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Rafel Escribano τ− → (P1P2)−ντ (P1,2 = π, K)Radiative corrections to decays
R. Escribano, J. A. Miranda and P. Roig, Phys. Rev. D109 (2024) 053003

Structure-dependent real photon corrections calculated  
for the first time using Resonance Chiral Theory

These results allow for precise tests of CKM unitarity,  
lepton flavor universality and non-standard interactions

The photon energy distribution is shown in Fig. 9. The SI
amplitude in all these decays governs the distribution for
Eγ ≲ 100 MeV, in agreement with the outcomes for the
branching ratio. However, the SD contributions become
relevant for Eγ ≳ 250 MeV. This feature makes these
decays an excellent probe for testing SD effects. The same
analysis for the τ− → π−π0ντγ decays can be found for
instance in Ref. [53].

V. RADIATIVE CORRECTIONS

The overall differential decay width is given by

dΓ
dt

!!!!
PPðγÞ

¼ dΓ
dt

!!!!
PP

þ dΓ
dt

!!!!
III
þ dΓ

dt

!!!!
IV=III

þ dΓ
dt

!!!!
rest

; ð31Þ

where the first term is the nonradiative differential width
in Eq. (C5), the second and third terms correspond to the

FIG. 8. The K−π0 (top), K̄0π− (center) and K−K0 (bottom)
hadronic invariant mass distributions for Ecut

γ ≥ 300 MeV. The
solid and dashed line represent theOðp4Þ corrections using FV ¼ffiffiffi
3

p
F and FV ¼

ffiffiffi
2

p
F, respectively. The dotted line represents the

bremsstrahlung contribution (SI). The red one corresponds to the
Low approximation.

FIG. 9. Photon energy distribution for the τ− → K−π0ντγ (top),
the τ− → K̄0π−ντγ (center) and the τ− → K−K0ντγ (bottom)
decays normalized with the nonradiative decay width. The dotted
line represents the bremsstrahlung contribution and the red one
the Low approximation. The solid and dashed lines represent the
Oðp4Þ corrections usingFV ¼

ffiffiffi
3

p
F andFV ¼

ffiffiffi
2

p
F, respectively.
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τ− → K−π0ντγ

Low approximation integrated according to the kinematics
in Refs. [51,53], Eq. (15), and the last term includes the
remaining contributions.
To evaluate the first term in the right-hand side of

Eq. (31) we use two models for the factorization of the
radiative corrections to the form factors. Both of them were
pioneered in Kl3 decays and have also been employed in
the τ− → ðKπÞ−ντ processes. As we will see, the difference
between both results will saturate the uncertainty of our
real-photon radiative corrections. To the best of our knowl-
edge, the importance of the factorization model for the
former corrections was not previously recognized in the
literature.
The contributions to the form factors due to virtual

corrections can be written as

Fþ=0ðt; uÞ ¼ Fþ=0ðtÞ þ δFþ=0ðt; uÞ; ð32Þ

where δF0ðt; uÞ ¼ δFþðt; uÞ þ t
Δ−0

δf̄−ðuÞ. In model 1,
δFþðt; uÞ is given by [51]

δFþðt; uÞ
FþðtÞ

¼ α
4π

!
2ðm2

− þm2
τ − uÞCðu;MγÞ

þ 2 log
"
m−mτ

M2
γ

#$
þ δf̄þðuÞ; ð33Þ

while in model 2, it is written as [11] [we note that in this
second case, the correction δf̄þðuÞ to δFþðt; uÞ is not
modulated by the vector form factor FþðtÞ]

δFþðt; uÞ
FþðtÞ

¼ α
4π

!
2ðm2

− þm2
τ − uÞCðu;MγÞ

þ 2 log
"
m−mτ

M2
γ

#$
þ δf̄þðuÞ

FþðtÞ
; ð34Þ

where Cðu;MγÞ, δf̄þðuÞ and δf̄−ðuÞ are defined in
Appendix B. A similar factorization prescription was
used in Ref. [102], where model 2 was preferred over
model 1 for the Kμ3 decays since the loop contributions
to f̄þ=−ðuÞ are different.7 We will see here that model 1
factorization warrants smoother corrections than model
2 when resonance contributions are included, as reso-
nance enhancements will cancel in the long-distance
radiative correction factor GEMðtÞ in Eq. (35), as
opposed to model 2. This motivates our preference of
model 1 over model 2 in our following phenomeno-
logical analysis.

A couple of points are worth to stress in connection to
both factorization models and the preferred one. First, a
measurement of dimeson or photon energy spectra in the
considered decays will be really helpful in reducing the
model dependence of our results (particularly on the
factorization prescription). Second, we will present else-
where the corresponding computations of the virtual
photon structure-dependent corrections, which will com-
plete these at the one-loop order. We expect that the model
dependence is reduced in the sum of all radiative correc-
tions, so having this last missing piece available will also be
valuable for diminishing the model dependence (again with
particular emphasis on the precise factorization in the
considered decays).
The correction factors δ̄AðtÞ for the four-body decays and

δ̃AðtÞ for the three-body processes appearing in Eqs. (16)
and (C6), respectively, where A ¼ þ; 0;þ0, are both IR
divergent when Mγ → 0. Nevertheless, the overall contri-
bution, δAðtÞ ¼ δ̄AðtÞ þ δ̃AðtÞ, is finite. In Fig. 10, we show
the predictions for δAðtÞ for the K−π0, K̄0π− and K−K0

decay modes using the form factors in models 1 and 2.
While our results for δþðtÞ in model 2 agree with those in
Ref. [11] in Fig. 2, the predictions for δ0ðtÞ are slightly
different as a consequence of the parametrization of the
scalar form factor.8

The differential decay width can be written as

dΓ
dt

%%%%
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FjVuDFþð0Þj2SEWm3
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768π3t3

×
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$
GEMðtÞ; ð35Þ

where GEMðtÞ encodes the electromagnetic corrections due
to real and virtual photons. For simplicity, we have split
GEMðtÞ in two parts: the leading Low approximation plus
nonradiative contributions, Gð0Þ

EMðtÞ, and the remainder,
δGEMðtÞ, which includes the SD contributions to the
amplitude. The predictions for both are shown in Fig. 11.
Integrating upon t, we get

ΓPPðγÞ ¼
G2

FSEWm
5
τ

96π3
jVuDFþð0Þj2IτPPð1þ δPPEMÞ2; ð36Þ

where7Both prescriptions were studied for the Ke3 decays in
Ref. [69]; their outcomes for δKl

EMðD3Þð%Þ are shifted from
0.41 to 0.56 for K0

e3 and from −0.564 to −0.410 for K%
e3 modes

where the former numbers correspond to model 2.

8This effect is mainly responsible for the slight difference
between our results for model 2 in Table 10 and those in Ref. [11].
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δK
−π0

EM ¼ −ð0.009þ0.010
−0.118Þ; δK̄

0π−
EM ¼ −ð0.166þ0.100

−0.157Þ;

δK
−K0

EM ¼ −ð0.030þ0.032
−0.180Þ; δπ

−π0
EM ¼ −ð0.186þ0.114

−0.203Þ: ð38Þ

We see that the model-independent contributions are
responsible for the relatively large radiative corrections
obtained for the ðK̄=πÞ0π− modes. For the modes with a
K−, the dominant (asymmetric) uncertainty comes from
the difference between the model 1 and 2 results, which
is much larger than the deviation between the model-
dependent 2F=3F values. Instead, for the modes with a π−,
the dominant uncertainty comes from the missing model-
dependent virtual-photon corrections. Our results for the
δK

−π0=K̄0π−

EM agree with those in Ref. [11], and we reduce the
uncertainty band by ∼45% in the K− channel. We note that
the estimate of the errors in this reference yields also an
uncertainty band in agreement with ours for δK

−K0=π−π0
EM (our

errors are smaller by a factor ∼2 again in the K−K0 case).10

Although our δK
−π0

EM and δK̄
0π−

EM seem to differ (the main
reason being the scaling of the inner bremsstrahlung
contribution with the inverse of the charged meson mass),
the corresponding significance of their nonequality is only
∼0.7σ, according to our uncertainties. Our radiative cor-
rections in Eq. (38) improve over previous analysis (where,
for instance, the structure-dependent corrections were not
computed) and, as such, should be employed in precision
analysis like, e.g., CKM unitarity or lepton universality
tests [103] and searches for nonstandard interactions.
For completeness, we have also evaluated these correc-

tions for the K−ηð0Þ modes. In the Gð0Þ
EM approximation and

using the respective dominance of the vector (scalar) form
factor [13], we obtain

δK
−η

EM ¼ −ð0.026þ0.029
−0.163Þ; δK

−η0

EM ¼ −ð0.304þ0.422
−0.185Þ; ð39Þ

where the uncertainty is saturated by the difference between
the model 1 and 2 results in the η channel and by the non yet
computed virtual-photon structure-dependent corrections
for the η0 mode. The K−η0 decay mode is the only one

(completely) dominated by the scalar form factor, which
causes the relatively large magnitude of the corresponding
radiative correction.

VI. IMPACT OF RADIATIVE CORRECTIONS
ON NP BOUNDS

In this section, we update the results of Ref. [41]
concerning one- and two-meson tau decays including the
radiative corrections computed in this paper.11 We recall
briefly the main aspects here but refer the reader to
Ref. [41] for details.
The low-energy effective Lagrangian describing the

τ− → ūDντ decays (D ¼ d, s) can be written as [104,105]

Leff ¼ −
GFVuDffiffiffi

2
p ½ð1þ ετLÞτ̄γμð1 − γ5Þντ · ūγμð1 − γ5ÞD

þ ετRτ̄γμð1 − γ5Þντ · ūγμð1þ γ5ÞD
þ τ̄ð1 − γ5Þντ · ūðετS − ετPγ5ÞD
þ ετT τ̄σμνð1 − γ5Þντ · ūσμνð1 − γ5ÞD& þ H:c:; ð40Þ

where GF corresponds to the Standard Model (SM) tree-
level definition of the Fermi constant and the nonvanishing
εi (i ¼ S, P, V, A, T) Wilson coefficients (assumed to be
real for simplicity in what follows) determine the new
physics. Beyond the SM, super allowed nuclear Fermi β
decays do not depend on GFVud but rather on
GFVudð1þ εeL þ εeRÞ, as it is accounted for in our analysis.
After usingLeff , the relevant (for two-meson decays) scalar,
vector and tensor hadron matrix elements are computed
using dispersion relations, nourished with experimental
data, keeping track of the associated uncertainties.
We will discuss in the following the separate results for

the strangeness-conserving and changing channels and,
finally, those of a joint fit.

A. ΔS= 0
From τ− → π−ντðγÞ, we restrict [37,41,43,44,46]

ετL − εeL − ετR − εeR −
m2

π

mτðmu þmdÞ
ετP

¼ −ð0.14' 0.72Þ × 10−2; ð41Þ

using fπ ¼ 130.2ð8Þ MeV [3], jVudj ¼ 0.97373ð31Þ [92],
SEW ¼ 1.0232 [65], masses and branching ratios from the
PDG [92], and δτπem ¼ −0.24ð56Þ% from Ref. [44].
After performing a fit that includes one- (π) and two-

meson (ππ, KK) strangeness-conserving exclusive tau
decays, the constraints for the nonstandard interactions
(at μ ¼ 2 GeV in the MS scheme) are

TABLE IV. Electromagnetic corrections to hadronic τ decays in
percent.

Gð0Þ
EMðtÞ δGEMðtÞ

δPPEM Reference [11] Model 1 Model 2 SI SIþ 2F SIþ 3F

K−π0 −0.20ð20Þ −0.019 −0.137 −0.001 þ0.006 þ0.010
K̄0π− −0.15ð20Þ −0.086 −0.208 −0.098 −0.085 −0.080
K−K0 ( ( ( −0.046 −0.223 −0.012 þ0.003 þ0.016
π−π0 ( ( ( −0.196 −0.363 −0.010 −0.002 þ0.010

10A former estimation of the π−π0 radiative corrections yielded
δπ

−π0
EM ∼ −0.08% [52], where the SD contributions were evaluated
using a vector meson dominance model.

11One-meson channels were updated in Refs. [43,44] using
the improved radiative corrections calculated in those papers. It
would also be interesting to reanalyze Refs. [11,46] with our new
radiative corrections.
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K−, the dominant (asymmetric) uncertainty comes from
the difference between the model 1 and 2 results, which
is much larger than the deviation between the model-
dependent 2F=3F values. Instead, for the modes with a π−,
the dominant uncertainty comes from the missing model-
dependent virtual-photon corrections. Our results for the
δK

−π0=K̄0π−

EM agree with those in Ref. [11], and we reduce the
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the estimate of the errors in this reference yields also an
uncertainty band in agreement with ours for δK
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EM (our

errors are smaller by a factor ∼2 again in the K−K0 case).10

Although our δK
−π0

EM and δK̄
0π−
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reason being the scaling of the inner bremsstrahlung
contribution with the inverse of the charged meson mass),
the corresponding significance of their nonequality is only
∼0.7σ, according to our uncertainties. Our radiative cor-
rections in Eq. (38) improve over previous analysis (where,
for instance, the structure-dependent corrections were not
computed) and, as such, should be employed in precision
analysis like, e.g., CKM unitarity or lepton universality
tests [103] and searches for nonstandard interactions.
For completeness, we have also evaluated these correc-

tions for the K−ηð0Þ modes. In the Gð0Þ
EM approximation and

using the respective dominance of the vector (scalar) form
factor [13], we obtain

δK
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EM ¼ −ð0.026þ0.029
−0.163Þ; δK
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where the uncertainty is saturated by the difference between
the model 1 and 2 results in the η channel and by the non yet
computed virtual-photon structure-dependent corrections
for the η0 mode. The K−η0 decay mode is the only one

(completely) dominated by the scalar form factor, which
causes the relatively large magnitude of the corresponding
radiative correction.

VI. IMPACT OF RADIATIVE CORRECTIONS
ON NP BOUNDS

In this section, we update the results of Ref. [41]
concerning one- and two-meson tau decays including the
radiative corrections computed in this paper.11 We recall
briefly the main aspects here but refer the reader to
Ref. [41] for details.
The low-energy effective Lagrangian describing the

τ− → ūDντ decays (D ¼ d, s) can be written as [104,105]

Leff ¼ −
GFVuDffiffiffi
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where GF corresponds to the Standard Model (SM) tree-
level definition of the Fermi constant and the nonvanishing
εi (i ¼ S, P, V, A, T) Wilson coefficients (assumed to be
real for simplicity in what follows) determine the new
physics. Beyond the SM, super allowed nuclear Fermi β
decays do not depend on GFVud but rather on
GFVudð1þ εeL þ εeRÞ, as it is accounted for in our analysis.
After usingLeff , the relevant (for two-meson decays) scalar,
vector and tensor hadron matrix elements are computed
using dispersion relations, nourished with experimental
data, keeping track of the associated uncertainties.
We will discuss in the following the separate results for
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finally, those of a joint fit.

A. ΔS= 0
From τ− → π−ντðγÞ, we restrict [37,41,43,44,46]
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After performing a fit that includes one- (π) and two-
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(at μ ¼ 2 GeV in the MS scheme) are
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Low energies strong interactions 

phenomenology, especially eta and 

eta' mesons.


1) EFT and phenomenological models 

based on chiral symmetry 


2) the study of (scalar, pseudoscalar 

and vector mesons)-mediated strong 

processes


3) decays of D and B mesons and of tau 

leptons.


Team: S. Gonzàlez-Solís, P. Masjuan, P. 

Roig, E. Royo and P. Sánchez-Puertas.




Rafel Escribano D+ → K−π+π+Combined study of hadronic and

decays by means of the analysis of semileptonic

R. Escribano, P. Masjuan and P. Sánchez-Puertas, Phys. Rev. D108 (2023) 094006

D+
s → K+K+π−

D+ → K−π+ℓ+νℓ decays

seem to require, at this precision, nonresonant I ¼ 2 and
3=2 contributions [9,10,37,38] that are beyond our ap-
proach. While these can be incorporated in more sophis-
ticated frameworks, this is commonly at the expense of
abandoning the underlying microscopic theory. In the
following, we discuss some aspects regarding the value
found for the Wilson coefficients and the naïve-factoriza-
tion hypothesis. The result for aPi notably lies within
benchmark estimates, signifying an excellent performance
of naïve factorization (it is worth reiterating that such
outcome critically relies on the predicted relative signs

between the a1;2 contributions). By contrast, this is not the
case for the aSi coefficients. Furthermore, the latter require
an additional overall phase that could be questioned on the
basis of analyticity and unitarity, despite ad hoc complex
phases being common in phenomenological descriptions of
D decays [3–5]. In our perspective, this additional phase
can be attributed to genuine three-body effects that are
beyond the naïve-factorization hypothesis and can alter the
original S-wave phase; see, for instance, [10]. The reason
for such effects to be stronger for the S wave might be its
flat behavior, as compared to the P wave that is fully
dominated by the K̄"ð892Þ contribution that could make
rescattering effects relevant along the entire spectra. It is
important to note that, while our phase is not dynamical,
it can be viewed as its average value in the vicinity of the
K̄"ð892Þ region, where the S and P waves exhibit signifi-
cant interference. Indeed, the observed positive shift in this
window is similar to the one found in Ref. [10]. Summa-
rizing, it seems that strict naïve factorization exhibits a
successful performance in determining the P-wave con-
tribution in this process, whereas the S wave receives
sizable nonfactorizable effects which can be nonetheless
effectively accommodated in this picture by introducing
complex Wilson coefficients, a common procedure found
in the literature. We have argued that such coefficients can
be attributed to genuine three-body effects and the absence
of quasi-two-body dynamics for the S wave. To further test
this hypothesis and to better constrain the Wilson coef-
ficients (that, for the aSi cases, largely depend on the
assumed priors; see Appendix D), we propose studying
Dþ

s → KþKþπ− decays that were not discussed in Ref. [1]
and can provide further insight in this respect.

FIG. 4. Differential decay width for Dþ → K−πþπþ compared
to E791 data [37]. The dark gray band represents our model,
while the light gray bands represent the low- and high-mass parts
of the spectra. The dashed blue lines represent the scalar and
vector components in our model. The bands are dominated by our
MC fit uncertainties but do not contain inherent uncertainties
from the naïve-factorization hypothesis.

FIG. 5. The symmetrized Dalitz plot forDþ → K−πþπþ in our model (left) together with the experimental one from E791 [37] (right).
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window is similar to the one found in Ref. [10]. Summa-
rizing, it seems that strict naïve factorization exhibits a
successful performance in determining the P-wave con-
tribution in this process, whereas the S wave receives
sizable nonfactorizable effects which can be nonetheless
effectively accommodated in this picture by introducing
complex Wilson coefficients, a common procedure found
in the literature. We have argued that such coefficients can
be attributed to genuine three-body effects and the absence
of quasi-two-body dynamics for the S wave. To further test
this hypothesis and to better constrain the Wilson coef-
ficients (that, for the aSi cases, largely depend on the
assumed priors; see Appendix D), we propose studying
Dþ

s → KþKþπ− decays that were not discussed in Ref. [1]
and can provide further insight in this respect.

FIG. 4. Differential decay width for Dþ → K−πþπþ compared
to E791 data [37]. The dark gray band represents our model,
while the light gray bands represent the low- and high-mass parts
of the spectra. The dashed blue lines represent the scalar and
vector components in our model. The bands are dominated by our
MC fit uncertainties but do not contain inherent uncertainties
from the naïve-factorization hypothesis.

FIG. 5. The symmetrized Dalitz plot forDþ → K−πþπþ in our model (left) together with the experimental one from E791 [37] (right).
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basis of analyticity and unitarity, despite ad hoc complex
phases being common in phenomenological descriptions of
D decays [3–5]. In our perspective, this additional phase
can be attributed to genuine three-body effects that are
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original S-wave phase; see, for instance, [10]. The reason
for such effects to be stronger for the S wave might be its
flat behavior, as compared to the P wave that is fully
dominated by the K̄"ð892Þ contribution that could make
rescattering effects relevant along the entire spectra. It is
important to note that, while our phase is not dynamical,
it can be viewed as its average value in the vicinity of the
K̄"ð892Þ region, where the S and P waves exhibit signifi-
cant interference. Indeed, the observed positive shift in this
window is similar to the one found in Ref. [10]. Summa-
rizing, it seems that strict naïve factorization exhibits a
successful performance in determining the P-wave con-
tribution in this process, whereas the S wave receives
sizable nonfactorizable effects which can be nonetheless
effectively accommodated in this picture by introducing
complex Wilson coefficients, a common procedure found
in the literature. We have argued that such coefficients can
be attributed to genuine three-body effects and the absence
of quasi-two-body dynamics for the S wave. To further test
this hypothesis and to better constrain the Wilson coef-
ficients (that, for the aSi cases, largely depend on the
assumed priors; see Appendix D), we propose studying
Dþ

s → KþKþπ− decays that were not discussed in Ref. [1]
and can provide further insight in this respect.

FIG. 4. Differential decay width for Dþ → K−πþπþ compared
to E791 data [37]. The dark gray band represents our model,
while the light gray bands represent the low- and high-mass parts
of the spectra. The dashed blue lines represent the scalar and
vector components in our model. The bands are dominated by our
MC fit uncertainties but do not contain inherent uncertainties
from the naïve-factorization hypothesis.

FIG. 5. The symmetrized Dalitz plot forDþ → K−πþπþ in our model (left) together with the experimental one from E791 [37] (right).

COMBINED STUDY OF HADRONIC Dþ → K−πþπþ … PHYS. REV. D 108, 094006 (2023)

094006-9

Model

Exp data

The summary of my research in the last 5 years: 


eta and eta' meson physics: theoretical analysis of the 

doubly radiative decays of the eta and eta' mesons; 

determination of the pi0-eta-eta' mixing from the radiative 

decays of the lightest vector mesons; theoretical analysis of 

the eta and eta' charge-conjugation conserving 

semileptonic decays; investigation of the prospect of 

observing such signatures via CP-violation using the former 

decays into muons at the REDTOP experiment; and 

analysis of the sensitivity of the eta and eta' doubly 

radiative decays to signatures of a leptophobic B boson in 

the MeV-GeV mass range. 


D-meson and tau-lepton decays: combined study of 

multihadronic D and Ds decays by means of the analysis of 

semileptonic D decays; and computation of the radiative 

corrections of tau lepton decays into two pseudoscalar 

mesons (pi, K). 


In beyond the SM physics, the computation of the pole 

mass and pole width of the Kaluza-Klein gluon and the 

prediction for proton-proton cross-sections.



B) Hadronic corrections to MUonE experiment

C) New QCD running coupling constant

Pere Masjuan Hadronic Physics for the (g-2)μ

A) New Theory White Paper: Is the 
anomaly still anomalous?



Quim Matias

New Physics shows a clear                                                                        
preference for Lepton Flavour                                                                 
Universality, i.e, same large                                                                               
New Physics for b->smumu                                                                                         
and b->see channels.

Published in: Eur.Phys.J.C 83 (2023) 7, 648. Cit: 119.

Developed new strategies to quantitatively understand and disentangle all possible 
sources of hadronic effects (form factors, charm loops, resonances, etc.).

Improved theoretical predictions for over 250 observables used in our global 
analyses, incorporating new form factor computations and long-distance charm 
contributions.

Evaluated the global significance of observed deviations to identify the relevant 
Wilson coefficients. Current results suggest that Lepton Flavour Universal (LFU) 
New Physics scenarios dominate, with the semileptonic Wilson coefficient $C_9$ 
receiving the main New Physics contribution. Both model-independent and model-
dependent analyses were performed.

Prospects:

Extending the analysis from binned to unbinned observables in $B \rightarrow 
K^*\ell^+\ell^- $ decays to extract more detailed information from the shape of 
distributions (e.g., zero crossings). Collaboration with LHCb is ongoing.

Expanding the analysis beyond P-wave observables and including previously 
neglected corrections such as lepton mass effects and scalar contributions.

Investigating $ b \rightarrow s\tau^+\tau^- $ decays and their connection to LFUV 
contributions in the charged sector, particularly in observables like $ R(D) $ and $ 
R(D^*) $.

1) Semileptonic transitions:  b —> s l- l+  with  l = e, \mu, \tau 



Quim Matias

New Physics in QCD-Penguins                                                                            
and/or Chromomagnetic 
Operators required to explain 
these anomalies.                                                                       

Published in: JHEP 06 (2023) 108. JHEP 08 (2024) 030

Main contributions:

Constructed new observables based on ratios of $ B_d \rightarrow 
K^*K^*$) and $ B_s \rightarrow K^*K^* $, as well as $ B_d \rightarrow 
KK $ and $ B_s \rightarrow KK $, which reduce the sensitivity to 
infrared divergences. These are referred to as L observables.

Analyzed their sensitivity to form factors obtained via LCSR (Light-
Cone Sum Rules), with and without lattice QCD inputs, and their 
potential to reveal New Physics.

Proposed a scalar leptoquark model to address the newly observed 
non-leptonic anomaly.

Prospects:

Identified a new mechanism highly sensitive to New Physics that 
enhances or suppresses two partner decays: $ B_{(d,s)} \rightarrow 
KK^*$ and $ B_{(d,s)} \rightarrow K^*K$), depending on whether the 
spectator quark ends up in the pseudoscalar or vector meson. 
Experimental studies with LHCb are ongoing.

Initiated a systematic study of other related non-leptonic decay modes.

2) A new class of non-leptonic observables:

• 2.6 sigma for B->K*K* and similarly 2.4 sigma for B->KK.  
• Same NP explanation for both anomalies.                                                              



Santi Peris

Determination of αs from hadronic τ decays 

Non-perturbative effects have a small but non-trivial impact on the 

determination of the strong coupling from hadronic τ decay data. We 

have recently been able to show that the value for alpha_s determined in 

what used to be the traditional  approach followed by Davier, Pich and 

collaborators turns out to derive purely from perturbation theory, with no 

role played by the non-perturbative condensates determined in the rest 

of the analysis. This leads to the conclusion that a revision of the 

conventional understanding of what is learned from truncated OPE 

analyses is necessary.

Lattice QCD  

The lattice is a nonperturbative method for studying 

QCD from first principles. However, it is formulated 

in the Euclidean which means that, up to now, 

spectral functions (such as, e.g., R(e+eàhadrons)) 

have been beyond reach. Recently, there have been 

important theoretical developments which allow for 

a partial solution to this problem. We plan to apply 

several interesting ideas which could help improve 

our current understanding of this problem.



Santi Peris
The discrepancy between the lattice  and the data-

based dispersive calculation of the  the muon g-2 has 

been studied with the help of a "windowed" analysis, 

in which a window in the integrand of the light-quark 

contribution to the hadronic vacuum polarization 

selects a limited range in energies. In this way, 3 

windows, corresponding to three ranges of energies, 

have been selected: short, intermediate and long 

distances (resp. SD,W,LD). We have shown that the 

e+e-  experimental data prior to CMD3 is in 

disagreement  with all current lattice determinations of 

the intermediate distance window contribution while 

for the other windows the discrepancy is less severe. 

CMD3 data is, however, in agreement with the lattice. 

This disagreement between non-CMD3 data-based 

determination of the muon g-2 and the FERMILAB 

experimental result originates in this discrepancy of 

the intermediate window contribution, and disappears 

if the lattice or the CMD3 data is used. BBGKMP-24 our work



Toni Pineda

Prospects: 

- Hyperasymptotic expansion techniques in observables 

where one can apply the operator product expansion 

- Compute heavy quarkonium observables with higher 

degree of accuracy.  

- Explore the feasibility of applying potential non-relativistic 

effective field theories to binary systems. 

Hyperasymptotic expansion techniques
Heavy-quark effective field theories



Toni Pineda

We have obtained the mass of 
lightest gluelump in the principal 
value summation scheme using 
hyperasymptotic expansions 
techniques. This number is 
renormalization scale and scheme 
independent. 

"Gluelump states are created by a static source in the octet (adjoint) 

representation attached to some gluonic content (H) such that the state 

becomes a singlet under gauge transformations. This is what would 

happen to heavy gluinos in the static approximation."



BSM



current status of research line
Line 1. Gravitational waves searches in the Hz band

Preprints showing power of Lunar laser ranging, Satellite ranging and binary pulsars
First data analysis under way (collaboration with LLR and pulsar experts)

Organization of dedicated workshop
ESA proposal (125 M€) for dedicated mission (GUEST)
Other ideas under investigation (Moon’s libration, asteroids, voids, star binaries…)

Line 2. Quantum sensing for fundamental physics
2 collaborations: AION atom interferometry.      &  GravNet (gravitational waves in the lab)

                 Work towards Spanish Site          ERC-Synergy grant (10 M€): leading group of 6.
ERC-Synergy grant for GravNet: leading the group of 6.
New preprint for uses of ion interferometry.
On-going discussions with local quantum experts and 2 groups at ICFO.

prospects of your research line in the coming few years
Line 1. Towards data analysis and dedicated mission

Early 2026: first data analysis of Lunar data/first steps towards pulsar data analyst
Dedicated proposal: if selected, great. If not selected, search other funds

Line 2. Progress in collaborations  + new ideas
AION 100 & Operational GravNet (we need a better modeling of the signal)
New developments in the frontier of quantum sensing and fundamental physics

μ

Diego Blas



Diego Blas highlights from 2023 - now

GWs searches in the Hz bandμ
2504.15334

Gravitational Universe 
Exploration
with Satellite Tracking

GUEST

Proposal for F-class ESA mission (2025)

GravNet grant and project (2025)

GravNet

GravNet in 20318
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Signals from the 
early universe 

3rd Gen

LISA Ligo/ 
Virgo/ 
KARGA

Terra  
Incognita

Direct Limits GravNet Sensitivity

‣  Modelling and Data Analysis

‣  Cavity Design & Construction

‣  Quantum Amplifiers and 
 Sensors

‣  Network Operation

‣  Combination of different 
 frequencies

‣  Adding further detectors  
 to network

‣  GravNet Baseline

100 MHz

      5-9 GHz

Cosmological constraint 

GravNet

16

Source Modeling
and Data Analysis

Resonant 
Cavities Quantum Sensing Network 

Operation

High frequency GWs



Alex Pomarol



Alex Pomarol



           Theory 
• topological defects, domain walls, strong phase transitions 

• Primodrial Black Holes 

           Searches 
• PBHs, phase transitions, top. defects 

• in LIGO/Virgo/Kagra, in PTAs

Oriol Pujolàs
Primordial GW Backgrounds offer 
enormous opportunity for HEP

      — DWs well motivated case, yet poorly understood (computational challenge)

      — source characterization (templates)

      — new synergies with intenational groups (Tufts U Boston, Bilbao)

      — we have pioneered computation of PBH fraction from non-inflationary mechanism

      — 1) Domain Wall collapse 2) First order Phase transitions

LVK —> 108 GeV



First computation of both PBH and GW 
production from (decaying) domain walls 
PBH fraction crucial for DW interpretation

Oriol Pujolàs

Updated constraints on PBH from 
GW merger data (with IFAE GW group)

+ contributions to

The Science of the 
Einstein Telescope, 
2503.12263



Mariano Quirós



Mariano Quirós



Cosmology of physics beyond the Standard Model

Present: the reported evidence for a stochastic GW background at nHz frequencies (by PTAs) provides a strong theoretical motivation 
for theoretical research, to the aim of extracting reliable predictions of GW spectra from BSM sources active in the early Universe, as well 
as understanding possible complementary signatures in cosmological datasets.  

Fabrizio Rompineve

Future: the third data release of the International PTA consortium will be released in the next few years, possibly providing detection 
of the stochastic background. Other data releases from PTAs are also expected in the next five years.  This, together with the longer-
term outlook with LISA and possibly ET, motivates further studies in the characterization of early Universe sources of GWs (e.g. phase 
transitions, topological defects).

Present: recently released cosmological datasets (DESI, ACT, SPT), in addition to Planck data, provide the opportunity to probe BSM 
physics to an unprecedented extent, in particular as it concerns the existence of additional light degrees of freedom (dark radiation, such 
as axions) and properties of dark matter and dark energy. This motivates additional theoretical investigations especially on the 
compatibility of BSM scenario with data.

Future:  Euclid is expected to release new LSS data in the next few years, which should clarify on recently reported deviations from 
LCDM (e.g. DESI on dark energy). Similarly, upcoming CMB surveys (Simons Observatory) provide the opportunity to test discover or 
constrain new physics scenarios. Meanwhile, efforts for the detection of the nature of the dark matter continue, and motivate theoretical 
studies of specific dark matter models (e.g. the QCD axion).

Gravitational Waves



Fabrizio Rompineve

Footprints of the QCD Crossover on Cosmological Gravitational
Waves at Pulsar Timing Arrays
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Pulsar timing arrays (PTAs) have reported evidence for a stochastic gravitational wave (GW)
background at nanohertz frequencies, possibly originating in the early Universe. We show that the
spectral shape of the low-frequency (causality) tail of GW signals sourced at temperatures around
T ≳ 1 GeV is distinctively affected by confinement of strong interactions (QCD), due to the corresponding
sharp decrease in the number of relativistic species, and significantly deviates from ∼f3 commonly adopted
in the literature. Bayesian analyses in the NANOGrav 15 years and the previous international PTA datasets
reveal a significant improvement in the fit with respect to cubic power-law spectra, previously employed for
the causality tail. While no conclusion on the nature of the signal can be drawn at the moment, our results
show that the inclusion of standard model effects on cosmological GWs can have a decisive impact on
model selection.

DOI: 10.1103/PhysRevLett.132.081001

Introduction.—A stochastic background of gravitational
waves (GWB) may be the only direct probe into the early
stages of cosmological evolution, where it can be produced
by physics beyond the standard model (SM). The recently
reported evidence for a nanohertz GWB in the NANOGrav
15 years [1,2] (NG15), European PTA data release 2
(EPTA-DR2) [3,4], Parkes [5,6], and Chinese [7] PTA
datasets, whose uncorrelated component was already
detected with previous data [8–11], has attracted ample
attention in the astrophysics, cosmology, and particle
physics communities.
One of the most urgent endeavors is determining whether

the signal is of cosmological or astrophysical origin, in the
latter case sourced by supermassive black hole binaries
(SMBHBs); see, e.g., [12,13] for an overview. This is
difficult for multiple reasons. First, while the NG15
analysis suggests that the astrophysical model may face
challenges [14], the current understanding of SMBHBs is
not sufficiently precise to draw conclusions [11,15,16];
second, the spectrum of a cosmological GWB generically

depends on the microphysical nature of the source and
often requires case-by-case numerical simulations.
In this Letter, we show that a distinctive signature is

nonetheless imprinted model independently by the early-
Universe dynamics of the SM, in the GW spectra of a broad
class of early-Universe sources. These are often referred to
as causality limited, i.e., radiating GWs on timescales
comparable to the corresponding Hubble time. Examples
are first-order phase transitions (PTs) [17], annihilation of
cosmic domain walls [18], collapse of large density
perturbations [19] (see also [16,20–33]), and several
well-motivated beyond the SM (BSM) scenarios (see
instead [16,26,34–37] for PTA-related analyses of other
types of possible cosmological GWBs).
Our starting point is a fortuitous coincidence of scales:

The nanohertz frequencies probed by PTAs coincide with
those of GWs that reenter the Hubble horizon at the epoch
of the QCD crossover phase transition, i.e., at temperatures
T ∼ 100 MeV (see, e.g., [38]). While the crossover is not
expected to source GWs, the rapid drop of relativistic
degrees of freedom in the thermal bath significantly
changes the equation of state (EOS) of the Universe, that
is precisely determined by means of lattice QCD [39].
A causality-limited GW source, active before the QCD

crossover, produces a model-independent low-frequency
GW signal, which we refer to as the causality tail (CT), that
is affected by the SM-induced change in the EOS. The CT
spectrum is altered by the redshift of the SM radiation bath
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II. Standard Model features in the causality tail of

primordial GW backgrounds

For cosmological SGWBs, a powerful property is
ensured in a broad class of primordial sources where
GWs are generated locally, independently in each spatial
patch, and in a limited amount of time. We denote by fct
the frequency of GWs entering the Hubble radius when
emission shuts o!. The remarkable property of the CT is
that GWs with frequencies f < fct evolve independently
of the source, because the corresponding wavelengths are
larger than the source’s correlation length. The evolution
of each tensor mode hk(t) in this regime is sensitive only
to the expansion of the Universe and GW propagation
[41, 47–76]. Cosmological PTs are a typical example
[59, 67, 77, 78]. In this case, bubble collisions, sound
waves, and plasma turbulence act as causality-limited
sources, each with its own finite correlation length.

The GW energy fraction is customarily defined as

”gw(f) → 1

ωcr

dωgw(f)

d ln f
(1)

where we introduced the critical energy density today
ωcr = ωω,0/”ω,0 in Eq. (1) (where ”ω,0h2 = 2.47 ↑
10→5 is the SM radiation abundance today and h →
H0/(100 km/s/Mpc) is the reduced Hubble constant).
”gw(f) exhibits a spectral shape, that is typically peaked
at some frequency fε > fct. The CT of the spectrum
behaves as ”gw(f ↭ fct) ↓ f3 in a universe filled by a
perfect relativistic fluid with EoS w(t) = p/ω = 1

3 , see
e.g. [51].

This tilt of the CT can be modified as the GW
energy density ωgw(f) in the CT is determined by the
Universe’s expansion history and its e!ect on evolution
of tensor modes [43]. After the GW source shuts o!,
the emitted super-Hubble modes freeze due to Hubble
friction, remain practically constant until they re-enter
the Hubble sphere, and then proceed with under-damped
oscillations diluted as 1/a. If the equation of state
parameter is constant at this epoch, the CT scales as

dωgw(f)

d ln f

∣∣∣∣
f<fct

↓ f3+2 3w→1
3w+1 . (2)

On the other hand, during the QCD crossover the
EoS is not constant, since heavy hadrons form and
both the e!ective number of degrees of freedom in
energy g↑(T ) = ω/(ε2T 4/30) and entropy densities
g↑,s(T ) = s/(2ε2T 3/45) decrease rapidly. From the
thermodynamical relation sT = p+ ω one then infers the
temperature-dependent EoS w(T ) = 4

3 (g↑,s(T )/g↑(T )) ↔
1. The values of g↑(T ), g↑,s(T ), and the EoS shown
in Fig. 1, are precisely determined with lattice QCD
techniques [39]. The temporary decrease of w(T ) is due
to the pressureless contribution of QCD matter to the
thermal bath, followed by its rapid depletion. The CT
is thus distinctively modified, when the corresponding
GWs with wavenumber k re-enter the Hubble horizon
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FIG. 1: Top: EoS during the QCD crossover. The inset
shows w in an expanded range of temperatures. Bottom:
Impact of the variation of w(T ), gε(T ) on the CT of a
primordial SGWB (plotted with an arbitrary amplitude).
The dashed line shows the f3 scaling obtained in a pure
radiation-dominated universe.

during the QCD crossover. Their frequency is set by
f = k/2ε = aH/2ε, which in terms of temperatures
reads (see App. A)

f ↗ 3.0 nHz ·
(
g↑,s(T )

20

)1/6( T

150MeV

)
. (3)

The e!ect of the temperature dependence of w(T ) on the
CT can be only approximately captured (see e.g. [41] in
the context of inflationary GWs)by accounting in (1) for
the fact that SM radiation is slightly reheated during the
crossover, such that:

ωω(T ) = ωω,0

(
g↑,s(T0)

g↑,s(T )

)4/3 ( g↑(T )

g↑(T0)

)(a0
a

)4
, (4)

where a(a0) is the scale factor (today), while GWs are
decoupled from the thermal bath.
We perform a precise computation by solving the

equations of motion for hk(t) (see App. B), accounting
for the temperature dependence of w and g↑, and obtain
the spectrum shown in Fig. 1. A clear deviation from
the commonly employed f3 approximation is found,
accidentally located in the nHz range where PTA
experiments are most sensitive.
Beside the SM e!ects presented above, a nHz CT signal

probes the cosmic expansion history back to ↘ TQCD.
In particular, the possible presence of a fraction ffs →
ωfs/ωtot of free-streaming species is easily accounted for,
by multiplying the ”gw spectrum shown in Fig. 1 by a
factor f16ffs/5, for ffs ↭ 15% [43].

JCAP07(2025)049

Figure 3. 2D snapshots of the gradient energy density (in logarithmic scale) for the biased ω4

potential at di!erent times, extracted from a simulation with N = 3060 and L = 80. The darkest and
lightest colors represent, respectively, gradient energy densities smaller than 10→8 and larger than
10→1, in units of m = v = 1. The squares in each panel have sides of length 1/H.

the total energy density in longer simulations. We also find that after ε → 33, the kinetic
component approximately equals the sum of the gradient and potential components, as
expected for a virialized field. On the other hand, the vacuum pressure due to the symmetry
breaking term in the potential causes a late acceleration of the network, which induces a
growth of the kinetic energy density until a time ↑ 1.5ε!V , as can be appreciated in the
right panel of figure 2. Afterwards, the kinetic component decays; we find it to be diluted
with the expansion slightly faster than non-relativistic matter but slower than radiation.
While our simulations do not reach the regime where the kinetic energy density is comparable
to the potential contribution, we expect this to be the case at later times, once the scalar
field has cooled su"ciently to be entirely non-relativistic. Note that in all phenomenological
applications with an observable GW signal one also needs to assume that the non-relativistic
relics quickly decay into (dark or Standard Model) radiation, in order not to overclose the
Universe (see e.g. [48] for a discussion).

The snapshots in figure 3 allow to observe the formation, evolution, and annihilation of the
DW network. As expected, the network achieves the scaling regime at ε → 14, characterized
by the existence of approximately one domain wall per Hubble patch. The emission of scalar
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Abstract: Networks of cosmic domain walls can form in the early Universe as a consequence
of the spontaneous breaking of discrete symmetries. We study the production of a cosmological
background of gravitational waves (GWs) from such networks, when they annihilate due
to a small explicit symmetry breaking term. Averaging over several 3+1-dimensional high-
resolution lattice field simulations, we obtain a GW spectrum with the following characteristics:
(1) a broad asymmetric peak, roughly located at frequency (at the time of emission) f → 2Hgw,
where Hgw is the Hubble rate at the end of GW production, shortly after annihilation,
(2) a doubly broken power law spectrum ↑ k→n, with initial slope n → 0.5 after the main peak
and n → 1.8 at high f , while the low frequency region f < fp agrees with the causality behavior
→ k3. Additionally, extending previous results, we find that GW production continues to
be e!cient until a value of the Hubble scale Hgw that is roughly an order of magnitude
smaller than the naive estimate ωH = !V , where ω is the wall tension and !V the size
of the symmetry breaking term, thereby leading to a O(100) larger GW signal. We find
such results to be robust when changing the shape of the scalar field potential or including
a time-dependent symmetry breaking term. Our findings have important implications for
GW searches, especially in light of the reported evidence for a stochastic GW background
in Pulsar Timing Array data.
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Expand exploration of portals to Dark Sector: 

- Test BSM physics with galaxy survey data 
New calculations in the EFT of Large Scale Structure, new observables  
(e.g. multi-tracer bispectra) 

- Light thermal Dark Matter 
Production from strongly interacting Dark Sectors and interplay with LHC signals  
(“dark shower” topologies, improve modeling + input to searches at Runs 3-5) 

- The Higgs boson as a portal 
BSM Higgs physics @ LHC (Member of Steering Committee of LHC Higgs Working Group)  
and @ future colliders (muons, protons)

Ennio Salvioni

Joint ATLAS/CMS/LHCb/TH effort



- Test new physics in the Dark Sector with 

data from ongoing galaxy surveys (DESI, 

Euclid, Rubin, …) 

- Improve on CMB sensitivity  

for broad range of microscopic  

models beyond CDM 

- Theory: develop EFT of Large Scale 

Structure for BSM dynamics

Λ

Ennio Salvioni

Dark Matter self-interactions New relativistic species (e.g. axions)

2507.08792  @JCAP

2204.08484

2309.11496

2407.18252



Non-muon collider Research

Andrea Wulzer

Recent work not directly related to the muon collider include the development of a novel methodology to assess the 
systematic uncertainties associated with the truncation of an Effective Field Theory in LHC studies, and a new proof at 
tree level of factorization and the calculation of the associated splitting amplitudes that simultaneously accounts for 
the soft and for the collinear region extending previous work (including mine) on the subject. 

Future colliders 

The recent scientific achievements:  
- consolidating of my previous studies on the physics opportunities of a very forward muon detector that uniquely exploits 
the penetrating nature of high-energy muons;  
- opening a new avenue in flavor physics exploration by the direct study of flavor transitions in high-energy muon collisions, 
with a broad sensitivity to new physics effects that in many cases surpasses the future perspectives of low-energy probes;  
- initiating the assessment of the opportunities of a neutrino Deep Inelastic Scattering experiment performed with the 
neutrinos from the decay of the high-energy muon collider beam, which offers extraordinary perspectives to improve the 
current knowledge of the CKM matrix elements and to advance the determination of the Parton Distribution Functions. 



Andrea Wulzer Towards a muon collider - Science
Why detect forward muons at a muon collider   

Opportunities of very forward detector that uniquely leverages muons as penetrating particles. 
[Phys.Rev.D 111 (2025) 5, 053010]

Towards a muon collider - Impact

Towards a muon collider - Perspectives

Towards a muon collider - Coordination

Flavor physics at high-energy muon colliders   
Flavor transitions at high energy probes flavor physics systematically, and better than mesons/lepton low 
energy studies. [2509.08132, under review]

A new DIS experiment with muon collider neutrinos  
Striking perspectives for PDF determination a and CKM measurement. In progress. Preliminary results in 
IMCC ESPPU submission [2504.21417]

Deputy Study Leader and Physics WG coordinator of IMCC 
Major recent effort: IMCC ESPPU submission [2504.21417]

The National Academy of Sciences panel report: 
[Spiropulu, Turner, Arkani-Hamed, Barish, Beacom, Bucksbaum, Carena, Fleming, Gianotti, Gross, Habib, Kim, Oddone, Patterson, Pilat, Prescod-Weinstein, 
Roe, Tait] 

Recommendation 1: The United States should host the world’s highest-energy elementary particle collider 
around the middle of the century. This requires the immediate creation of a national muon collider research 

and …

Pretty good. Shouldn’t IFAE join IMCC?

Non-muon collider Research
Low-virtuality splitting in the Standard Model [JHEP 10 (2024) 215] 
Quantifying EFT Uncertainties in LHC Searches [2507.15954, under review]



Blas  — LISA, AION, RADES, AEDGE 

Escribano — REDTOP 

Masjuan — Muon Anomalous 
Magnetic Moment Theory Initiative, 
REDTOP 

Matias — close contact with CMS and 
LHCb  

Pomarol — RPP, KIAS Scholar (KIAS 
Korea)

Leadership & exp collaboration 

Pujolàs  — Einstein Telescope 

Rompineve — EPTA, EUCaPT 

Wulzer — Muon Collider 

Quiros — IAC of several intl 
conferences: Planck, SUSY,… 

Salvioni — LHC Higgs Working 
Group, Muon Collider



• IFAE physics interests highly overlapping with TDLI research:

• Future colliders 

• Formal developments 

• ML for HEP 

• BSM, model buildg.

• low energy QCD 

• collider phys. 

• hadron EXP 

• Flavor

• GW physics, searches 

• Axion physics 

• Early Univ cosmology 

• DM searches

TDLI—IFAE Synergies



TDLI—IFAE Synergies



TDLI—IFAE Synergies



TDLI—IFAE Synergies

Matteo Baggioli Jiao-Tong U., Shanghai (2020-present)


PhD: 2013-2017, IFAE, supervisor: O Pujolàs



Time to establish TDLI — IFAE bridges !




