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‣ IPPP: founded 2000 as a STFC/Durham University joint venture

Research Support Science Exchange Computing/Data

‣ support for all HEP across 
experiment and theory

‣ workshops, schools,… 
‣ exchange programmes

‣ HEPData: store/preserve 
‣ HEPForge: development
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The UK Particle Theory Landscape - PPGP[T]

+ derived support costs
‣ ‘flat cash’ funding for many years

flat cash since 
~2011

Theory 
growth up to 2026

‣ inflation adjustments 
‣ +20 RA uplift 2022

overheads rising = recoup from FTE & now RAs
2019: staggered <20% 2026: <5%

190 bidding academics 269 academics
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research 

programme ?
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2022: 5%
243 academics

….

‣ UK growth of PPT sciences 
‣ EPSRC influx 
‣ University costs/TRAC
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Observable Experimental value

Br(B̄0 ! D+K�) (2.05± 0.08)⇥ 10�4

Br(B̄s ! D+
s ⇡

�) (2.98± 0.14)⇥ 10�3

Br(B̄0 ! D+K⇤�) (4.5± 0.7)⇥ 10�4

Br(B̄0 ! D⇤+K�) (2.16± 0.08)⇥ 10�4

Br(B̄s ! D⇤+
s ⇡�) (1.9+0.5

�0.4)⇥ 10�3

TABLE I. Experimental values for the non-leptonic B decays
used in our analysis, taken from the PDG [54].

perturbative kernels corresponding to the BSM contri-
butions have been determined up to NLO within QCDF;
we deploy these results for our analysis.

B-physics observables

Central to our study are the constructed observ-
ables [53]

R(⇤)
(s)L ⌘

�(B̄0
(s) ! D(⇤)+

(s) L�)

d�(B̄0
(s) ! D(⇤)+

(s) `�⌫̄`)/dq2 |q2=m
2
L

= 6⇡2
|Vuq|

2 f2
L

|a1(D
(⇤)+
(s) L�)|2 X(⇤)

(s)L .

(4)

This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
XK⇤ = 1):

X⇡ = 1.0012000(1) , X(s)⇡ = 1.00111(8) ,

X⇤
K

= 0.944(5) , X⇤
(s)⇡ = 0.945(8) .

(5)

These precise results mean the ratios R(⇤)
(s)L show very

low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which

a↵ects a1(D
(⇤)+
(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in

Channel Experiment SM Pull

RK B̄0 ! D+K� 0.058+0.004
�0.004 0.082+0.002

�0.001 ⇡ 5.6�

Rs⇡ B̄s ! D+
s ⇡

� 0.71± 0.06 1.06+0.04
�0.03 ⇡ 5�

RK⇤ B̄0 ! D+K⇤� 0.136± 0.023 0.14+0.01
�0.01 ⇡ 0.16�

R⇤
K B̄0 ! D⇤+K� 0.064± 0.003 0.076+0.002

�0.001 ⇡ 3.6�

R⇤
s⇡ B̄s ! D⇤+⇡� 0.52+0.18

�0.16 1.05+0.04
�0.03 ⇡ 3.1�

TABLE II. Observables used in our low energy B-physics
analysis, and the discrepancy between SM and experiment.

Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function

�2
non-leptonic =

X

j

�RT
· M · �R , (6)

where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
experimental flavour results.

C. Additional flavour constraints

B meson lifetimes

Previous studies [61] have highlighted the critical role
that B-meson lifetime measurements can play in con-
straining four-quark operators involved in non-leptonic
decay calculations. The ratio ⌧(B+)/⌧(Bd) has been

‣ longstanding tension in non-leptonic  B decays within QCDf
[Bordone, Gubernari, Huber, Jung, van Dyk `20]

0.75 1.00 1.25 1.50 1.75 2.00
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Figure 5. Comparison of the branching ratios of the nonleptonic decays in units of the experimentally mea-

sured branching ratios. We show the theory-based prior prediction (TH) and the various posterior postdictions

for the fit models SM, SM+PC(0) and WET-1 to WET-4. In the BSM-like models, the two modes A and B are

shown separately. The tension between the prior predictions and the SM postdiction on the one hand and the

measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
2 by

– 30 –

[Meiser, van Dyk, Virto `24]
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measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
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Observable Experimental value

Br(B̄0 ! D+K�) (2.05± 0.08)⇥ 10�4

Br(B̄s ! D+
s ⇡

�) (2.98± 0.14)⇥ 10�3

Br(B̄0 ! D+K⇤�) (4.5± 0.7)⇥ 10�4

Br(B̄0 ! D⇤+K�) (2.16± 0.08)⇥ 10�4

Br(B̄s ! D⇤+
s ⇡�) (1.9+0.5

�0.4)⇥ 10�3

TABLE I. Experimental values for the non-leptonic B decays
used in our analysis, taken from the PDG [54].

perturbative kernels corresponding to the BSM contri-
butions have been determined up to NLO within QCDF;
we deploy these results for our analysis.

B-physics observables

Central to our study are the constructed observ-
ables [53]

R(⇤)
(s)L ⌘

�(B̄0
(s) ! D(⇤)+

(s) L�)

d�(B̄0
(s) ! D(⇤)+

(s) `�⌫̄`)/dq2 |q2=m
2
L

= 6⇡2
|Vuq|

2 f2
L

|a1(D
(⇤)+
(s) L�)|2 X(⇤)

(s)L .

(4)

This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
XK⇤ = 1):

X⇡ = 1.0012000(1) , X(s)⇡ = 1.00111(8) ,

X⇤
K

= 0.944(5) , X⇤
(s)⇡ = 0.945(8) .

(5)

These precise results mean the ratios R(⇤)
(s)L show very

low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which

a↵ects a1(D
(⇤)+
(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in

Channel Experiment SM Pull

RK B̄0 ! D+K� 0.058+0.004
�0.004 0.082+0.002

�0.001 ⇡ 5.6�

Rs⇡ B̄s ! D+
s ⇡

� 0.71± 0.06 1.06+0.04
�0.03 ⇡ 5�

RK⇤ B̄0 ! D+K⇤� 0.136± 0.023 0.14+0.01
�0.01 ⇡ 0.16�

R⇤
K B̄0 ! D⇤+K� 0.064± 0.003 0.076+0.002

�0.001 ⇡ 3.6�

R⇤
s⇡ B̄s ! D⇤+⇡� 0.52+0.18

�0.16 1.05+0.04
�0.03 ⇡ 3.1�

TABLE II. Observables used in our low energy B-physics
analysis, and the discrepancy between SM and experiment.

Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function

�2
non-leptonic =

X

j

�RT
· M · �R , (6)

where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
experimental flavour results.

C. Additional flavour constraints

B meson lifetimes

Previous studies [61] have highlighted the critical role
that B-meson lifetime measurements can play in con-
straining four-quark operators involved in non-leptonic
decay calculations. The ratio ⌧(B+)/⌧(Bd) has been
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Figure 5. Comparison of the branching ratios of the nonleptonic decays in units of the experimentally mea-

sured branching ratios. We show the theory-based prior prediction (TH) and the various posterior postdictions

for the fit models SM, SM+PC(0) and WET-1 to WET-4. In the BSM-like models, the two modes A and B are

shown separately. The tension between the prior predictions and the SM postdiction on the one hand and the

measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
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This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
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low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which
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(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in
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Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function
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non-leptonic =

X

j

�RT
· M · �R , (6)

where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
experimental flavour results.

C. Additional flavour constraints

B meson lifetimes

Previous studies [61] have highlighted the critical role
that B-meson lifetime measurements can play in con-
straining four-quark operators involved in non-leptonic
decay calculations. The ratio ⌧(B+)/⌧(Bd) has been
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Figure 5. Comparison of the branching ratios of the nonleptonic decays in units of the experimentally mea-

sured branching ratios. We show the theory-based prior prediction (TH) and the various posterior postdictions

for the fit models SM, SM+PC(0) and WET-1 to WET-4. In the BSM-like models, the two modes A and B are

shown separately. The tension between the prior predictions and the SM postdiction on the one hand and the

measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
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Figure 3.8. The ratio of uncertainties R�ci , defined in Eq. (3.2), for the neft = 45 coe�cients entering the linear EFT
fit, quantifying the impact of the HL-LHC projections when added on top of the SMEFiT3.0 baseline. We display
both the results of one-parameter fits and those of the marginalised analysis. The di↵erent color codes indicate the
relevant groups of SMEFT operators: two-light-two-heavy operators (orange), two-fermion operators (green), purely
bosonic operators (purple), and the four-lepton operator c`` (red). Note that here the baseline is a fit to pseudo-data
for the SMEFiT3.0 dataset generated assuming the SM, rather than the fit to real data, see also Table A.1.

results of [49, 121]. Their analysis includes dedicated HL-LHC observables which especially help for the

two-light-two-heavy operators, resulting in tighter bounds as compared to our fit by around a factor two

for some of these coe�cients.

Additionally, HL-LHC measurements can improve the bounds imposed by EWPOs along directions

that are a linear combination of individual coe�cients, as illustrated by the
⇣
c(3)'q , c(�)

'q

⌘
analysis of Fig. 3.10

where we show the impact of diboson production on the 95% CI intervals in the
⇣
c(3)'q , c(�)

'q

⌘
plane. We

compare the marginalized bounds from a global linear LEP-only fit with those resulting from combining
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ŵB

�2

�1

0

1

2

cW

�4

�2

0

2

4

ŵW
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ŵW

�4 �2 0 2 4
ŵW
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Figure 8. Global fit to electroweak data at LO (left) and NLO (right) projected on the three blind
directions of EWPO, adding progressively more data into the analyses. 95% Credible Regions are
shown for fits to the EWPO plus LEP diboson, LEP and LHC diboson, and the full combination
including triboson signal strengths in yellow, red and blue, respectively. Dashed lines correspond to
the linear fit, while the shaded areas correspond to quadratic fits.

which likely also explains the slightly larger correlations of the NLO fit in Figure 5. Dashed

lines and shaded areas respectively delimit the credible regions of the linear and quadratic

fits. The di!erence between them highlights the significant impact of quadratic SMEFT

dependences, especially in the LEP diboson data, which leads to relatively weak constraints

and a strong correlation between cW and ŵW . LHC diboson data tighten constraints by more

than an order of magnitude in all three directions. We attribute the bulk of the improvement it

caused along Warsaw-basis operator directions (see Figure 5) to its constraining power in these

three directions. We have verified this claim by running secondary fits where we artificially

constrain the EWPO flat directions, observing that the global, marginalised sensitivity in the

Warsaw basis directions is driven by this fictitious constraint in the (ŵB, ŵW ) space, and that

bounds in the other directions are considerably less impacted by LHC data once the three

flat directions of the EWPO fit are e!ectively removed.

Triboson production further improves the quadratic ŵB constraint by up to a factor of

two, while no impact is observed at linear level and in the other two directions. This improve-

ment can actually be traced back to resonant Higgs contributions, in the diphoton channel in

particular. The corresponding diphoton invariant mass region is not excluded from experi-

mental Wωω and Zωω selections. Present constraints in the other triboson channels, without

photon pairs, have no visible e!ect on the fit. Higher sensitivity to resonant contributions

would be brought by analyses targeting specifically the Higgs boson, not considered in the

present electroweak-centric study. A more global analysis including Higgs data would thus

– 21 –
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SMEFT@LHC
‣ continuously improved with data and fit methodology

‣ EFT cross talk with precision methods/calculations (e.g. ALPs) 10

TABLE VI. Error budget for F̃ from our fit of the lattice data
to cubic splines. The errors are given as a percentage of the
final answer. The uncertainty labelled ‘spline priors’ is from
priors on S0 values and the knot positions. For a discussion of
the negligible additional systematic uncertainties from miss-
ing quark-line disconnected diagrams and QED e!ects, see
text.

F̃ (0) F̃ (0.4) F̃ (0.65)

Statistics 0.68 0.58 0.56

a
2
→ 0 1.26 1.14 0.98

Valence mistuning 0.00 0.00 0.00

Sea mistuning 0.67 0.62 0.55

Spline priors 0.04 0.12 0.07

Total (%) 1.58 1.43 1.26

less than 0.1%. Light meson decay to ωa is also expected
to be suppressed by the appearance of the quark mass in
the ALP-quark coupling in Eq. (2). We therefore expect
the systematic uncertainty in F̃ from missing quark-line
disconnected diagrams to be well below 0.1%. The im-
pact of the electric charge of the c quark on the internal
structure of the J/ε meson can be assessed from the ef-
fects measured in lattice QCD+QED for the J/ε decay
constant in Ref. [19]. There a 0.2% change in fJ/ω was

seen, which would translate to a 0.2% e!ect in F̃ using
the tree-level perturbative formula (Eq. (10)). This is
also a negligible uncertainty.

As supplementary material we provide a text file con-
taining our lattice QCD results for F̃ as a function of
X = m

2
a/M

2

J/ω covering the range from 0.0 to 0.8 in in-
crements of 0.01. The total uncertainty on the value of
F̃ is also given.

IV. ALP CONSTRAINTS USING LATTICE QCD
RESULTS

The process J/ε → ωa has been searched for at collider
experiments, most recently at BESIII [11, 44, 45]. In
this section we study the resulting constraints on ALP
parameter space, highlighting di!erences in constraints
calculated using our new lattice QCD result with those
calculated with perturbation theory.

For an ALP which couples only to charm quarks, the
branching ratio of J/ε → ωa is shown in Fig. 7, nor-
malised by the coupling ccc(µc) and the ALP decay con-
stant fa. This has been obtained by evaluating Eq. (11)
with cεε = 0 and dividing by the experimental total
width of the J/ε [5]. We use ϑ = 1/134.02, appropriate
to charmonium scales in the on-shell scheme [19]. The
branching ratios from perturbation theory use Eq. (10)
taking fJ/ω from lattice QCD [19]. The errors on these
results have been estimated by applying a multiplicative
error of ϑs(mJ/ω) = 0.25 to the leading order amplitude,
and of [ϑs(mJ/ω)]2 = 0.06 to the O(ϑs) amplitude. We
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FIG. 7. Branching ratio for the process J/ω → εa for an ALP
coupled only to charm quarks, normalised by (fa/ccc)

2. The
lattice QCD result based on the calculations presented here
in Fig. 6 is shown in green, while results calculated in the
perturbative approach at leading order (LO) and at O(ϑs)
are shown in blue and red respectively.

see that, for most of the ALP mass range, the branching
ratio from lattice QCD is below those obtained in per-
turbation theory, i.e. the perturbative expressions over-
estimate the branching ratio.

A. Couplings and decay modes of the ALP

The sensitivity of di!erent searches in radiative J/ε

decays on ALP parameter space depends on the decay
mode and lifetime of the ALP. In general, the ALP can
decay to a charged lepton pair, a pair of photons, or
hadrons (if ma > 3mϑ). The widths for ALP decay to
leptons and photons are

”(a → l
+
l
→) =

mam
2

l

8ϖf2
a

c
2

ll(µa)

√

1 ↑
4m2

l

m2
a

(29)

and

”(a → ωω) =
ϑ

2
m

3
a

64ϖ3f2
a

∣∣ce!

εε(µa)
∣∣2 . (30)

For light ALPs below the 3ϖ threshold these two de-
cay modes dominate. For ALPs with masses above 1.5
GeV but below the c̄c threshold, decay to light hadrons
dominates; the inclusive hadronic decay rate is given
by [10, 46]:

”(a → had.) =
ϑ

2
s(µa)m3

a

8ϖ3fa

[
1 +

83

4

ϑs(µa)

ϖ

] ∣∣ce!

GG(µa)
∣∣2 .

(31)

We make simple assumptions on the couplings of the
ALP at the high scale # ↓ 4ϖfa, and calculate its
branching ratios and lifetimes by evolving these couplings
down to µa using their renormalisation group equations
(RGEs) [47–49].
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FIG. 1. Diagrams contributing to the decay V → ωa for
heavyonium vector meson V with valence quarks qq. The
form factor parameterising the amplitude for the left-hand
diagram in which the ALP couples to qq is calculated here for
the process J/ε → ωa using lattice QCD.

The layout of the paper is as follows: Section II defines
the form factor that we will calculate in lattice QCD and
derives the perturbative approximations that have been
used for it previously; Section III describes the lattice
QCD calculation with subsection III C giving the results
for the form factor in the continuum limit; Section IV
derives constraints on ALP parameters combining the
lattice QCD results for the expected rate with experi-
mental search limits and Section V gives our conclusions
and prospects for future calculations.

II. COMPARING LATTICE QCD TO THE
CURRENT PERTURBATIVE APPROACH

The e!ective Lagrangian describing the interaction of
an ALP with fermions and photons is

L =
ω

µ
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4ϖ
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Here the ALP energy scale fa (known as the ALP de-
cay constant) is assumed to be independent of (and typ-
ically much larger than) its mass ma and cff and cωω

are dimensionless e!ective couplings. The scale depen-
dence of these couplings will be discussed in Sec. IV. We
can rewrite the first term of Eq. (1) using the anomaly
equation for the divergence of the axial vector current to
give [7]
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The first term shows the ALP coupling to a pseudoscalar
fermion current multiplied by the fermion mass, the sec-
ond term gives a loop correction1 to cωω and . . . gives
similar terms for gluons and weak gauge bosons.

The two diagrams of Fig. 1 show the two routes for the
process V ↑ εa: on the left via the cff coupling (where

1This correction applies in the limit that mf → ma. In general
there is a mass-dependent function in the coe!cient which has the
e”ect of decoupling heavier fermions, see Sec. IV.

f is the flavour of the valence quark q in V ) and on the
right via cωω . Our lattice QCD calculation provides an
improved analysis for the diagram on the left for J/ϱ ↑

εa with q a charm quark, and we first discuss that case.
As mentioned in Section I, the processes of Fig. 1

depend on the internal structure of the J/ϱ me-
son, which is determined by nonperturbative strong-
interaction physics. Appropriate hadronic parameters,
calculable in lattice QCD, should be defined for each di-
agram. We define the form factor F for the left-hand
diagram of Fig. 1 from the matrix element, M, by2

M(J/ϱ ↑ εa) =
2F (q2

, ma)
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where p is the 4-momentum of the J/ϱ, p
→ that of the

ALP and q = p → p
→. The dimensionless form factor F

is a function of photon virtuality, q
2, and the ALP mass.

Here we will only consider real photons with q
2 = 0.

ς
J/ϑ and ς

ω are the polarisation vectors of the J/ϱ and
photon respectively. The factor of 2 in Eq. (3) allows for
the fact that there are two diagrams each giving the same
contribution. Only one diagram is drawn on the left in
Fig. 1 and we will only calculate one correlation function
on the lattice. The second diagram has the photon and
ALP interchanged.

The width for the decay to a real photon-ALP pair is
then
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where
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is introduced to facilitate the comparison with perturba-
tion theory.

F̃ is known from NRQCD perturbation theory through
lowest and first order [10, 14, 17]:

F̃pert,NLO = 2 |ϱ(0)|

√
12
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s)

)

(6)
where |ϱ(0)| is the J/ϱ nonrelativistic wavefunction at
the origin and x = 1 → m

2
a/M

2

J/ϑ. aP varies from

2Symmetry considerations show there is only a single form fac-
tor, as for the process J/ω ↑ εϑc [16].
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Figure 1. Ratio of the BSM-modified to SM cross section for gg ! h ! �� at
p

s = 13 TeV,
as a function of a22/v2. Theoretical variations corresponding to the vanilla HEFT model, field
redefinition, and EoM reduction are shown. Shaded bands indicate current (LHC, integrated lumi-
nosity of 139 fb�1 [69]) and projected (HL-LHC, integrated luminosity of 3 ab�1 [70]) experimental
sensitivities at 95% CL. The lower panel shows the theory error calculated using Eq. (2.10).

therefore, yield comparable constraints at the same order of magnitude, indicating that

the field redefinition and EoM substitution are equivalent for this observable at leading

order. The theoretical uncertainty, shown in the lower panel of Fig. 1, exhibits an almost

linear behaviour in the vicinity of the origin, as anticipated in our earlier discussion, but not

trivially so, given the processing that the theory has undergone to arrive at these predictions.

The error is therefore well controlled within the experimentally allowed region, reinforcing

the robustness of the linear approximation for this process.

Going further, we extract constraints on a22/v2 by performing a global fit across all

relevant Higgs production and decay channels in single Higgs processes at the LHC, and at

a future HL-LHC. To this end, we construct a �2 statistic incorporating the experimental

correlation matrix from Ref. [69]. The resulting bounds on a22 are shown in Fig. 2, further

illustrating that all three approaches lead to consistent results when computing physical

observables at leading order.

3.2.2 O↵-shell E↵ects in Four-Top Production

The production of four top quarks at hadron colliders,

pp ! tt̄tt̄ , (3.32)

is a rare but highly informative process. Although the SM predicts a small cross section of

about 13 fb at
p

s = 13 TeV [71, 72], this channel is sensitive to a wide range of potential

new physics e↵ects and has attracted increasing interest in recent years.
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Figure 3. Cross section dependence of pp → tt̄tt̄
at

↑
s = 13 TeV with a!! for the vanilla and field

redefined case for linear and quadratic truncations
in the amplitudes. The light and dark bands
in blue present the 95% confidence limits in the
current (at an integrated luminosity of 139 fb→1)
and HL-LHC projected (at 3 ab→1) sensitivities to the 4-top signal strength. The lower panel on
the right plot illustrates the theory errors associated with the di!erent parameterisations described
previously. The plot on the left provides a zoomed-in version of the cross section scaling on the
right, in the regime where the theory error scales linearly.

form of the propagator. The non-resonant nature of this process makes it well-suited to

probing deviations from the SM, especially those that alter the high-energy behaviour of

the Higgs exchange. Within the HEFT framework, this makes four-top production an ideal

probe of higher-derivative operators such as O!! = !h!h, which modify the Higgs boson’s

kinetic structure and a!ect its propagation in a momentum-dependent way. The e!ects of

kinematic enhancement can be further amplified by the multiple operator insertions. In fact,

it turns out that the linearised amplitude is relatively suppressed relative to its quadratic

dependence ↓ a2!!. In parallel to quantifying the HEFT error, we will also contextualise

its size for quadratic insertions, i.e. the amplitude is expanded up to terms ↓ a2!! and

analysed according to the discussion of the previous section.

To quantify the impact of O!! on this channel, we evaluated both linear and quadratic

contributions to the amplitude. Cross sections were generated using MadGraph5 aMC@NLO [86],

with the modified propagator structures from Eqs. (3.11) and (3.21) implemented directly

via manual edits to the Helas routines [87]. This ensured a consistent treatment of inter-

ference and squared terms originating from Higgs-mediated contributions. The resulting

changes in the total cross section are shown in Fig. 3, where a clear distinction between the

linear and quadratic e!ects of O!! can be seen. Figure 3 also illustrates the dependence of

the total cross section on the HEFT coe”cient a!! for both truncation schemes. The light

and dark blue bands represent projected 95% confidence level sensitivities at the LHC [83]

and HL-LHC [88], respectively. The quadratic truncation yields tighter constraints, owing

to the enhancement from squared terms at larger values of a!!. This contrasts with the

Higgs signal strength fits discussed earlier, where both truncations gave nearly identical
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Figure 3. Cross section dependence of pp → tt̄tt̄
at

↑
s = 13 TeV with a!! for the vanilla and field

redefined case for linear and quadratic truncations
in the amplitudes. The light and dark bands
in blue present the 95% confidence limits in the
current (at an integrated luminosity of 139 fb→1)
and HL-LHC projected (at 3 ab→1) sensitivities to the 4-top signal strength. The lower panel on
the right plot illustrates the theory errors associated with the di!erent parameterisations described
previously. The plot on the left provides a zoomed-in version of the cross section scaling on the
right, in the regime where the theory error scales linearly.

form of the propagator. The non-resonant nature of this process makes it well-suited to

probing deviations from the SM, especially those that alter the high-energy behaviour of

the Higgs exchange. Within the HEFT framework, this makes four-top production an ideal

probe of higher-derivative operators such as O!! = !h!h, which modify the Higgs boson’s

kinetic structure and a!ect its propagation in a momentum-dependent way. The e!ects of

kinematic enhancement can be further amplified by the multiple operator insertions. In fact,

it turns out that the linearised amplitude is relatively suppressed relative to its quadratic

dependence ↓ a2!!. In parallel to quantifying the HEFT error, we will also contextualise

its size for quadratic insertions, i.e. the amplitude is expanded up to terms ↓ a2!! and

analysed according to the discussion of the previous section.

To quantify the impact of O!! on this channel, we evaluated both linear and quadratic

contributions to the amplitude. Cross sections were generated using MadGraph5 aMC@NLO [86],

with the modified propagator structures from Eqs. (3.11) and (3.21) implemented directly

via manual edits to the Helas routines [87]. This ensured a consistent treatment of inter-

ference and squared terms originating from Higgs-mediated contributions. The resulting

changes in the total cross section are shown in Fig. 3, where a clear distinction between the

linear and quadratic e!ects of O!! can be seen. Figure 3 also illustrates the dependence of

the total cross section on the HEFT coe”cient a!! for both truncation schemes. The light

and dark blue bands represent projected 95% confidence level sensitivities at the LHC [83]

and HL-LHC [88], respectively. The quadratic truncation yields tighter constraints, owing

to the enhancement from squared terms at larger values of a!!. This contrasts with the

Higgs signal strength fits discussed earlier, where both truncations gave nearly identical
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Figure 3. Cross section dependence of pp → tt̄tt̄
at

↑
s = 13 TeV with a!! for the vanilla and field

redefined case for linear and quadratic truncations
in the amplitudes. The light and dark bands
in blue present the 95% confidence limits in the
current (at an integrated luminosity of 139 fb→1)
and HL-LHC projected (at 3 ab→1) sensitivities to the 4-top signal strength. The lower panel on
the right plot illustrates the theory errors associated with the di!erent parameterisations described
previously. The plot on the left provides a zoomed-in version of the cross section scaling on the
right, in the regime where the theory error scales linearly.

form of the propagator. The non-resonant nature of this process makes it well-suited to

probing deviations from the SM, especially those that alter the high-energy behaviour of

the Higgs exchange. Within the HEFT framework, this makes four-top production an ideal

probe of higher-derivative operators such as O!! = !h!h, which modify the Higgs boson’s

kinetic structure and a!ect its propagation in a momentum-dependent way. The e!ects of

kinematic enhancement can be further amplified by the multiple operator insertions. In fact,

it turns out that the linearised amplitude is relatively suppressed relative to its quadratic

dependence ↓ a2!!. In parallel to quantifying the HEFT error, we will also contextualise

its size for quadratic insertions, i.e. the amplitude is expanded up to terms ↓ a2!! and

analysed according to the discussion of the previous section.

To quantify the impact of O!! on this channel, we evaluated both linear and quadratic

contributions to the amplitude. Cross sections were generated using MadGraph5 aMC@NLO [86],

with the modified propagator structures from Eqs. (3.11) and (3.21) implemented directly

via manual edits to the Helas routines [87]. This ensured a consistent treatment of inter-

ference and squared terms originating from Higgs-mediated contributions. The resulting

changes in the total cross section are shown in Fig. 3, where a clear distinction between the

linear and quadratic e!ects of O!! can be seen. Figure 3 also illustrates the dependence of

the total cross section on the HEFT coe”cient a!! for both truncation schemes. The light

and dark blue bands represent projected 95% confidence level sensitivities at the LHC [83]

and HL-LHC [88], respectively. The quadratic truncation yields tighter constraints, owing

to the enhancement from squared terms at larger values of a!!. This contrasts with the

Higgs signal strength fits discussed earlier, where both truncations gave nearly identical
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looking beyond the LHC
‣ FCC-ee will gain unprecedented precision in a limited array of 

observables
‣ ‘Tera-Z’

[Maura, Stefanek, You `24]

Figure 11: FCC-ee 95% CL exclusion for scalar WIMPs without hypercharge.

loryon parameter space can now be probed by the inclusion of on-pole data that significantly

extends the above-pole bounds. The dashed blue line shows the above-pole constraints

assuming only CH↭ in the fit (for comparison to previous analyses), while the solid blue

line is the full result also including CH . The weaker constraint from the full result can be

understood as follows. First, we have CH/CH↭ = 2ω, so the importance of CH relative to

CH↭ grows linearly with ω. Next, these two Wilson coe!cients contribute to the ZH cross

section with the ratio CH/CH↭ → ↑0.07. This means that for ω → 7, the NLO contribution

of CH becomes of the same size as the LO contribution of CH↭ and there is a partial

cancellation that leads to the weakened bound shown in Fig. 10.

On the other hand, the on-pole constraint given by the orange region in Fig. 10 is

dominated by the sizeable running of QH↭ ↓ QHD given in Eq. (3.6), which in this model

amounts to a 2-loop contribution to the Z-pole oblique parameters. We note that it is

consistent to combine 1-loop matching with 1-loop running in this case due to the lack of

any tree-level matching contributions. Performing a fit to all the on-pole data, we find a

single operator 68% CL bound of

CH↭(1 TeV) ↫ 1

(9.2 TeV)2
, (4.3)

which yields M/ω > 150 GeV, in approximate agreement with Fig. 10.

We conclude this section by noting that the reliability of the dimension-6 SMEFT

should not be trusted when mω ↔ v, as corrections from d > 6 operators become important.

This signals the breakdown of the EFT and a computation in the full theory should be

performed to correctly determine the small mω behavior. In particular, capturing the

QH↭ ↓ QHD contribution to the oblique parameters will require a 2-loop calculation

in the full theory, which we plan to perform in future work. This will be necessary to

determine if the low mass regime of the loryon parameter space can be fully excluded.

4.2 Weakly interacting massive particles

Electroweak multiplets are motivated in many BSM extensions but are di!cult to search

for at hadron colliders, with current indirect exclusions in Drell-Yan being insensitive to

– 18 –
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looking beyond the LHC
‣ FCC-ee will gain unprecedented precision in a limited array of 

observables
‣ ‘Tera-Z’

‣ Higgs + Z
e.g. [Anisha, Biermann, et. al `25]
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Figure 1. Projections of the SFOEWPT scan as detailed in the main body of the text. Panel 1(a)
shows the compatibility with the S and T parameters at 68% CL (dotted blue line) and 95% CL (full
blue line). Here, light grey points are parameter points compatible with the constraints specified in
Sec. 2, dark grey points additionally fulfil the SFOEWPT constraint ωp > 1, and colored points fulfil
the projected constraints on the EWPOs representatively obtained at a future FCC-ee for its

→
s = mZ

phase. The Z-pole programme will e!ciently single out a relatively small parameter space of the
SFOEWPT-preferred parameter region. Panels 1(b) and 1(c) show the contours of the allowed mass
spectra after successively applying the constraints. Panel 1(d) highlights the relation of this region in
the context of the expected 125 GeV signal strength constraints obtainable at the HL-LHC at 68% CL
(dotted red line) and 95% CL (dashed red line), displayed in the tan ε versus cos(ε ↑ ϑ) plane.

The results for our parameter scan are presented in Fig. 1. As expected, parameter choices

that are relatively far from the alignment limit can be e!ciently constrained with a precision

Z pole programme at an e
+
e
→ machine. Sensitivity here extends well beyond the sensitivity

of a coupling analysis for the 125 GeV Higgs boson at the HL-LHC, which is highlighted in

Fig. 1(d).5 The requirement of a significant mass splitting between the heavy neutral scalar

5To obtain the confidence intervals of the HL-LHC we performed a ω2 fit to test the projected values of the
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Figure 4. Production of the SM-like Higgs boson in association with a Z boson at the FCC-ee,
in relation to the decoupling limit at

→
s = 240 GeV for the scan detailed in Sec. 2. Blue points

denote leading-order predictions, which are all compatible with the expected FCC-ee sensitivity of
hZ production of !ω/ω = 0.31% [108]; all points are compatible with an SM outcome of the FCC-ee
Z-pole programme. Including radiative corrections (red points) modifies these predictions, creating
the discovery potential at a lepton collider even when Z pole observables are insensitive. The green
region is the experimental sensitivity !ω/ω = 0.31%. The decoupling cross section ωdecoup is evaluated
consistently at LO (blue points) and NLO (red points).

points are consistent with the uncertainty of Eq. (3.4) at the leading order. Consistency with

S, T forces the interactions of the SM-like Higgs boson into a region where the leading-order

cross section is largely consistent with the SM (the 2HDM cross section in the decoupling limit

is around ωdecoup = 0.222 pb at LO and 0.211 pb at NLO), cf. Fig. 4.

The requirement of an SFOEWPT, however, is incompatible with this decoupling limit

(the latter approaches the SM for which the phase transition is a cross-over). Hence, we can

expect quantum corrections to be relevant for the points that single out an SFOEWPT, also

when they are aligned with the SM expectation of Z pole measurements. Indeed, as shown

in Fig. 4, the weak radiative corrections as detailed in Sec. 3.3.1, modify the 2HDM cross

sections away from the decoupling limit (and hence, away from the SM). More importantly,

the modifications are typically large enough for the e
+
e
→

↑ hZ programme to detect new

physics based on the expectation of Eq. (3.4).

It is worthwhile mentioning that the discrimination on the basis of the hZ cross section

is not in a one-to-one correspondence with the requirement of an SFOEWPT. It is the

predictive power of renormalisability that drives experimentally detectable model correlations

beyond leading order in a theoretically controlled way. An SFOEWPT is driven by the

requirement of a relatively light exotic particle spectrum and a departure from SM-expected

Higgs interactions. In any UV-complete scenario (and in particular for the 2HDM considered

here), these requirements select a region of the parameter space that is, to a large extent,

experimentally distinguishable from the SM in hZ production at a 240 GeV lepton collider.

The radiative corrections are not dominantly sensitive to the mass splittings themselves,

but to their correlated e”ects in terms of inter-Higgs couplings and radiative corrections
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