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Abstract Anomalies in the non-leptonic B — D®*
K®~ and B? — DS(*HJT_ decays may be an indication of
physics beyond the Standard Model, but the large deviations
require strongly coupled new physics that should be visi-
ble at colliders. We explore three new directions that could
lead to viable new physics models, performing a detailed
collider study to examine the possible weakening of pre-
viously known constraints on additional SU (2); doublets.
Our results show that, despite the difficulty of probing 7
final states, increasing the branching ratio to this decay mode
does not significantly weaken the bounds on weak doublet
scalars, as additionally existing charged Higgs searches are
equally strong. Beyond this, we analyse a potentially large
breakdown of QCD factorisation by including large-power
corrections to B decays, and the effect of diluting collider
searches with multi-scalar extensions. We find that these typ-
ical model-building routes for constructing a viable scenario
remain constrained by collider measurements, indicating that
these non-leptonic anomalies remain among the most puz-
zling discrepancies from the SM.

1 Introduction

Non-leptonic B meson decays are of great relevance for mul-
tiple reasons; for instance, they allow us to probe C P viola-
tion and test the CKM mechanism of quark flavour mixing.
Currently, there is ample experimental evidence achieving
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precision below 3% in some cases. Thus, it is crucial to have
robust theoretical tools that enable us to leverage the available
experimental results. One of the main issues with these com-
putations is the presence of hadronic contributions with large
uncertainties, which severely affect most of these processes.
A widely accepted formalism for calculating these decays is
QCD factorisation (QCDF) [1]. In general, the presence of
weak annihilation and penguin topologies limits the precision
achievable in the corresponding theoretical calculations.

However, the study of the processes B — D+ K ()~
and BY — DS(*)+71_ presents a clean alternative, since the
absence of an equal flavour quark-antiquark pair in the final
state mesons leads to the absence of annihilation topologies.
This is an enormous advantage, since they are the source of
infrared divergences that currently cannot be addressed from
first principles and thus, in general, occupy a large fraction
of the error budget. Moreover, within the SM, these decays
are described by pure tree-level topologies arising from the
quark-level transitions b — cud and b — cus (which we
will refer to generically as b — cugq).

A recent update on these decay channels found sizeable
discrepancies between theoretical predictions and experi-
mental determinations of these decays [2], with tensions that
can exceed five standard deviations, giving rise to the so-
called “b — cugq puzzle”. Two possible explanations have
been suggested in the literature: the first is an underestimation
of the hadronic uncertainties [3,4]; the second is that these
large deviations between theory and experiment are indirect
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signs of new physics (NP) [5-7].! In the absence of additional
insights, the possible explanation remains ambiguous.

Regarding an underestimation of theoretical uncertainties,
we first reiterate that within QCDEF, the corrections to the
processes B — D®+K®~ and BY — DT 7~ beyond
leading order in Aqcp/my, are expected to be small. How-
ever, since we cannot address these corrections from first
principles, it cannot be ruled out that these effects are larger
than these first estimations. A reasonable question is then,
how large can these extra purely QCD effects really be?

One way to assess the feasibility of the NP explanation is
to analyse the implications of the beyond the Standard Model
(BSM) effects in the b — cugq transitions in other sectors of
high-energy physics. At the end of the day, the NP mediators
entering in b — cugq should also affect other measurements,
such as collider processes. This, however, requires a mech-
anism to mediate the interplay between low-energy interac-
tions and high-energy collider decays. Such an approach has
been followed, for instance, by Refs. [7] and [18]. In par-
ticular, Ref. [7] found that dijet searches challenge the NP
hypothesis at low energies.”

One of the main issues of these approaches is that by
assuming the minimal couplings that directly link B-meson
physics and the collider phenomenology, other decay paths
that could alter the collider picture are neglected. In particu-
lar, ¢ final states are much less sensitive to BSM effects (see
e.g. [19,20]), so models where this is the dominant mode
could see significantly different collider bounds.

In this work, we consider three scenarios that would
affect our understanding of potential NP in the selected non-
leptonic B decays:

1. NP is hiding in discovery modes that are difficult to
constrain, namely through top-philic components that
are systematics-limited due to large, accidental signal-
background interference [21].

2. QCDisnotas well under control as we believe and creates
tension in the B sector through unexpectedly large power
corrections.

3. The NP sector contains multiple new particles, which
dilutes collider bounds (e.g. nHDM for n > 2).

We set out to discover how these three scenarios, and their
interplay, affect the viability of a specific NP hypothesis,
namely a two-Higgs-doublet model (2ZHDM).

! The possibility of having NP in other non-leptonic B meson decays
has been discussed systematically using effective field theory methods
in [8-17].

2 In that work, a narrow window of viability for an additional Higgs
doublet with a mass very close to that of the top quark was identified —
this idea will not be pursued further in this work.

@ Springer

2 Overview of new physics in non-leptonic B meson
decays

As discussed, the processes BY — D®WTK— and I}? —
Ds(*)+n_ are particularly clean, and these form the basis of
our low-energy analysis, based on our previous work in [18].
In QCDF, the relevant decay amplitudes can be written as®
[24]

=0 (4 —
A(B(S) - DL )

)+ 7 —
= Aporr- [ar (DG L7) +65c). )
where the light meson is K ~ for an initial state B and 77~ for
an initial state B;. Besides the relevant CKM elements, the

. . )
coefficient A DOt - includes the form factor F ]B —>D™ for
(s)

the transition B — D® and the decay constant f; of the cor-
responding light meson. The sub-amplitude a; ( D((;‘)HL_)
is calculated perturbatively, and currently is known up to
NNLO in the ay expansion [25] for the SM, while for all pos-
sible BSM effective four-quark operators the relevant hard-
scattering kernels have been determined up to NLO within
QCDF in Refs. [4,6]. The parameter §,c accounts for any
possible non-factorisable extra effects suppressed by powers
in Aqgcp/my, which for the clean decays we are considering
should be small under QCDF assumptions, with current esti-
mates at the level of 1% [2].* In Sect. 5, we discuss in more
detail the possibility that the power corrections have so far
been significantly underestimated.

To improve our theoretical predictions, we work with the
ratios

N * —
A i
dF(B?S) - D(s) £7v£)/dq2 |‘12=mi (2

= 677 |Vig|* f2 1 (DT LR X,
where X factors are ratios of form factors (the general def-
inition can be found in [22] for pseudoscalar and vector
mesons D(*)). This construction ensures that the V;, depen-
dence vanishes (which is helpful in light of ongoing ten-
sions between inclusive and exclusive determinations; see the
PDG review [27,28] for a summary) and reduces the form-
factor dependence. Numerically, we evaluate these form-
factor ratios using the software EOS [29], which enables us
to incorporate state-of-the-art results while accounting for
correlations. The leading uncertainties in this ratio now stem

3 The decay channels B — D™®*K~ and B? — DA(*Hn* belong
to the so-called Class-I processes [22], see e.g. [23] for an early phe-
nomenological study.

4 Alternative estimations within the context of QCD sum rules are also
available, reporting large uncertainties [26].
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from the decay constant f; and the renormalisation scale
uncertainty, which affects a (Dg)) +L_), both of which are
at the per cent level. Our theoretical predictions can be seen
in Table 1.

3 New physics models for non-leptonic decays

Previous work [7] has studied single field extensions of
the SM, using the minimal couplings needed to produce
the desired effect in the low-energy non-leptonic B decay
observables. Amongst others, the authors of [7] studied a
2HDM in the alignment limit where the second doublet cou-
ples only to the left-hand quark doublet and right-handed
down quarks (benchmark 1 in “Colourless scalar doublet
model”, hereafter BGM), with the BSM Lagrangian:

Leom D =y Qr.idr, j® +hec. 3)

with Qr; = (Viurj dp)" and @ = (—iHT, (H° +
iA%)/N/2)T. They take y{ = y¢ # 0, y{ # 0.5 Their study
concluded that dijet limits ruled out all the parameter space
that could explain the non-leptonic anomaly.

For doublet masses above the ¢ threshold, a strong col-
lider constraint can arise from the neutral component of the
doublet decaying into ¢7. In fact, a set of exotic states in
scalar extensions will be top-philic, as they parameterise an
orthogonal direction relative to the eaten Goldstone bosons,
thereby giving mass to the SM’s massive weak gauge bosons.
It is known that these searches suffer from significant inter-
ference from QCD backgrounds [21]. Thus, if we extend the
BGM coupling model by

Lasm = —yflj Or,idr,j® — yjj Or iug j®+he., 4)

allowing couplings to RH up-type quarks, current constraints
could be significantly weakened as they are dominated by
systematic uncertainties [19,20] associated with the #7 reso-
nance distortion. This will enable us to a priori decouple the
electrically neutral scalar phenomenology from its charged
counterparts. We can then clarify whether there exists a
perturbatively reasonable parameter range in which neutral
scalar decay to top final states could be phenomenologically
dominant but obscured, hiding the resonance due to inter-
ference with other exotic searches that are not yet sensitive
enough to claim discovery.

Following BGM, to avoid tree level FCNC in B and
K mesons we choose y¢ to be diagonal (i.e. y¢ =
diag(yld , yg, ygl )). After electroweak symmetry breaking, the

> The coupling y? in BGM is related to our coupling by y?|ggm =
*(yd)* |this work

charged and neutral components get the following interac-
tions:

Lcharged D +HiHT ((V-yd)ijﬁL,idR,j + yf:ijﬁR,jdL,i>

the., (5)
and
HOY —iA° -
Lhneutral D 5 (yfljdL,idR,j + (V-y”)ijﬁL,iuR,j)
thee. (6)

Later, we will allow a non-zero value for y3;, which opens
up the H® — 7 decay mode, in order to assess the effects on
the collider bounds (while having no effect on the low energy
non-leptonic decays).

Explaining the non-leptonic anomalies

Taking the NP Lagrangian above, a minimal model for
the non-leptonic B anomalies only requires yé’ # 0 and
yf or yg # 0. We follow BGM in setting yg = yi‘! , since
this is favoured by the data (when assuming no power cor-
rections). Integrating out the doublet at a scale u, and then
taking into account the leading log QCD running, gives low-
energy Wilson coefficients:

SRL ,bcud
Cz (iow) =

=2 ydy <
4Gp M3,

SRL bcus
(05 (H10w)

(7
14+4% 2 )
s Hlow

which appear in the following low-energy effective
Lagrangian

4Gp SRL.beuq - _
LD =V, S v 0y Gy Prba) (s PLug) |
ﬁ q=d,s

®)

where «, B are colour indices. This matches the Lagrangian
defined in [6], except that we explicitly separate the two
flavour structures. The QCD running enhances the size of
the BSM effect: running down to pjow = 5GeV results in a
numerical RG factor of approximately 1.7, 1.8 and 1.85 for
n =0.5Tev, 1 Tev and 1.5 Tev respectively.

As in [18], we construct a X2 function from the non-
leptonic data in Table 1, and minimise this to find the BSM
interaction that can explain the observed discrepancy. Since
our NP model enters the amplitude directly at tree level, we
can simply express the best fit point as:

—3.55
Tev?

d.d
M
ABSM = BT (g4 g%y ZH) o ©)
2
M b4

H+ Mz
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Table 1 Observables used in our low-energy B-physics analysis, and the discrepancy between SM and experiment

Transition Observable Experiment SM Pull

b — ciid Rsx 0.71 + 0.06 1.06790% ~ 50
RE, 0.5270-1% 1051003 ~3.1o

b — cits Rx 0.058000 0.0827 000 ~ 5.60
Ri 0.136 +0.023 0.141001 ~ 0.160
R 0.064 % 0.003 0.0767 000 ~ 3.60

A BSM effect of this size reduces the x> by 61, corresponding
to a pull of 7.8¢ relative to the SM. This is our baseline
scenario, and in what follows, we study whether such a model
(or minimal extensions thereof) can be made compatible with
collider data.

4 Signatures at LHC

To isolate the effects of the Yukawa couplings and the phys-
ical charged or scalar Higgs mass from those of the remain-
ing 2HDM spectrum, all additional Higgs components are
decoupled by taking their masses to sufficiently large val-
ues. We then perform a scan over the mediator mass and the
Yukawa couplings yi’ , ygl , and y3;. Results are presented as
a function of the product |yil yé’ [, with y3,; fixed to a bench-
mark value drawn from the set {0, 0.5, 1}. The coupling y]d
is scanned over the range [0.01, 0.8] and y3d over [0.01, 1.5].
The exclusion boundary is then defined as the maximum
value of |yf y_ﬁf | consistent with the observed cross-section
upper limits at each mediator mass value.

Throughout this study, collider bounds are implemented
via comparison against a set of analyses published by the
ATLAS and CMS collaborations. Specifically, we use the
observed cross-section upper limits provided by ATLAS-
EXOT-2016-20 [30], CMS-EXO-16-056 [31], CMS-EXO-
21-010 [32], and ATLAS-EXOT-2019-03 [33], all of which
target dijet final states and span a wide range of dijet invari-
ant masses, providing broad coverage of the signal parameter
space considered here.

Signal events were generated, and partonic cross-sections
computed using MADGRAPHS_AMC@NLO (version 3.5.11)
[34]. Parton distribution function (PDF) effects were included
via LHAPDF6 [35] using the NNPDF 4.1 set [36]. For the
primary, naive cross-section comparison, a standard set of
particle-level requirements was applied: all jets were required
to carry transverse momentum pr > 100 GeV, with the lead-
ing jet satisfying pr > 200 GeV; the dijet invariant mass was
required to exceed m j; > 450 GeV; all jets were restricted
to the pseudorapidity range |n| < 2.8; and the angular sep-
aration between the two leading jets was required to satisfy
0.4 < AR < 1.2. A parameter point is then excluded wher-

@ Springer

ever the predicted signal cross-section, evaluated after these
acceptance requirements, exceeds the observed upper limit
provided by the most constraining analysis at that point.

To assess the reliability of this procedure, we addition-
ally performed a full recast of ATLAS-EXOT-2019-03 within
the MADANALYSIS 5 (version 2.0.9) framework [33,37-40],
using the simplified fast-simulation (SFS) interface [41]. In
this case, partonic events were passed to PYTHIA 8 [42] for
parton showering and hadronisation, without the particle-
level preselection described above. Exclusion limits were
then computed from the resulting signal yields using the
most sensitive signal region at each parameter point, with
statistical inference performed via the SPEY package (ver-
sion 0.2.6) [43,44].

The recast yields slightly looser bounds compared to the
naive cross-section comparison, particularly at low mediator
masses, where acceptance and efficiency corrections have
the greatest impact. Since full recasts are not available for
all four analyses, and given that the naive comparison pro-
vides consistently more conservative exclusions, we adopt
the naive cross-section limits as our primary collider con-
straint throughout. This choice does not qualitatively affect
our conclusions, as the parameter regions of interest are inde-
pendently constrained by additional complementary probes.

It is important to note that we observed that CMS-EXO-
16-056 is unable to exclude large portions of the scalar Higgs
mass spectrum, due to the limited parameter ranges we chose
for the Yukawa couplings. However, since CMS-EXO-21-
010 is typically the strongest bound (see Fig. 1; additional
details concerning the systematics of our reparameterisation
can be found in Appendix A), we did not extend our coupling
limits to explore the exact bounds originating from CMS-
EXO-16-056.

On the right plot in Fig.1, we additionally compare
our results to those found in [7], which reinterpreted three
of the same searches as this work (ATLAS-EXOT-2016-
20, ATLAS-EXOT-2019-03, CMS-EXO-16-056) alongside
CMS-EXO0-19-012. Since our bounds primarily come from
CMS-EXO-21-010, which postdates Ref. [7], we would not
expect them to match those in [7]; indeed, the new results
from CMS-EXO-21-010 are even stronger. We use the best
result at each mass value (also assuming no splitting between
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—— ATLAS-EXOT-2016-20

ATLAS-EXOT-2019-03

—— CMS-EX0-21-010
0.4 ---- BGM H - jj

55031 %03
= e
= =
I [ > I

0.2 =20.2
= =
= =

0.11 0.1

0.0 0.0

06 08 10 12 14 16 18 20
Mis [TeV]

06 08 10 12 14 16 18 20
MH” = MAD [TeV]

Fig. 1 Bounds on the couplings of the charged (left) and CP-even neutral (right) components of the extra doublet from our recasting of ATLAS

and CMS results, along with limits found in BGM [7]

0.6 08 10 12 14 16 18 20
Mo = Mo [TeV]

Fig. 2 Effect of turning on additional y3; coupling on the collider
bounds from the new neutral scalar component

charged and neutral components, as this is strongly con-
strained by electroweak precision tests) to construct a “best”
collider bound going forward.

Avoiding neutral component dijet bounds through 7
decays?

The non-leptonic anomaly only requires ygi, and yf or yg #
0, and turning on the additional interaction y3; does not
directly affect these decays. However, y3; # O opens up
a new (potentially dominantly) decay mode for the neutral
component, that of H — ¢7, which is harder to see at LHC
compared to “bump-hunting” dijet excesses. For our non-
minimal model, the branching ratio of the neutral compo-
nents to 7 or jj is given by

BH? - 1) ~ 1 - BH® > jj)
3/2
u |2 4m?
1 — 2
bl ( M>

u 2 a2\ 2 dp2
|y33| 1_M_20 +|)’3| +2|y1|
H

(10)

’

where we have neglected all quark masses except for the top,
as well as terms proportional to |V, 12 or V., |2. We see that
for y§; = 0.5 or y§; = 1, and the range of yld 5 couplings we
scan over, the branching ratio of the neutral scalar to 7 will
be sizeable.

While one might expect BSM to be able to hide in ¢7
decays, we find (as shown in Fig.2) that in fact there is no
clear effect — in some cases the bounds get weaker, while
in others they are stronger. Beyond this, comparing the best
limit from charged and neutral component decay (Fig. 3), we
also find that signals from both are roughly equally important
until we get to y§‘3 = 1, and so even if we had been able to
“hide” the neutral component in the QCD background of 7
signals, the current charged decay limits would not have been
significantly weaker. Since we already saw in Fig. 1 that we
find stronger bounds than BGM [7], we conclude that hid-
ing our new scalar in the top final states does not provide
a viable route to reconcile the collider with flavour, when
assuming QCDF provides a good description of the non-
leptonic decays. Therefore, going beyond the minimal real-
isations considered in [7] does not alleviate the data-driven
tension in the combined flavour+high-energy

@ Springer
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Y3 =0

Y = 0.5

Y = 10
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MHO = MAO = MHi [TGV]

MHO = MAO = MHi [TeV]

L5 20 05 1.0 L5 20
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Fig. 3 Comparing the collider limits from decays of the charged (blue) and neutral (orange) components of the additional doublet for y5; = 0

(left), y§; = 0.5 (centre), and y§; = 1 (right)

collider data set. In fact, the updated analysis reinforces the
puzzle.

5 Underestimated QCD uncertainties vs new physics

As discussed in the introduction, the tensions with the SM
predictions may be due not to NP effects but to underesti-
mated QCD uncertainties. In the context of the clean observ-
ables discussed in this paper the source of these effects is
however not clear — within QCDEF, the corrections to the pro-
cesses B" — D®+K®~ and BY — D&M~ beyond
leading order in Aqcp/my are expected to be small (O(1%)).
On the other hand, since we cannot fully address these cor-
rections from first principles, it cannot be ruled out that these
effects are larger than these first estimations. As such, the
question of how large these extra purely QCD effects can
really be remains.

In order to estimate reasonable bounds, we consider the
situation where a B meson decays into two light mesons,
where power-suppressed non-factorisable contributions are
prominent, as compared to the “clean” decays we study in
this work. Using data-driven approaches, recent studies have
attempted to estimate the magnitude of these effects for final
states consisting of pairs of light pseudoscalar mesons [45—
49]. In particular, in [49], the bounds for the power sup-
pressed annihilation contributions 8 and S, are estimated,
including SU (3) flavour breaking effects. We will use the
results obtained for the processes B(s) — 7w, B,y — KK
and By — mK as our reference values. For these cases,
the value for the power suppressed terms is placed at most at
[B12] < O(20%) at a 68% confidence level, even in purely
annihilation channels such as By — mm. As such, it is rea-
sonable to expect that the power corrections in the channels
we study are smaller than this.

@ Springer

LHC (y§ = 0) Ope = —10% (1o region)
7 —— LHC (y¥=05) Ope = —5% (20 region)
"""" LHC (y% = 1.0) Ope = 0% (20 region) -

0.6 0.8 1.0 1.2 14
Mo = My = M [TeV]

Fig. 4 BSM regions for 0, 5 and 10 per cent power corrections

For now, we remain agnostic to the source and analyse
arbitrary universal effects, as parameterised by dp in Eq. 1.
For different values of the power correction parameter §pc,
the SM X2 reduces, as does the improvement seen in our
BSM scenario (see Table 2).

We find that a significant discrepancy persists, which our
2HDM model can resolve up to power corrections of order
—10%. Once one exceeds this level, the tension between the-
ory and experiment can essentially be entirely addressed by
a shift of around —15% from power corrections, with our
BSM model only being “preferred” at just over lo in this
scenario. This finding is compatible with previous results in
[25] and [4], but as we have just discussed, such a large effect
would not agree with some reasonable expectation about the
hierarchy of non-factorisable effects in different hadronic B
decay modes.

Given that, in the case of —10% power corrections, the
required size of the BSM interaction is reduced by more
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Table 2 Effect of fixed universal power corrections (as parameterised by & in Eq. 1) on the SM x2, the size of BSM interaction (parameterised
as ABSM in Eq.9), as well as the corresponding reduction in x2, pull, and 2o range of ABSM

Spe (%) SM X2 BSM best fit BSM 20 range
ABSM[Tey—2) Ax? pull

0 66 -3.6 -61 7.80 [-4.6, -2.6]

-5 34 -2.5 -30 5.50 [-3.5,-1.6]

-10 16 -1.5 -11 330 [-2.5,-0.6]

-15 9.5 -0.6 -1.9 1.40 [-1.6,0.3]

—— LHC (y4=0) 2HDM (20 region) 4HDM (20 region)
—— LHC (y%¥=0.5) 3HDM (20 region) 5HDM (20 region)
------- LHC (g% = 1.0)

0.6 0.8 1.0 1.2 1.4
Mo = Myo = My [TeV]

Fig. 5 BSM regions for different numbers of additional doublets, each
with the same BSM coupling structure

than half, we consider whether such large effects can rec-
oncile collider and flavour constraints. In Fig. 4, we plot the
collider limits found in the previous section, combining both
neutral and charged scalar decay searches, for the three differ-
ent values of y3, considered, alongside the region favoured
by the non-leptonic observables for three different values
of the universal power correction. It is clear that even for
a scenario with dpc = —10%, there is still a large tension
between the BSM favoured region and that allowed by the
collider.

6 Many-scalar BSM scenario

In this section, we now consider an even more non-minimal
BSM sector in which more than one additional Higgs doublet
is present. In such a model (ignoring fine-tuning considera-
tions for now), the effect at low energy will combine con-
structively, while collider bounds from resonance searches
are “washed out”. Specifically, assuming n copies of our
additional Higgs doublet with identical couplings to those in
Eq.4, the contribution to the EFT coefficients given in Eq.7
is multiplied by n, and so the product of couplings defined
by ABSM in Eq.9 can be a factor of n smaller while still
explaining the non-leptonic anomaly.

As such, for a sufficiently complicated BSM sector, it
is clear we are guaranteed to be able to reconcile the col-
lider bounds with the non-leptonic anomalies. We examine
extending the SM by up to four additional weak doublets,
each with identical couplings to those we described in Eq.4
as discussed. The corresponding BSM regions are shown in
Fig.5, where we see that even with four extra doublets (i.e. a
SHDM), a BSM scenario with no power corrections is ruled
out by current collider bounds.®

Note that in the case of degeneracy within experimen-
tal resolution, the different resonance peaks cannot neces-
sarily be disentangled. However, current analyses by the
LHC experiments have a resolution of < 10% in dijet
searches [33,50-52], depending on the scale of the resonance
mass, and the doublet masses in our model can be straight-
forwardly split at this level, with a corresponding change
in coupling, such that they will be experimentally resolvable
without affecting any of the conclusions of our analysis. That
said, in more realistic scenarios (e.g. already in the 2HDM),
we typically observe mass splittings between the exotic states
unless additional symmetries are imposed. In the degenerate
case, the observed LHC constraints are even more restrictive
as signals add, invalidating the above signal dilution.

Many-scalar BSM + power corrections

As a final investigation, we study how all the above paths
interact, i.e. what is possible if we allow for unexpectedly
large power corrections alongside a non-trivial nHDM BSM
sector. Combining all our previous cases together, we show
in Fig. 6 what can happen if there are —5 or —10% power cor-
rections for models with up to four additional scalar doublets.
We see that only once we consider 4 or SHDMs, alongside
a —10% power correction, do we find a viable mass window
around 600GeV, and even in these cases, we are not able
to fully reach the coupling size maximally preferred by the
non-leptonic data.

oA quick calculation shows that a (very dubious) 14HDM would be
able to explain the non-leptonic anomaly, while simultaneously being
compatible with collider bounds.

@ Springer
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3 extra doublets = 4HDM
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Fig. 6 BSM regions for different numbers of additional doublets, each with the same BSM coupling structure, and different power correction sizes

7 Other bounds on nHDMs

Beyond collider searches and non-leptonic decays, extended
Higgs sectors have arich phenomenology in the wider flavour
sector, with contributions to many precision observables, for
example Z — bb [7,53], B meson mixing [7,53], b —
qtl [7,54], b — gy [7,55], and the lifetime ratio of B™ to
B, mesons [56-58].

Since our focus in this work is on the viability of the
central three ideas to overcoming previously shown collider
bounds, and our findings show that only somewhat contrived
nHDMs with unexpectedly large power corrections beyond
QCDF are viable, we provide only a minimal overview here
of these issues. We also neglect the contribution of y%; in this
section for simplicity, in light of the small effect that we have
found y5; # 0 has on the collider bounds.

Additionally, our chosen coupling structure with diagonal
y? (and potentially only v5;3 # 0) is highly specific and
would, in principle, require full justification; we consider
this to be beyond the scope of our study.

Z — bb

Our model modifies the right-handed Z — bb interactions
as

d
kR 09? (y?—yz—yzlogyz> an

) =

8 = T2 1—y,)?
where y, = m?/M3 [7,53].
Low energy flavour bounds

Integrating out our additional scalar doublet at 1-loop and
matching directly onto the low-energy effective theory, we

@ Springer

find NP contributions to the following operators:
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Benchmark assessment

We take a benchmark point of Mg = 600GeV, since at this
mass the collider bounds come closest to the NP interac-
tion needed to explain the non-leptonic anomalies. Using the
global likelihood provided by smelli v2.4.2 [59,60] (as
well as SLC and LEP results for the Z — bb couplings [61],
and HFLAV average of 7(B™")/t(By) [62,63]), we find that
the parameter space not ruled out by LHC searches is also
not in tension with the Z pole or low energy bounds, with
the partial exception of AM,” where a tension of up to 3o
with the experimental measurements [62] can be present,
depending on the relative sign of ygi and yg , which could
wash out the improvement in a global fit from explaining the
non-leptonic anomalies. Alternatively, since AM, is much
less constraining, our model could avoid tension with other
flavour measurements by only coupling to first and third gen-
eration quarks, at the expense of reducing its explanatory
power in the non-leptonic sector.

8 Conclusions

For many years now, there has been an extremely puz-
zling discrepancy seen in B — D®*K~ and BY —
Ds(*)+7r_ decays, when comparing the experimentally mea-
sured branching ratios to the clean predictions given in the
QCDF framework. Previous studies have produced many
viable BSM explanations in terms of BSM EFT coefficients
for four-quark effective operators, but attempts to construct
UV completions have been hindered by the connection to
dijet production at the LHC.® In this article, we have inves-
tigated three potential options to increase the viability of a
2HDM as an explanation of the non-leptonic decay anoma-
lies, namely

7 The non-perturbative input for B meson mixing corresponds to the
combination in [64] of [65-68].

8 We again note that a 2HDM with the second doublet having a mass
very close to the top quark was provisionally identified in Ref. [7] but
was not fully explored there and so, in principle, remains potentially
viable.

1. that NP is hiding in discovery modes that are difficult to
constrain, specifically through top-philic components,

2. that QCD is not as well under control as we believe and
creates tension in the B sector through unexpectedly large
power corrections,

3. that the NP sector contains multiple new particles, which
dilutes collider bounds,

all of which, a priori, are reasonable and plausible.

Firstly, we demonstrated that, despite the substantial inter-
ference and background effects in searches for ¢7 final states,
our reanalysis of dijet searches remains sensitive to the neu-
tral component, even with a large branching ratio to that
decay mode. Beyond this, the charged component decays are
approximately equally as strong, and so even if the signs of
the neutral doublet component had been obscured, evidence
from the charged scalar decays would also provide similar
limits on BSM couplings.

Next, we discussed the potential size of power correc-
tions in the leading-order QCDF expansion. Recent work
comparing theory and data for non-leptonic decays with
large “pollution” from non-factorisable contributions such
as By — nmw, By — KK and By — mK suggests
a bound for the power corrections of 20%. We find that
our decays, which are in principle much less sensitive to
these effects, would require at least 15% power corrections
to explain the data, and so this, in and of itself, would be a
somewhat unexpected result if a first-principles calculation
were possible. Proceeding agnostically, we showed that, for
somewhat smaller power corrections that apply universally
to all decay modes, the discrepancy remains. In the —10%
power correction scenario, our BSM model continues to be
favoured by more than 3¢, but with the size of NP coupling
reduced by more than a factor of two. However, even with
this smaller coupling, we find that the limits from dijet data
remain too strong.

Our third avenue was to go beyond the 2HDM by allow-
ing additional copies of the additional scalar doublet with
identical coupling structures. The additional scalars all com-
bine constructively in the low-energy non-leptonic sector,
thus requiring a smaller NP coupling per field, offering the
possibility to drop below the collider searches for coloured
resonances. Considering up to four additional scalar dou-
blets, all with the same BSM coupling structure, we find that
there remains a large gap between the required interaction
strength to reconcile the non-leptonic decay data with theo-
retical predictions and what would remain unseen in current
collider data.

We finally studied the interplay among these ideas, con-
sidering a non-trivial BSM scenario with multiple additional
Higgs doublets, in which the neutral component is potentially
top-philic and large-power corrections affect the SM predic-
tion. Only here do we find a (naively) viable model with two
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additional scalar doublets, degenerate in mass and interaction
structure, at around 600GeV, capable of (partially) resolving
the non-leptonic anomalies.

Of course, there are further flavour constraints on extended
scalar sectors, which we have assessed. Studying a bench-
mark point that is not ruled out by our collider bounds, we find
that By mixing provides the next strongest constraint, poten-
tially negating the overall fit improvement from the reduction
in tension in the non-leptonics (assuming we wish to explain
the tensions in both b — cud and b — cus decays).

In summary, we find that the anomalies seen in BY —
D®+K®= and B? — DS(*Hn_ decays are particularly
difficult to explain through NP models, given the strong
expected signals from colliders, with various typical model
building routes failing to allow construction of a viable model
except in particularly tuned scenarios, which include large
power corrections beyond what would be naively expected
from QCDF. As such, we expect that these discrepancies will
remain a puzzle for the foreseeable future.

Funding We thank Stefan Meiser for discussions regarding the power
correction analysis in Ref. [4]. M.K. thanks the participants of the IPPP
“Nonleptonic Decays of Heavy Mesons” workshop for useful discus-
sions, and to whom Footnote 6 is dedicated. C.E. and J.Y.A. are sup-
ported by the Institute for Particle Physics Phenomenology Associate-
ship Scheme. G.T.-X. is supported by the European Union’s Horizon
2020 research and innovation program under the Marie Sktodowska-
Curie grant agreement No 945422. This research was supported by the
Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) under grant 396021762 - TRR 257. JYA is supported by the Royal
Society under grant no. IES/R2/252139.

Data Availability Statement Data will be made available on reason-
able request. [Authors’ comment: The datasets generated during the
current study are available from the corresponding author on reason-
able request].

Code Availability Statement Code/software will be made available
on reasonable request. [Authors’ comment: The code/software used
during the current study is available from the corresponding author on
reasonable request].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

@ Springer

CMS-EXO-21-010 at yl; = 0

—— Expected median
=== Expected + lo
—— Exp. cross section comparrison

05 1.0 1.5 2.0
my+ [TeV]

Fig. 7 Comparison of exclusion limits on the Yukawa couplings
| yf yé’ | as a function of the charged Higgs mass m y+, evaluated for the
CMS-EXO-21-010 dijet analysis at y3; = 0. The blue curve shows the
naive cross-section comparison, whilst the red curve shows the expected
median exclusion at 95% CL; computed via SPEY, with the red dashed
line indicating the + 10 uncertainty on the expected limit

Appendix A: Collider uncertainties

The inclusion of the full statistical model in the reinterpre-
tation framework has been repeatedly demonstrated to be an
essential component of the reinterpretation pipeline. Simpli-
fied approaches that rely solely on observed upper limits on
the production cross-section neglect the shape of the under-
lying likelihood, including systematic uncertainties and their
correlations, which can lead to materially different conclu-
sions on the excluded parameter space. In order to quantify
this effect on our exclusion estimates, we adopt an asymptotic
approximation in which the interpolated cross-section limits
are used to assign a likelihood to each signal hypothesis at a
given mass point,

L) = exp| — 5o

1 l (M Osig + Oexp — Oobs )2
o2m 2 ’

(A1)

where oy, denotes the BSM signal cross-section times
branching fraction times acceptance (o X B x A), Oexp 1S
the expected (SM-only) upper limit, o,ps iS the observed
upper limit, and do is the 1o uncertainty on the expected
limit. This construction treats the ratio of the signal-plus-
background prediction to the observed result as a normally
distributed test statistic, with the experimental uncertainty
8o encoding the analysis’ sensitivity at each mass point. The
signal strength modifier p is then profiled to determine the
cross-section value excluded at a given confidence level.
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Using SPEY (version 0.2.6) [43] and its built-in exclusion
limit calculator, we estimated the maximum signal cross-
section consistent with a CLg exclusion at 95% confidence
level, together with the lo uncertainty band on this limit
arising from the experimental sensitivity. Figure7 shows
the comparison between the cross-section presented in the
main analysis (blue) and the expected exclusion limits with
their lo uncertainty envelope (red) for the CMS-EXO-21-
010 dijet analysis, evaluated at yy; = 0 across the charged
Higgs mass range 500 < mpy+ < 2000 GeV. We consis-
tently observe discrepancies of up to lo between the two
approaches, with the naive cross-section comparison system-
atically overestimating the excluded coupling strength com-
pared to the proper statistical treatment. The results confirm
that incorporating the full available statistical information,
including the uncertainty on the expected limit, is necessary
for reliable exclusion contours in BSM reinterpretation stud-
ies. It is important to note that this approach only naively
represents the statistical model; for a systematic analysis of
the effects of the uncertainties, full statistical models are nec-
essary, along with the analysis logic.
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