. The
Zee-Babu scenario as a particularly motivated BSM can-
didate theory gives then rise to a range of BSMEFT in-

doubly charged Higgs pair production @3/ab
ECFA Higgs signal strength @ 3/ab

muon magnetic moment
blind direction
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with the Fermilab experimental measurement and the SM expectation, respectively. On the left figure we set Mr±± = 1 TeV
and Mh± = 0.48 TeV and also show the S/
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S +B = 3) contour for the direct detection analysis with yellow

(green) using a value of m = 246 GeV. Note that strong EFT coupling (BSMEFT > BSM) is |C̄�RD| & 0.8. On the right, we
restrict C̄�SD ⇡ �4C̄�RD and set Mr±± = Mh± = 1 TeV. The contours from the anomalous magnetic moment depend on fS
with blue and red contours shown with a value of zero. We note that any value of fS smaller than unity does not significantly
a↵ect the results. Additionally, we show the contours that yield agreement with the Fermilab measurement when fS = 2 with
green and overlay the results for the Higgs decay sensitivity from Eq. (17) for the choice of Eq. (25).

can be mitigated by considering charged scalar contribu-
tions. Our r±±-related findings are qualitatively similar
to results reported in other model-specific aµ analyses [6–
14]: BSM states are forced to be light and/or strongly
coupled to address the aµ anomaly. Including signal ex-
trapolations at the LHC as shown in Fig. 6(a) shows that
any evidence for new doubly charged states at the LHC
would stand in stark contrast with the aµ measurement
when interpreted from an extended Zee-Babu perspec-
tive.

Including Higgs physics (which is dominated by µ
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gg
)

leads to further tension. Even when direct renormalisable
trilinearH�r
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�� couplings are dialled small �5 ' 0
(note that Eq. (8) includes this limit), O�RD (see Tab. I)
introduces the r±± loop contributions to the Higgs signal
strength µ
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gg
, which at this point in the LHC programme

is already constrained at the 10% level. Scanning the
Higgs signal strength modifications, including the h

± in-
teractions and their dimension-6 EFT modifications, we
are not able to reconcile SM consistency of the H ! ��

branching with the aµ anomaly when the latter is at-
tributed to choices in the fR � C�RD plane.

Opening up the EFT and renormalisable coupling
space, cancellations between the charged states and their
EFT interactions can appear. This typically requires the
full renormalisation of aµ as described above. For
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the charged Higgs contributions cancel. The aµ excess

could then be capture in a mismatch of the Yukawa cou-
plings, see Fig. 6(b) We find that fR ⇠ 5 and fS ⇠ 1
can accommodate the Fermilab excess for strong cou-
pling C̄�RD ⇠ 3, which implies a r

±± partial width into
a single lepton combination of around 60 GeV. Such
a state can fall into the LHC kinematic coverage, see
Fig. 6(a) and Ref. [53]. The further exploration of the
high mass doubly charged scalar production is therefore
highly motivated in the light of a SM-like Higgs and the
consolidated aµ anomaly.

V. CONCLUSIONS

The recent Fermilab consolidation of aµ raises the
question of how new physics can be accommodated as the
exotics and Higgs precision programme is evolving at the
LHC. The direct sensitivity at the LHC with its so far null
results in BSM searches moves new physics scales into
regions where it becomes challenging to accommodate
a significant anomalous magnetic moment of the muon
when we take the BNL/Fermilab results as indication
for BSM interactions. In this work we have approached
the interplay of these experimental arenas by means of
e↵ective field theory. A significant muon magnetic mo-
ment requires the presence of relatively light charged de-
grees of freedom which we supplement with a complete
dimension-5 and -6 e↵ective field theory analysis. The
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(green) using a value of m = 246 GeV. Note that strong EFT coupling (BSMEFT > BSM) is |C̄�RD| & 0.8. On the right, we
restrict C̄�SD ⇡ �4C̄�RD and set Mr±± = Mh± = 1 TeV. The contours from the anomalous magnetic moment depend on fS
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can be mitigated by considering charged scalar contribu-
tions. Our r±±-related findings are qualitatively similar
to results reported in other model-specific aµ analyses [6–
14]: BSM states are forced to be light and/or strongly
coupled to address the aµ anomaly. Including signal ex-
trapolations at the LHC as shown in Fig. 6(a) shows that
any evidence for new doubly charged states at the LHC
would stand in stark contrast with the aµ measurement
when interpreted from an extended Zee-Babu perspec-
tive.

Including Higgs physics (which is dominated by µ
��

gg
)

leads to further tension. Even when direct renormalisable
trilinearH�r

++
�r

�� couplings are dialled small �5 ' 0
(note that Eq. (8) includes this limit), O�RD (see Tab. I)
introduces the r±± loop contributions to the Higgs signal
strength µ

��

gg
, which at this point in the LHC programme

is already constrained at the 10% level. Scanning the
Higgs signal strength modifications, including the h

± in-
teractions and their dimension-6 EFT modifications, we
are not able to reconcile SM consistency of the H ! ��

branching with the aµ anomaly when the latter is at-
tributed to choices in the fR � C�RD plane.

Opening up the EFT and renormalisable coupling
space, cancellations between the charged states and their
EFT interactions can appear. This typically requires the
full renormalisation of aµ as described above. For

C�SD = �4 C�RD, Mr±± ' Ms± , (25)

the charged Higgs contributions cancel. The aµ excess

could then be capture in a mismatch of the Yukawa cou-
plings, see Fig. 6(b) We find that fR ⇠ 5 and fS ⇠ 1
can accommodate the Fermilab excess for strong cou-
pling C̄�RD ⇠ 3, which implies a r

±± partial width into
a single lepton combination of around 60 GeV. Such
a state can fall into the LHC kinematic coverage, see
Fig. 6(a) and Ref. [53]. The further exploration of the
high mass doubly charged scalar production is therefore
highly motivated in the light of a SM-like Higgs and the
consolidated aµ anomaly.

V. CONCLUSIONS

The recent Fermilab consolidation of aµ raises the
question of how new physics can be accommodated as the
exotics and Higgs precision programme is evolving at the
LHC. The direct sensitivity at the LHC with its so far null
results in BSM searches moves new physics scales into
regions where it becomes challenging to accommodate
a significant anomalous magnetic moment of the muon
when we take the BNL/Fermilab results as indication
for BSM interactions. In this work we have approached
the interplay of these experimental arenas by means of
e↵ective field theory. A significant muon magnetic mo-
ment requires the presence of relatively light charged de-
grees of freedom which we supplement with a complete
dimension-5 and -6 e↵ective field theory analysis. The
Zee-Babu scenario as a particularly motivated BSM can-
didate theory gives then rise to a range of BSMEFT in-

[Anisha et al. `21] 
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….
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Figure 5.7. Comparison of the magnitude of 95% CL intervals in the global (marginalised) and
individual fits at the linear (top) and quadratic (bottom) level, see also Table 5.4.

CL intervals found in the linear EFT anaysis are increased as follows when going from the
individual to the marginalised fits:

ctZ : [≠0.04, 0.10] (individual) vs [≠17, 5.6] (marginalised) ,

cÏB : [≠0.005, 0.002] (individual) vs [≠0.7, 0.3] (marginalised) .

This e�ect clearly emphasizes the importance of adopting a fitting basis as wide as possible,
in order to avoid obtaining artificially stringent bounds simply because one is being blind
to other relevant directions of the parameter space. One important exception of this rule
would be those cases where one is guided by specific UV-complete models, which motivate
the reduction in the parameter space to a subset of operators. We also note that the triple
gauge operator cW is one of the few coe�cients whose individual and marginalised bounds
are identical: this can be traced back to the fact that this operator is very weakly correlated
with other coe�cients (see also Fig. 5.6), being constrained exclusively by the diboson data.
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‣ new top-philic states arise in many BSM theories: 

‣ top pair production with large cross section could fingerprint such 
states
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FIG. 1: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the simplified model of eq. (1).
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FIG. 2: Representative counter term contributions to gg ! tt̄.

both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.

renormalisation as opposed to the four fermion insertion.

3 relevant operators

2

description, in which more e↵ective operators are gener-
ated; (iii) the full simplified model. We can then examine
the validity of each approach, and the ease of matching
EFT constraints to the full theory.

We will first focus on top quark pair production,
demonstrating explicitly that an EFT description can
provide an excellent approximation to the full model, as
expected. However, we will see that NLO corrections in
the EFT approach are particularly important, and that a
näıve LO approach tends to overestimate kinematic dis-
tributions, such that its (invalid) application would lead
to over-optimistic constraints on new physics.

The operators examined in this paper also a↵ect four
top production [26, 50, 51], which is actively being
searched for by both the ATLAS [52] and CMS [53, 54]
collaborations. We examine the projected constraints on
this process (and top pair production) that are expected
to be obtained after the high luminosity LHC (HL-LHC)
upgrade [55–57], and convert these into constraints on
the parameter space of the new physics model. We will
see that constraints from four top production are compet-
itive with top pair production, suggesting that the two
processes would have roughly comparable weights in a
global EFT fit. However, the extrapolated uncertainties
from both top pair and four top production lead to con-
straints that probe parameter space regions in which the
full theory is non-perturbative. For large scalar masses,
the width of the scalar resonance increases, such that no
meaningful constraint on the coupling is obtained in the
full theory. Thus, whilst constraints in the EFT descrip-
tion remain in principle valid and are possible, it becomes
impossible to match the EFT description to the full the-
ory of new physics, given that perturbative computations
in the latter are not obtainable.

The model considered here has been widely-studied in
a number of di↵erent new physics scenarios. Thus, we
hope that our results provide a useful case study for the
application of EFT at the LHC, which will inform prag-
matic discussions about how to apply this technique go-
ing forwards, and what can be learned (or otherwise)
about specific UV completions. The structure of our
paper is as follows. In Sec. II we introduce the sim-
plified model (of an additional scalar particle) that we
are considering, and calculate the corrections to top pair
production up to NLO. We furthermore explain how the
EFT description is obtained at low energy (relative to the
scalar mass). In section III, we present numerical results
for the top invariant mass distribution, and demonstrate
the validity of the EFT description, even at LO, when the
scalar mass is asymptotically large. We then quantify the
mass regime in which the NLO-matched EFT description
is a good approximation of the full theory. In section IV,
we examine the projected uncertainties on top pair and
four top production at the LHC, and examine the con-
straints obtained in the EFT at (N)LO, as well as the
full theory. Finally, in section V, we discuss our results
and conclude.

II. A SIMPLIFIED MODEL AND ITS EFT
LIMIT

In this work, we consider a simplified model (similar
to Ref. [58]) with dominant couplings to the top quark

LBSM =
1

2
@µS@

µS �
1

2
m2

SS
2

� (cS t̄LtRS + h.c.) (1)

where S is a scalar field of mass mS .1 Provided the
latter is greater than 2mt, where mt is the top mass, the
scalar S may directly decay into (anti)-top pairs, with
corresponding width

�(S ! tt̄) =
3c2SmS

8⇡

s

1 �
4m2

t

m2

S

⌘ c2S �̃ . (2)

Further contributions to the width arise from the fact
that S can couple to gluons and photons via a top quark
loop, analogously to the SM Higgs boson. Although we
include the loop-induced decays for completeness, the
prompt decay S ! tt̄ dominates over the entire consid-
ered mass range.

Our aim in this paper is to compare an EFT descrip-
tion of the theory of eq. (1) at low energy, with the full
theory, in order to assess the validity and interpretation
of the former. To this end, let us consider how this theory
leads to corrections to top pair production up to NLO in
the coupling of the scalar i.e. up to and including O(c2S).
Comparison with the EFT will then allow us to match
the two descriptions. Representative diagrams contribut-
ing to the gluon-induced process gg ! tt̄ are shown in
fig. 1, where we do not consider SM electroweak contribu-
tions [60] (see also [61, 62]). In the SM, for heavy Higgs
bosons, it is known that the Higgs signal (with a large
QCD K factor [63, 64]) has sizeable interference e↵ects
with the QCD continuum in gg ! tt̄ [65–67]. This in-
fluences exclusion constraints, but is also a viable source
for new physics beyond the SM [20, 68–77]. The pre-
dominant focus of previous work was therefore devoted
to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop e↵ects
and their relation to (Higgs) e↵ective field theory were
first discussed in [78–81].

For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq̄, gg ! tt̄ production at O(c2S) in a modi-
fied version of Vbfnlo [82–85] which links Form-
Calc/LoopTools [86, 87]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [88]. We use the on-shell
renormalisation scheme, and have verified UV finiteness

1Similar frameworks have been considered in FCNC studies,
e.g. [59].
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FIG. 1: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the simplified model of eq. (1).
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both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark

no resonance
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both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.
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“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification

B0(q
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⇠ �
A0(mt)

m2

S

, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by

t

t

g
Q2

t

t

+

t

t

g

Q2 = µ2
M

hOtGi, ren.

=

t

t

g

Q2
S

t

t

+

t

tg

Q2 = µ2
M

hOtGi

. (A6)

Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of

‣ EFT is suitable tool to constrain such states model-independently, 
however matching is crucial!
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description, in which more e↵ective operators are gener-
ated; (iii) the full simplified model. We can then examine
the validity of each approach, and the ease of matching
EFT constraints to the full theory.

We will first focus on top quark pair production,
demonstrating explicitly that an EFT description can
provide an excellent approximation to the full model, as
expected. However, we will see that NLO corrections in
the EFT approach are particularly important, and that a
näıve LO approach tends to overestimate kinematic dis-
tributions, such that its (invalid) application would lead
to over-optimistic constraints on new physics.

The operators examined in this paper also a↵ect four
top production [26, 50, 51], which is actively being
searched for by both the ATLAS [52] and CMS [53, 54]
collaborations. We examine the projected constraints on
this process (and top pair production) that are expected
to be obtained after the high luminosity LHC (HL-LHC)
upgrade [55–57], and convert these into constraints on
the parameter space of the new physics model. We will
see that constraints from four top production are compet-
itive with top pair production, suggesting that the two
processes would have roughly comparable weights in a
global EFT fit. However, the extrapolated uncertainties
from both top pair and four top production lead to con-
straints that probe parameter space regions in which the
full theory is non-perturbative. For large scalar masses,
the width of the scalar resonance increases, such that no
meaningful constraint on the coupling is obtained in the
full theory. Thus, whilst constraints in the EFT descrip-
tion remain in principle valid and are possible, it becomes
impossible to match the EFT description to the full the-
ory of new physics, given that perturbative computations
in the latter are not obtainable.

The model considered here has been widely-studied in
a number of di↵erent new physics scenarios. Thus, we
hope that our results provide a useful case study for the
application of EFT at the LHC, which will inform prag-
matic discussions about how to apply this technique go-
ing forwards, and what can be learned (or otherwise)
about specific UV completions. The structure of our
paper is as follows. In Sec. II we introduce the sim-
plified model (of an additional scalar particle) that we
are considering, and calculate the corrections to top pair
production up to NLO. We furthermore explain how the
EFT description is obtained at low energy (relative to the
scalar mass). In section III, we present numerical results
for the top invariant mass distribution, and demonstrate
the validity of the EFT description, even at LO, when the
scalar mass is asymptotically large. We then quantify the
mass regime in which the NLO-matched EFT description
is a good approximation of the full theory. In section IV,
we examine the projected uncertainties on top pair and
four top production at the LHC, and examine the con-
straints obtained in the EFT at (N)LO, as well as the
full theory. Finally, in section V, we discuss our results
and conclude.

II. A SIMPLIFIED MODEL AND ITS EFT
LIMIT

In this work, we consider a simplified model (similar
to Ref. [58]) with dominant couplings to the top quark

LBSM =
1

2
@µS@

µS �
1

2
m2

SS
2

� (cS t̄LtRS + h.c.) (1)

where S is a scalar field of mass mS .1 Provided the
latter is greater than 2mt, where mt is the top mass, the
scalar S may directly decay into (anti)-top pairs, with
corresponding width

�(S ! tt̄) =
3c2SmS

8⇡

s

1 �
4m2

t

m2

S

⌘ c2S �̃ . (2)

Further contributions to the width arise from the fact
that S can couple to gluons and photons via a top quark
loop, analogously to the SM Higgs boson. Although we
include the loop-induced decays for completeness, the
prompt decay S ! tt̄ dominates over the entire consid-
ered mass range.

Our aim in this paper is to compare an EFT descrip-
tion of the theory of eq. (1) at low energy, with the full
theory, in order to assess the validity and interpretation
of the former. To this end, let us consider how this theory
leads to corrections to top pair production up to NLO in
the coupling of the scalar i.e. up to and including O(c2S).
Comparison with the EFT will then allow us to match
the two descriptions. Representative diagrams contribut-
ing to the gluon-induced process gg ! tt̄ are shown in
fig. 1, where we do not consider SM electroweak contribu-
tions [60] (see also [61, 62]). In the SM, for heavy Higgs
bosons, it is known that the Higgs signal (with a large
QCD K factor [63, 64]) has sizeable interference e↵ects
with the QCD continuum in gg ! tt̄ [65–67]. This in-
fluences exclusion constraints, but is also a viable source
for new physics beyond the SM [20, 68–77]. The pre-
dominant focus of previous work was therefore devoted
to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop e↵ects
and their relation to (Higgs) e↵ective field theory were
first discussed in [78–81].

For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq̄, gg ! tt̄ production at O(c2S) in a modi-
fied version of Vbfnlo [82–85] which links Form-
Calc/LoopTools [86, 87]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [88]. We use the on-shell
renormalisation scheme, and have verified UV finiteness

1Similar frameworks have been considered in FCNC studies,
e.g. [59].
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both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark

no resonance
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“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification
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, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by

t

t

g
Q2

t

t

+

t

t

g

Q2 = µ2
M

hOtGi, ren.

=

t

t

g

Q2
S

t

t

+

t

tg

Q2 = µ2
M

hOtGi

. (A6)

Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of
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FIG. 6: BSM interference contribution as a function of the invariant tt̄mass for gluon fusion (left) and qq̄ annihilation, neglecting
the Z contribution. As the interference changes sign we choose to plot the absolute value of the interference for clarity. We
choose mS = 2 TeV and cS = 0.1.

The dependence of ctG on the matching scale is shown in
figure 5. As the matching scale is related to a renormali-
sation scale choice (appendix A), the cross section has a
logarithmic dependence on the µM .

As for the full simplified model calculation described
above, we have implemented our matched NLO calcula-
tion in a modified version of Vbfnlo [82–85].

III. VALIDITY OF EFT AT (NEXT-TO)
LEADING ORDER

In the previous section, we outlined a particular sim-
plified model for new physics in the top quark sector, and
explained how this can be matched to an EFT descrip-
tion at low energies. In this section, we analyse the range
of validity of the latter, as the mass of the scalar particle
is lowered towards LHC energies. We will illustrate our
results using the invariant mass distribution of the final
state tops in top pair production, although similar results
would be obtained for other kinematic distributions.

In fig. 6, we show the contribution to the invariant
mass mtt̄ stemming from the interference between the
new physics process, and the SM contribution,

d�(tt̄) ⇠ 2Re
⇣
M

SM

tt̄ M
⇤ virt/d6

tt̄

⌘
(5)

where virt/d6 represents the propagating-S contributions
or their dimension six EFT counterparts, for a scalar
mass of mS = 2 TeV. Three di↵erent curves are shown.
The blue curve shows the result obtained from the full
theory of eq. (1), with all dynamics correctly included.
The red curve shows the results of our NLO-matched

EFT calculation. We see that the EFT and the full com-
putation agree well, as long as we are away from the turn-
on of the scalar Breit-Wigner distribution. The green
curve in fig. 6 shows the results of a bottom-up approach
to EFT where we assume no knowledge about the full
theory. Specifically, we perform a LO EFT calculation
of tt̄ production taking only tree-level diagrams with one
insertion of OtG into account. We treat the Wilson co-
e�cient ctG as a free parameter in the EFT and fit ctG
to Monte Carlo data that was generated using the full
theory. This approach simulates an EFT fit where the
EFT prediction is calculated at LO and applied to data
which contains the signatures of the simplified model of
eq. (1). This näıve approach based on fitting ctG alone
never reproduces the correct shape. This becomes even
more transparent when we push the scalar mass to larger
values, e.g. mS = 5 TeV in fig. 7. The full theory and the
NLO EFT calculation agree very well, with the turn-on
of the scalar exchange only leading to mild corrections
for large values of m(tt̄) in the (dominant) gluon fusion
component. Again as expected, the LO EFT approach
now deviates significantly. In particular, fixing the coef-
ficient of ctG at low energies where the mtt̄ distribution is
measured more precisely leads to a drastic mismodelling
of the shape of the invariant mass distribution, with a
significant overestimate of the high mass tail. As we will
see in the following section, this can lead to an overly
optimistic constraint on possible new physics e↵ects, for
the model that we consider here.

In fig. 8, we indicate the validity range when com-
paring full theory and NLO EFT computation (for a
general discussion see [95]). The parameter mmax(tt̄)
denotes the energy scale at which the NLO EFT and

limit setting here
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above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in fig. 9, where any-
thing above a given curve (i.e. for stronger couplings cS)
is excluded. Secondly, we will assume that an NLO EFT
analysis has been applied, leading to constraints on the
coe�cients of the new physics operators OtG and Ott.
By matching with the full theory as described previously,
constraints on the operator coe�cients can also be con-
verted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [97, 98] (see also [99]). Given
the large cross section, the theoretical uncertainty will
be the limiting factor of physics in the top sector (see
also [24]). In fig. 9, we show the sensitivity of the LHC
under the assumption that the unfolded mtt̄ distribution
can be described at an optimistic 3% level using a binned
�2 test as detailed in Ref. [15]. For this particular er-
ror choice the EFT and full theory agreement happens
to be slightly above the perturbative unitarity limit of
c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scattering in
the full model (i.e. with propagating S). A larger er-
ror budget quickly pushes the constraints deeply into the
non-perturbative regime. On the other hand sensitivity
to cS ' 1 requires per mille level uncertainties. These
are beyond the current state-of-the-art. As can be seen,
for large scalar masses where the EFT reproduces the
full model expectations both approaches are compatible.
At lower masses, tighter constraints are obtained in the
EFT than in the full theory. This is due to the systematic
tendency (visible in figs. 6–7) of the EFT to overestimate
the full theory due to the absence of absorptive parts in
the region where the scalar contribution gets resolved.
Thus, applying EFT alone would result in overly opti-
mistic reported constraints on new physics, that would
not be strictly valid. Note that in this comparison we in-
clude the squared s-channel scalar contribution with an
approximate K factor ' 2.5 [63, 64] as this significantly
impacts the exclusion for the dynamic S. Notwithstand-
ing the accuracy at which the EFT manages to approx-
imate the full computation, we see that hadron collider
systematics do seriously curtail precision physics in the
top sector when contrasted with certain classes of top-
philic BSM models. The simplified model highlights this
through Fig. 9. Gaining sensitivity in such an instance
crucially rests on more precise SM predictions that allow
constraints to be pushed into the perturbative limit of
the model.

One might argue that discovering a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have stud-
ied there is the possibility to investigate four top final
states similar to existing analyses [26, 50, 51]. The ex-
periments have also performed extrapolations to the HL-
LHC, e.g. [55–57]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [100, 101], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that

a sensitivity of 11% around the SM expectation can be
achieved [56] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [55].

We simulate four top events using MadEvent [88] keep-
ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simpli-
fied model, and the EFT approach, are shown in fig. 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads
to very weak constraints. This behaviour is dominated
by the assumed uncertainties, coupled with the fact that
at higher masses in the full theory, the decay width of
the scalar (from eq. (2)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and top
coupling cS . The blue solid contour shows the full result (i.e.
propagating S at NLO) while the blue dashed line corresponds
to the EFT calculation. For pp ! tt̄ we assume a flat uncer-
tainty of 3%. The solid red line represents a pp ! tt̄tt̄ analysis
of the simplified scenario using the extrapolation of Ref. [56]
while the red dashed line represents the (LO) EFT four top re-
sults. The shaded band shows the region where perturbative
unitarity is lost, cS >⇠

p
8⇡ which we obtain from an explicit

partial wave projection calculation of tt̄ ! tt̄ in the full model,
i.e. with propagating S. Note that this is precisely the region
where �(S ! tt̄) ' mS according to Eq. (2). Finally, the
black dashed line is the unitarity constraint on the e↵ective
four top interaction, below which unitarity is preserved (for
details see text).
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.
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above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in fig. 9, where any-
thing above a given curve (i.e. for stronger couplings cS)
is excluded. Secondly, we will assume that an NLO EFT
analysis has been applied, leading to constraints on the
coe�cients of the new physics operators OtG and Ott.
By matching with the full theory as described previously,
constraints on the operator coe�cients can also be con-
verted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [97, 98] (see also [99]). Given
the large cross section, the theoretical uncertainty will
be the limiting factor of physics in the top sector (see
also [24]). In fig. 9, we show the sensitivity of the LHC
under the assumption that the unfolded mtt̄ distribution
can be described at an optimistic 3% level using a binned
�2 test as detailed in Ref. [15]. For this particular er-
ror choice the EFT and full theory agreement happens
to be slightly above the perturbative unitarity limit of
c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scattering in
the full model (i.e. with propagating S). A larger er-
ror budget quickly pushes the constraints deeply into the
non-perturbative regime. On the other hand sensitivity
to cS ' 1 requires per mille level uncertainties. These
are beyond the current state-of-the-art. As can be seen,
for large scalar masses where the EFT reproduces the
full model expectations both approaches are compatible.
At lower masses, tighter constraints are obtained in the
EFT than in the full theory. This is due to the systematic
tendency (visible in figs. 6–7) of the EFT to overestimate
the full theory due to the absence of absorptive parts in
the region where the scalar contribution gets resolved.
Thus, applying EFT alone would result in overly opti-
mistic reported constraints on new physics, that would
not be strictly valid. Note that in this comparison we in-
clude the squared s-channel scalar contribution with an
approximate K factor ' 2.5 [63, 64] as this significantly
impacts the exclusion for the dynamic S. Notwithstand-
ing the accuracy at which the EFT manages to approx-
imate the full computation, we see that hadron collider
systematics do seriously curtail precision physics in the
top sector when contrasted with certain classes of top-
philic BSM models. The simplified model highlights this
through Fig. 9. Gaining sensitivity in such an instance
crucially rests on more precise SM predictions that allow
constraints to be pushed into the perturbative limit of
the model.

One might argue that discovering a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have stud-
ied there is the possibility to investigate four top final
states similar to existing analyses [26, 50, 51]. The ex-
periments have also performed extrapolations to the HL-
LHC, e.g. [55–57]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [100, 101], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that

a sensitivity of 11% around the SM expectation can be
achieved [56] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [55].

We simulate four top events using MadEvent [88] keep-
ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simpli-
fied model, and the EFT approach, are shown in fig. 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads
to very weak constraints. This behaviour is dominated
by the assumed uncertainties, coupled with the fact that
at higher masses in the full theory, the decay width of
the scalar (from eq. (2)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and top
coupling cS . The blue solid contour shows the full result (i.e.
propagating S at NLO) while the blue dashed line corresponds
to the EFT calculation. For pp ! tt̄ we assume a flat uncer-
tainty of 3%. The solid red line represents a pp ! tt̄tt̄ analysis
of the simplified scenario using the extrapolation of Ref. [56]
while the red dashed line represents the (LO) EFT four top re-
sults. The shaded band shows the region where perturbative
unitarity is lost, cS >⇠

p
8⇡ which we obtain from an explicit

partial wave projection calculation of tt̄ ! tt̄ in the full model,
i.e. with propagating S. Note that this is precisely the region
where �(S ! tt̄) ' mS according to Eq. (2). Finally, the
black dashed line is the unitarity constraint on the e↵ective
four top interaction, below which unitarity is preserved (for
details see text).
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.
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LHC Run 3

precision

‣ loops/legs/resummation 
‣ tops @N2LO 
‣ Higgs @ N3LO 
‣ Higgs pairs @NLO

[Czakon, Mitov `13]…

[Anastasiou et al. `15]…

[Borowka et al. `16]…

‣ robust BSM classification 
‣ data driven techniques 
‣ machine learning 
‣ anomaly detection

HL-LHC 
sensitivity
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‣ prime example Higgs+2j, mt=∞ SM limit accidentally good, NLO in 
EFT limit
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improvements beyond fits?
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[Goodfellow et al. `14] [Louppe, Kagan, Cranmer `16] …

‣ prime example Higgs+2j, mt=∞ SM limit accidentally good, NLO in 
EFT limit [Del Duca et al. `03] 

[Campbell, Ellis, Zanderighi `06]

‣ include uncertainties to the selection of BSM-discriminating phase 
space regions: most robust sensitivity

multi-scale processes to inform EFT fits
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….

L = LSM +
�

i

ci

�2
Oi

hunting new physics in Run 3

+ . . .
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model-independent 
CP violation

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]



Wilson Includes 95% confidence interval [TeV�2] p-value (SM)
coe�cient |Md6 |

2 Expected Observed
cW/⇤2 no [�0.30, 0.30] [�0.19, 0.41] 45.9%

yes [�0.31, 0.29] [�0.19, 0.41] 43.2%
c̃W/⇤2 no [�0.12, 0.12] [�0.11, 0.14] 82.0%

yes [�0.12, 0.12] [�0.11, 0.14] 81.8%
cHWB/⇤

2 no [�2.45, 2.45] [�3.78, 1.13] 29.0%
yes [�3.11, 2.10] [�6.31, 1.01] 25.0%

c̃HWB/⇤
2 no [�1.06, 1.06] [0.23, 2.34] 1.7%

yes [�1.06, 1.06] [0.23, 2.35] 1.6%

Table 4: Expected and observed 95% confidence interval for the four Wilson coe�cients, using fits to the EW Z j j
di�erential cross-section measured as a function of �� j j . Results are presented when including or excluding the
pure dimension-six contributions to the EFT prediction. The p-value quantifying the compatibility with the SM
hypothesis is also shown for each Wilson coe�cient. The global p-value associated with constraining these four
Wilson coe�cients is investigated using pseudo-experiments, as outlined in the text.

of WW and W Z production are shown to weaken by a factor of ten when the pure dimension-six terms are
excluded, due to helicity selection rules that suppress the interference contribution in diboson processes [88,
89]. Similarly, the constraints obtained from EW Z j j production at CMS were obtained from a fit to the
pT,`` distribution, which can be dominated by the pure dimension-six terms as shown in Figure 10. The
results presented in this paper therefore have two novel aspects. First, they constitute the strongest limits
when pure dimension-six contributions are excluded from the theoretical prediction. Second, the limits are
derived from a parity-odd observable, which is sensitive to the interference between the SM and CP-odd
amplitudes and is therefore a direct test of CP invariance in the weak-boson self-interactions [5].

10 Conclusion

Di�erential cross-section measurements for the electroweak production of dijets in association with a Z
boson (EW Z j j) are presented for the first time, using proton–proton collision data collected by the ATLAS
experiment at a centre-of-mass energy of

p
s = 13 TeV and with an integrated luminosity of 139 fb�1.

This process is defined by the t-channel exchange of a weak vector boson and is extremely sensitive to
the vector-boson fusion process. Measurements of electroweak Z j j production therefore probe the WW Z
interaction and provide a fundamental test of the SU(2)L⇥U(1)Y gauge symmetry of the Standard Model of
particle physics.

The di�erential cross-sections for EW Z j j production are measured in the Z ! `+`� decay channel
(` = e, µ) as a function of four observables: the dijet invariant mass, the rapidity interval spanned by the
two jets, the signed azimuthal angle between the two jets, and the transverse momentum of the dilepton
pair. The data are corrected for detector ine�ciency and resolution using an iterative Bayesian method and
are compared to state-of-the-art theoretical predictions from P�����+P�����8, H�����7+V����� and
S�����. The data favour the prediction from H�����7+V�����. P�����+P�����8 predicts too large a
cross-section at high values of dijet invariant mass, at for large dijet rapidity intervals, and at intermediate
values of dilepton transverse momentum. S����� predicts too small a cross-section across the measured
phase space. Di�erential cross-section measurements for inclusive Z j j production are also provided in the
signal and control regions used to extract the electroweak component.
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‣ asymmetry-based 
measurement in elw 
Z+2jet production 

‣ symmetric CP even 
effects cancel 

‣ very challenging to 
combat fluctuations
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‣ sign for hierarchical 
new physics beyond 
the SM ?

Higgs CP violation

Figure 10: Impact of the O, , Õ, , O�,⌫ and Õ�,⌫ operators on the EW / 9 9 di�erential cross-sections. The
expected contributions from the pure dimension-six term (|Md6 |

2) and from the interference between the SM and
dimension-six amplitudes (2 Re(M⇤

SMMd6)) are shown relative to the pure-SM prediction and represented as dotted
and dashed lines, respectively. The total contribution to the EW / 9 9 cross-section is shown as a solid line.

confidence intervals for the 2,,, /⇤2 Wilson coe�cient are [–2.7, 5.8] TeV�2 and [–4.4, 4.1] TeV�2,
respectively. The observed and expected 95% confidence intervals for the 2̃,,, /⇤2 Wilson coe�cient
are [–1.6, 2.0] TeV�2 and [–1.7, 1.7] TeV�2 respectively. These confidence intervals are slightly weaker
in sensitivity than the confidence intervals derived using measurements of ,+

,
� production at ATLAS

[86], ,/ production at CMS [87], and measurements of EW / 9 9 production at CMS [23]. However, the
constraints from those previous measurements were obtained with the pure dimension-six terms included
in the theoretical prediction and therefore are more sensitive to the impact of missing higher-dimensional

23

[ATLAS, 2006.15458]
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‣ ATLAS see a tension 
related to CP violation in 
WBF Z production
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‣ sign for hierarchical new 
physics beyond the SM ?

[ATLAS, 2006.15458]

[Das Bakshi et al. `20]‣ what can be learned from this for Run 3?

‣ Assumptions of two-parameter CP fits theoretically 
consistent in a wide class of vector-like leptons

‣ Hierarchy                                            predicted in these scenarios 

3

of a phenomenologically required and motivated extension of the SM, thus deserving further ex-

perimental and theoretical scrutiny.

Secondly, limiting ourselves to a subset of the dimension six operators that could in principle

contribute to physical process can be theoretically problematic, in particular when we wish to

interpret the experimental findings in a truly model-independent fashion. While concrete UV

scenarios can be expected to exhibit hierarchical Wilson coe�cient patterns, it is not a priori

clear that limiting oneself to anomalous gauge boson interactions has a broad applicability to UV

scenarios.

Addressing these two questions from a theoretical and phenomenological perspective is the

purpose of this work. In Sec. II, we motivate additional diboson analyses of the current O(100) fb�1

data set that will allow us to tension or support the results of Eq. (4) straightforwardly. In Sec. III,

we return to consistent theoretical interpretation of the excess in terms of Wilson coe�cients,

where we motivate a particular model class that will not only reproduce the expected hierarchy

|C
HfWB

|/⇤2 > |CfW |/⇤2, suggested by Ref. [4], but also collapses the analysis-relevant operators to

those modifying the gauge boson self-interactions (at the considered order in perturbation theory).

Combining both aspects, in Sec. IV we critically assess the ATLAS result from a perturbative

perspective and discuss the high-luminosity (HL) sensitivity potential of the LHC in light of the

electroweak precision constraints. We conclude in Sec. V.

II. SCRUTINIZING C gHWB
WITH DIBOSON PRODUCTION AND CURRENT LHC

DATA

Deviations related to the gauge boson self-coupling structure can be scrutinized using abundant

diboson production at the LHC. With clear leptonic final states and large production cross sections,

these signatures are prime candidates for electroweak precision analyses in the LHC environment

with only a minimum of background pollution, see also [9, 10]. In particular, radiation zeros

observed in W� production are extremely sensitive to perturbations of the SM CP-even coupling

structures [11–17]. In this section, we discuss the relevant processes that can be employed to further

tension the findings of Eq. (4).

‣ broad UV assumptions reduce complexity of fit whilst 
facilitating matching more straightforwardly

CP violation in ATLAS
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LFU violation: non-trivial BSM flavour

→ EFT

LHC pp→μμ
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Figure 5. 95% CL exclusion region of the ATLAS 13 TeV pp ! µµ di-muon distribution (blue
region) for 36.1 fb�1 (3 ab�1) denoted by dotted (solid) blue lines, as a function of MZ0 vs gtt ⇡ gbb
for a deformed MDM model with gµµ = 1.5. gbs is fixed to its anomaly compatible value. The
region of EFT validity for this analysis lies to the right of the vertical orange dotted line. Contours
of �Z0/MZ0 are represented by dashed grey lines. The anomaly-compatible region within 1� is
shown in green, while the Bs �BS mixing constraint is in red.

by the dotted blue curve. The deformation we consider is the removal of the connection

between gbs and gtt in Eq. 2.13: they are now considered to be independent. The dashed

(solid) blue curve shows expected sensitivity for the (HL-)LHC. The vertical dashed orange

line represents (approximately) where the Z 0 mass is beyond the direct reach of the LHC

such that the EFT approach is valid. The horizontal dashed grey lines labelled by white

boxes represent the width as a fraction of the Z 0 mass. Thus, we deduce that the blue

region to the right hand side of the EFT line is ruled out by ATLAS. Should a sizeable

deviation appear in the di-muon tail at the LHC (but should no resonance appear), this

will be somewhere to the right-hand side of the current (dashed blue) exclusion region on

the plot. In the MDM model, this along with EFT validity necessarily points towards a

wide Z 0 (�/MZ0 � 0.1) to be searched for at future higher-energy colliders. Note that

this conclusion is more general than the specific case of an anomaly-compatible Z 0, whose

parameter space would then have to lie within the green band. The discovery of indirect ef-

fects that may still show up at the high-luminosity LHC therefore would provide additional

motivation for studying future sensitivities to large width resonances.

3 Direct Z 0
Sensitivity of Hadron Colliders

We shall here focus on the µ+µ� channel for identifying fat flavourful Z 0 production.

The µ+µ� channel has the benefit of being directly involved with the inferred new physics
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the discrepancy in the low-q2 bin of RK⇤ can only be addressed in a very restricted range
of NP parameter space. We first illustrate this in a simple benchmark scenario, in which
we identify the resonance with a dark photon, i.e., X ) A0. We then discuss the viable
parameter space in the case of a generic resonance.

2.2.1 Dark photon – LFU violation without LFU violation

If the resonance is a dark photon, A0, its branching ratios to electrons and muons are
fixed by the dark-photon mass, mA0 , its total width, �A0

tot
, and either the kinetic-mixing

parameter ✏ or equivalently the dark-photon partial width to non-SM particles, �A0
other

.
In the mass range we consider, the total width is given by

�A0

tot
= �A0

ee + �A0

µµ + �A0

other
, (2.5)

with
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We find it convenient to parameterize �A0
other

= (�A0
ee + �A0

µµ). In this parametrization,
the dark-photon branching ratios to electrons and muons are independent of ✏. A dark-
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Figure 5. 95% CL exclusion region of the ATLAS 13 TeV pp ! µµ di-muon distribution (blue
region) for 36.1 fb�1 (3 ab�1) denoted by dotted (solid) blue lines, as a function of MZ0 vs gtt ⇡ gbb
for a deformed MDM model with gµµ = 1.5. gbs is fixed to its anomaly compatible value. The
region of EFT validity for this analysis lies to the right of the vertical orange dotted line. Contours
of �Z0/MZ0 are represented by dashed grey lines. The anomaly-compatible region within 1� is
shown in green, while the Bs �BS mixing constraint is in red.

by the dotted blue curve. The deformation we consider is the removal of the connection

between gbs and gtt in Eq. 2.13: they are now considered to be independent. The dashed

(solid) blue curve shows expected sensitivity for the (HL-)LHC. The vertical dashed orange

line represents (approximately) where the Z 0 mass is beyond the direct reach of the LHC

such that the EFT approach is valid. The horizontal dashed grey lines labelled by white

boxes represent the width as a fraction of the Z 0 mass. Thus, we deduce that the blue

region to the right hand side of the EFT line is ruled out by ATLAS. Should a sizeable

deviation appear in the di-muon tail at the LHC (but should no resonance appear), this

will be somewhere to the right-hand side of the current (dashed blue) exclusion region on

the plot. In the MDM model, this along with EFT validity necessarily points towards a

wide Z 0 (�/MZ0 � 0.1) to be searched for at future higher-energy colliders. Note that

this conclusion is more general than the specific case of an anomaly-compatible Z 0, whose

parameter space would then have to lie within the green band. The discovery of indirect ef-

fects that may still show up at the high-luminosity LHC therefore would provide additional

motivation for studying future sensitivities to large width resonances.

3 Direct Z 0
Sensitivity of Hadron Colliders

We shall here focus on the µ+µ� channel for identifying fat flavourful Z 0 production.

The µ+µ� channel has the benefit of being directly involved with the inferred new physics
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LFU and Higgs sector extensions

transitions receive negative corrections compared to the SM contributions, therefore R(D) and R(D⇤)

move further away from the measurements (apart from a narrow region of the (tan ��mH+) parameter
space (see Fig. 4), where the 2HDM-II correction becomes more than the twice the size of the SM
contribution proportional to the scalar form factor). Since R(D) is in fact only 1.2� away from the SM
prediction (see Table 6), one finds a wide allowed range of tan � and mH+ at the 2� level (the left plot
in Fig. 4). On the other side, R(D⇤) is in greater tension (2.8�) with the SM, therefore one obtains
just a narrow region with large tan � and small mH+ (the right plot in Fig. 4). The experimental
combination of both R(D) and R(D⇤) [55] is more than three standard deviations away from the SM
prediction, and within 2� one finds in the 2HDM-II only a very narrow region at very low masses of
the charged Higgs, mH+ ⇠ 1 GeV, which is far from the physical domain. We find that the 2HDM-
II is not able to accommodate the experimental data on both R(D) and R(D⇤) within 3.5 �; the
corresponding tension in the SM (using flavio) is 3.2 �.

Combining all the leptonic and semi-leptonic tree-level decay channels indicated in Table 6 yields
the allowed range of tan � and mH+ at 1 and 2� levels as shown in Fig. 5.
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Figure 4: Contour plot of the allowed 2HDM-II parameter space in the (tan � � mH+) plane,
originating from R(D) (left) and R(D⇤) (right). The lighter contour indicates the allowed parameter
space at 2� confidence level while the darker contour corresponds to 1�.

In addition, we would like to make an important observation regarding the extraction of the CKM
matrix elements from experimental data. Consider e.g. the branching fraction of a leptonic meson
decay in the 2HDM,

B2HDM = BSM ⇥ (1 + �2HDM)2, (6.5)

where �2HDM is the 2HDM correction factor. Conventionally, the corresponding CKM element is
determined from the experimental measurement, assuming Bexp = BSM. But if the 2HDM is realistic
then Bexp = B2HDM and the CKM element extracted from measurement is actually proportional to
(1 + �2HDM). Therefore, the fraction 1/(1 + �2HDM) is then interpreted as the modification factor
that the measured CKM element must receive in the 2HDM to be the true CKM element. A similar
argument holds for the semi-leptonic meson decays.
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the effective Hamiltonian describing the d ! u `
�
⌫̄` or u ! d`

+
⌫` transition in the 2HDM:

He↵

H+ = �4GFp
2

Vud(CS�P OS�P + CS+P OS+P ) + h.c., (6.1)

where the new effective operators are

OS�P = (ūPL d)(¯̀PL⌫`), OS+P = (ūPR d)(¯̀PL⌫`). (6.2)

The corresponding Wilson coefficients are related to the 2HDM-II parameters as follows:

CS�P =
mu m`

m
2

H+

, CS+P =
md m` tan2

�

m
2

H+

. (6.3)

For use in flavio, we convert the latter coefficients to C
du`⌫`

SL
, C

du`⌫`

SR
, respectively, in the flavio WET

basis, finding

C
du`⌫`

SL
= �CS�P , C

du`⌫`

SR
= �CS+P , (6.4)

where the negative sign in front of these coefficients is due to the convention for the effective operators
adopted in flavio’s basis. Feynman diagrams describing the leptonic and semi-leptonic transitions in
the 2HDM are shown in Fig. 3.
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Figure 3: Diagrams contributing to leptonic (left) and semi-leptonic (right) decays in the 2HDM.

The full list of leptonic and semi-leptonic modes included in our fit is given in Table 6, where the
corresponding SM predictions (produced in flavio) are based on [44–52]. In addition to previously
measured semi-leptonic decay channels, we consider for the first time the Bs ! D

(⇤)
s µ⌫̄µ modes

measured recently by the LHCb collaboration [53], and the corresponding Bs ! D
(⇤)
s form factors are

determined using Lattice QCD [54]. Moreover, we consider the Lepton-Flavour Universality (LFU)
observables R(D(⇤)) ⌘ B(B ! D

(⇤)
⌧ ⌫̄⌧ )/B(B ! D

(⇤)
`⌫̄`), where ` = e or µ. The experimental

measurements of the latter were found to be in tension with the corresponding SM predictions, giving
hints of possible LFU violation. In the 2HDM, this violation is caused by different couplings of the
charged Higgs boson to the lepton pair, which are proportional to the lepton mass m`. Using the
HFLAV averages for R(D(⇤)) [55], we present in Fig. 4 the allowed (tan � �mH+) regions at 1 and 2�
levels, where the left (right) plot corresponds to R(D) (R(D⇤)). Note that the semi-leptonic b ! c`⌫̄`
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corresponding SM predictions (produced in flavio) are based on [44–52]. In addition to previously
measured semi-leptonic decay channels, we consider for the first time the Bs ! D
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s µ⌫̄µ modes

measured recently by the LHCb collaboration [53], and the corresponding Bs ! D
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s form factors are
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measurements of the latter were found to be in tension with the corresponding SM predictions, giving
hints of possible LFU violation. In the 2HDM, this violation is caused by different couplings of the
charged Higgs boson to the lepton pair, which are proportional to the lepton mass m`. Using the
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Figure 6: Examples of box diagrams describing Bd- and Bs-meson mixing in the 2HDM.

where the operators are defined (for q = d, s) as

O(
0
)

1
= (q̄↵�

µ
PL(R)b

↵)(q̄��µPL(R)b
�),

O(
0
)

2
= (q̄↵PL(R)b

↵)(q̄�PL(R)b
�), O4 = (q̄↵PLb

↵)(q̄�PRb
�),

O(
0
)

3
= (q̄↵PL(R)b

�)(q̄�PL(R)b
↵), O5 = (q̄↵PLb

�)(q̄�PRb
↵),

(6.7)

with ↵ and � denoting the colour indices. The contributions of these operators to B-meson mixing in
the 2HDM are well-known throughout literature, see e.g. Refs. [57–59]. In our work, for the Wilson
coefficients C

(0)
k

in Eq. (6.6) we use expressions calculated in Ref. [57]. We convert these to the flavio
WET basis [9], where we find

C
bqbq

V LL(RR)
= C

(
0
)

1
, C

bqbq

SLR
= C4,

C
bqbq

SLL(RR)
= C

(
0
)

2
, C

bqbq

V LR
= �1

2
C5.

(6.8)

The operators O(
0
)

3
do not give any contributions (at LO in QCD) to mixing in the 2HDM [57], so we

do not need to consider conversion for C
(0)
3

here. The largest theory uncertainties by far stem from
the non-perturbative values of the matrix elements of the �B = 2 operators given in Eq. (6.7). In
our analysis we will use the averages presented in Ref. [56], which are based on HQET Sum Rule
evaluations [60–62] and lattice simulations [63–65]. The perturbative SM corrections are known and
implemented to NLO-QCD accuracy [66]. In the numerical analysis we further use the most recent
experimental averages for �md and �ms [55]6 (see Table 6). The results of the fit are shown in Fig. 7,
indicating that the mass differences constrain the allowed tan � region from below.

6.3 Loop-Level b ! s, d Transitions

The effective Hamiltonian for flavour-changing neutral current (FCNC) b ! q`
+
`
+ and b ! s� (for

q = d, s) processes is defined as [57]

Hb!q``

e↵
= �4GFp

2
VtbV

⇤
tq

0

@
X

k=7,8

C
(
0
)

k
O(

0
)

k
+

X

k=9,10,S,P

C
(
0
)

k
O(

0
)

k

1

A + h.c.. (6.9)

6
Not yet including the recent, most precise value of �ms from LHCb [67].

– 15 –

b qH
�

u, c, tu, c, t

Z, �

` `

b qH
�

u, c, tu, c, t

h
0
, H

0
, A

0

` `

b

u, c, t ⌫

W
�

H
+

`

`q

b

u, c, t ⌫

H
�

H
+

`

`q

Figure 8: Example of diagrams (penguins and boxes) describing the b ! q`
+
`
� transitions in the

2HDM.

b H
�

s

�

u, c, tu, c, t

Figure 9: One-loop penguin contributions to b ! s� processes in the 2HDM.

important lower bound for the charged Higgs mass, predicted here as (see also Fig. 10)

mH+ & 790 (1510) GeV at 2� (1�). (6.12)

We slightly differ from Ref. [68] in that our 2HDM-II contributions are taken at NLO [74], while they
use NNLO results [75] and we also use a different statistical treatment. In addition, as can be seen
in Fig. 10, the bound for mH± becomes even stronger for lower values of tan �.

6.3.2 Leptonic Bd,s ! µ
+
µ
� Decays

The FCNC leptonic meson decays Bd,s ! µ
+
µ
� are particularly sensitive to scalar operator con-

tributions in NP models, and therefore can be excellent probes of the effects of the 2HDM. These
processes are particularly worthy of consideration now, due to the recently-produced experimental
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lowering Higgs masses for Run 3
‣ large interference effects of Higgs “signal” with QCD background
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events. Only
events with a resolved topology, in which the three jets from the hadronically decaying top quark are well
separated in the detector, are selected. This is the most e�cient selection strategy for signal hypotheses
with mA/H < 800 GeV. Events with a merged topology, in which the top quark is reconstructed as a single
jet, are not considered. The event reconstruction and selection criteria are identical to those in Ref. [22]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

T > 20 GeV,
computed as the magnitude of the negative vector sum of lepton and jet transverse momenta [57]. In
addition, Emiss

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].
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4

t� ↵1,2,3 Re(m2
12) [TeV

2] mH± [TeV] mHi,j 6=h [TeV]

min 0.8 �
⇡

2 0 0.15/0.59 0.01

max 20 ⇡

2 0.5 1.5 1.5

TABLE II: C2HDM scan: All parameters are varied inde-
pendently between the given minimum and maximum values.
The two minimum values of the charged Higgs mass range
refer to the scan in the C2HDM T1 and T2, respectively. For
more details, see text.

denoted by h, to be mh = 125.09 GeV [32]. In Tab. II
we summarise the ranges of the other scan parameters.
Note that the third neutral Higgs boson mass mHj 6=Hi,h

is calculated from the other input values and forced to lie
in the interval given in Tab. II. In order to circumvent de-
generate Higgs signals, we additionally impose mHi,j 6=h

to be 5 GeV away from 125 GeV. The SM input pa-
rameters are chosen as in the scan for the CxSM. In our
scan we neglect parameter points with Re(m2

12) < 0, as
they are extremely rare. We check all parameter points
at the 2� exclusion level in the mH± � tan� plane for
compatibility with the flavour constraints on Rb [62, 63]
and B ! Xs� [63–67] Applying the results of [67] we re-
quire mH± to be above 590 GeV in the C2HDM T2. In
the C2HDM T1, on the other hand, the bound is much
weaker and depends more strongly on tan�. Our re-
tained parameter points are put in agreement with the
electroweak precision data by demanding 2� compatibil-
ity with the SM fit [68] of the oblique parameters S, T
and U , including the full correlation among the three
parameters. The necessary 2HDM formulae are given
in [52, 69]. For the check of the compatibility with the
Higgs data we proceeded as in the CxSM, with the di↵er-
ence that we obtained the here necessary branching ratios
from the C2HDM implementation C2HDM HDECAY [58] in
HDECAY [42, 43]. Further details, can be found in [28, 58].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originat-
ing from the electron EDM [70]. We take the experimen-
tal limit given by the ACME collaboration [71]. Like for
the CxSM we also checked if the final scenarios induce a
strong first order phase transition [49, 72]. Also here we
found that for none of them this is the case.

III. INTERFERENCE EFFECTS: TOP VS.
DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp ! Hi ! tt̄ and pp ! Hi ! hh resonant amplitudes
into Vbfnlo [73–76], where Hi denotes any of the non-
SM-like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.

The one-loop (leading order) computation uses Form-
Calc/LoopTools [77, 78]. Various cross checks against
MadGraph [79] and other results [5, 80–82] have been
carried out. We do not include b quark loops throughout
as they are negligible for the parameter regions studied
in this work.

We select one state Hi, defined as the signal, and com-
pute the squared amplitude for the gg ! Hi ! tt̄/hh

process:

d�os
i

⇠ |Msig(gg ! Hi ! XX̄)|2 , X = t, h , (18)

where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section
can be understood as the on-shell cross section that one
would obtain from �-times-branching ratio estimates. To
obtain these cross sections and put them in relation to
interference e↵ects, we integrate the cross sections within

|m(tt̄/hh) � mHi | < 2 �Hi . (19)

We keep track of the interference e↵ects with the SM
“background” and BSM signal. The former is given by
continuum gg ! tt̄ production, Fig. 2, for the tt̄ final
state, and by box, Fig. 2, and o↵-shell h-induced gg ! hh

contributions for the hh final state. The latter derives
from the competing gg ! Hj 6=i ! hh diagrams, Fig. 1.
This gives rise to an estimate of the observed cross section
in the presence of interference e↵ects:

d�i ⇠ |Msig(gg ! Hi ! XX̄)|2

+ 2 Re
�
MsigM

⇤
bkg(Hj 6=i, cont.)

 
, (20)

where “cont.” stands for the continuum tt̄ or hh “back-
ground” and (o↵-shell) Hj 6=i contributions as mentioned
above, including the SM-like h.

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasi-degenerate mass spectra in the C2HDM
when both tt̄ and hh decay channels are open. We de-
fine the two non-SM states as “degenerate” when their
mass splitting is less than 10% of the heavy scalar’s mass.
This accounts for most of the parameter points that are
described in Sec. II.

For parameter points that have very small cross sec-
tions in either of the two channels, interference e↵ects
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FIG. 1: Representative signal diagram contributing to tt̄ and
hh resonance searches. h denotes the light SM-like state with
mh ' 125 GeV, while Hi denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

+ …..

+
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FIG. 4: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
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parameter point BP1, see Tab. III.
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when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.
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