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Clues for new beyond SM physics
1. Precision cosmology: 6 parameter model (L-CDM) correctly 

   describes statistics of 106 CMB patches. 
   Existence of dark matter and dark energy. 
   Strong evidence for inflation.

2. Neutrino masses and mixing: Give us a clue [perhaps] that 
   there are new matter fields beyond SM. 
   Some of them are not charged under SM.

3.  Theoretical puzzles: Strong CP problem, vacuum stability, hints 
  on unification, smallness of mh relative to 

   highest scales (GUT, MPlanck)

4. “Anomalous results”: muon g-2, SBN neutrino anomalies, B-
physics anomalies etc. ß A bit of a “revolving door” 
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§ Gauge coupling unification 
(GUT) suggested by the 
structure of the SM 
representations unifies more 
“easily” with the help of 
SUSY particles. 

SM in a bigger picture

• Pre-LHC expectations were pinned too much on the “naturalness of the weak 
scale”  argument, postulating super-partners at a TeV. 

• BEH scalar mass of 125 GeV is “somewhat uncomfortable” for SUSY theorists 
requiring, quite generically, heavier superpartners, to lift the Higgs mass so much 
above mZ. Some fine tuning is re-introduced but 10-100 TeV SUSY is still an OK 
model

• We learned to take naturalness argument seriously but not literally...
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Less ambitious bottom-up BSM model-independent approach is to 
include all possible BSM operators + light(er) new states explicitly. 

SM as an Effective Field Theory
(”bottom up” approach)

= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) +

Neutrino mass operators (e.g. effective Dim=5)

+ (Wilson coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) × 
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM -- Standard Model

DS – Dark Sector [possibly including dark matter states]

L2020s = m
2
H
H

†
SMHSM + all dim 4 terms(ASM, SM, HSM)

neutrino mass terms/e↵ective dim 5 operators

2



How to look for New Physics ? 

1. High energy colliders.   

2. Precision measurements, especially when a symmetry is broken

3. Intensity frontier experiments where abnormal to SM appearance of 
FIPs (or sometimes disappearance, e.g. NA62, 64) can be searched.

4. DM searches:        Atom + DM  à visible energy

   axion + EM field à visible energy

 All these methods were actively discussed at our meeting. 

First step in calculating loop integrals
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(ēe)(q̄q) ! � / E

2

⇤4
(2)

1

⇤2
CP
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(ēe)(q̄q) (1)

1

⇤2
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SM, EW theory and BSM at the weak scale

R. Kogler: Current G-Fit results on precision EW determinations of the SM 
parameters. BSM fits in the kappa framework (new states are not introduced but 
HVV couplings are relaxed from their SM values)

S. Dittmaier: Results of NLO and NNLO calculations for the VBS, VV, VVV. 

T. Han: Discussion of VBS, longitudinal W scattering processes, high-energy limits 
of the SM, and possible reach of future muon colliders. 

A. Ramos: Sometimes complicated dynamics of the multi-Higgs models away from 
the perturbative regime can be studied on the lattice, and more rigorous inference 
about EW phase transitions can be made. 

A. Crivellin: gg excesses at 95 and 152 GeV might be actually real and originate 
from a triplet/singlet Higgs model. Motivates further exploration of these models in 
the WWbb and WWgg final states, preferably by the experimental collaborations 
themselves. 

E. Vryonidou: seeks to quantify quantum entanglement of the heavy particle spin 
systems at colliders. 

 



9

R. Kogler
Top, Higgs etc appear at lower energies as virtual particles. EW precision 

observables can be used to determine masses. mW in particular benefits

Departing from the SM within k  framework is difficult to define consistently at a 
loop level.    

SM precision tests

SM Fit Results
Recent updates 
‣ Updated calculations of beam-beam effects on 

the LEP luminosity 
‣ Updated Bhabha cross section 

Good fit quality 
‣ χ2 / ndf = 13.6 / 16, p-value = 0.63 

Indirect predictions:  
‣ mH = 110          GeV 
‣ mW = 80.356 ± 0.006 GeV 
‣ mt = 173.7 ± 1.6 GeV 
‣ αS(MZ) = 0.1200 ± 0.0028

Roman Kogler The Higgs boson and EW fits to e+e− data5

[Janot, Jadach,  PLB 803, 135319 (2020)]

3− 2− 1− 0 1 2 3

measσ) / meas O− 
fit

(O

)2
Z

(Msα

)2
Z

(M(5)
hadα∆

tm
b
0R
c
0R
bA
cA
sA

0,b
FBA

0,c
FBA

(HC)lept
effΘ2sin

)
FB

(Qlept
effΘ2sin

(SLD)lA
(LEP)lA

0,l
FBA
lep
0R

0
hadσ

ZΓ
ZM

WΓ
WM
HM

-0.1
-0.2
0.2

-0.6
0.0
0.6
0.0
0.4
2.2
0.8
0.1

-0.7
-2.0
0.2

-0.9
-0.7
0.3

-0.5
0.1

-1.0
-0.5
0.0G fitter SM

M
ar '26

−17
+20

• 𝝌2 (2018) = 18.6

• 𝝌2 (2012) = 21.8

[Voutsinas et al,  PLB 800, 135068 (2020)]
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The Higgs-κ Framework

Modification of SM Higgs couplings 
‣ Parameterised through κi modifiers 

‣ Defined through partial widths  

‣ If couplings get modified, it’s BSM physics and  
would show up in oblique corrections:

Γi = κ2
i ΓSM

i

Roman Kogler The Higgs boson and EW fits to e+e− data9
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (%) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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Lagrangian of the form (see e.g. [59–62]):
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v
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4
tr
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D
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)(
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i
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f
i
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where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, εa(x), are described by the two-by-two matrix !(x) =

exp(iϑaεa(x)/v), with ϑ
a being the Pauli matrices. The deviations in the Higgs-boson

couplings to weak gauge-bosons, HV V (V = Z,W
±), and to fermions, Hff̄ , are parame-

terized by the scale factors ωV and ωf respectively, defined as the ratio between the total

Higgs-boson couplings, including NP e”ects, and the corresponding couplings in the SM

(such that ωV = ωf = 1 in the SM). We only consider the modification of couplings already

existing in the SM and, for loop-induced couplings (Hgg, Hϖϖ, and HZϖ), we do not

assume NP contributions in loops2. This class of models is not fully general but it is more

directly constrained by the experimental measurements of Higgs-boson couplings. It is also

the scenario assumed in both ATLAS and CMS studies of Higgs-boson couplings and allows

us to directly compare to their results, giving us the possibility to test both the HEPfit

framework and our correct use of the experimental data for Higgs-boson signal-strengths.

For a detailed description of the relations between scale factors and the Higgs-boson signal

strengths we refer the reader to ref. [57].

In this context we first perform a fit of the EWPO with the only addition of the

scale factor ωV . The only corrections to EWPO are then given by the following 1-loop

contributions to the oblique S and T parameters 3 [63]:
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where we set the cuto” of the e”ective Lagrangian to the scale of violation of perturbative

unitarity in WW scattering, i.e. # = 4ϱv/
√

|1→ ω
2

V
|. We present the results of the fit for

ωV in table 10 and fig. 6.

The lower bound on ωV at 95% corresponds to a cuto” scale # = 13 TeV if ωV is

assumed to be smaller than 1, # = 8.7 TeV if ωV is assumed to be larger than 1, and

# = 8.8 TeV marginalizing over the sign of 1 → ωV . The fit disfavours values of ωV < 1

(10% probability), expected for example in composite Higgs models. This problem can be

alleviated by adding extra contributions to the oblique parameters [64–67].

2We notice that, in the presence of NP, the relative experimental e!ciencies, ωi, will in general be di”erent

from their values in the SM. In particular, the appearance of new tensor structures in the vertices could

modify the kinematic distributions of the final-state particles, thereby changing the e!ciencies. However,

since in this work we only consider rescalings of the SM Higgs-boson couplings, we will use SM e!ciencies

ωSMi (and hence weight factors wSM
i ) throughout.

3Even if we assume that custodial symmetry is preserved by the new interactions, there is still a non-

zero contribution to the T parameter. Note that custodial symmetry breaking is actually parameterized

by #ε = ϑT , which, in this scenario, is proportional to the square of U(1)Y gauge coupling, g→. Indeed

g→ is one of the parameters that breaks custodial symmetry in the SM, and the new e”ective interactions

only modify the way custodial symmetry is broken. In the limit of g→ → 0 there is no contribution to T ,

consistently with the assumption of custodial symmetry in the new physics.
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It might be that at two loops one would 
expect quadratic divergencies, and 
appearance of LEC like in ChPT

Yd(u) →




c11ω3 c12ω3 c13ω4

c21ω3 c22ω2 c23ω2

c31ω4 c32ω2 c33
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 ; cij → O(1)

ω ↑ ↓ε↔
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!
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H†H
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µ̄RµLH + h.c. ↗ mµµ̄µ+ h125 ↘ 3↘ mµ
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”h→µµ,SM

= 9

An observable ≃ (1⇐ ϑ2

V
)↘ (1/(16ϖ))2 ↘ !

2

v2
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T. Han and S. Dittmaier gave interesting talks about the higher-order EW effects such 
as VV, VVV production and boson scattering (VBS). 

Vector Boson scattering and higher order effects

Classification of LO diagrams for pp → VV
→ + 2 jets

EW channels

W

W

W

W

VBS channels

ω/Z

W

W

bkg diags

W

W

W

W

VVV channels

|MEW|2 → ω6

QCD channels

W

W

g

g

not for W±
W

±

production!
g

W

W

|MQCD|2 → ω2
sω

4

EW–QCD interference → colour-suppressed = small ↑ ωsω5

VBS analysis:

EW VBS contribution enhanced via dedicated VBS cuts (mjj
>→ 500GeV, |!yjj| >→ 2.5),

all channels/diagrams included in predictions (at least in LO)

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026 8

NLO corrections and scale uncertainty of integrated cross sections:

W
+
W

+ scattering with ATLAS cuts: S.D. et al. 2308.16716

order ω[ fb] ε[%] Scale uncertainty
LO O(ϑ6ϑ0

s) 1.24597(5) →7.7% 9.9%
O(ϑ5ϑ1

s) 0.051133(3) →14.0% 17.7%
O(ϑ4ϑ2

s) 0.18649(2) →22.2% 31.6%
sum 1.48359(5) →9.8% 12.1%

NLO O(ϑ7ϑ0
s) →0.1747(5) →11.8%

O(ϑ6ϑ1
s) →0.0902(8) →6.1%

O(ϑ5ϑ2
s) →0.00017(19) 0.0%

O(ϑ4ϑ3
s) →0.0033(7) →0.2%

sum →0.268(1) →18.1%
LO+NLO sum 1.215(1) →4.0% 1.5%

EW O(ϑ7) contribution is largest NLO correction (soft/collinear W/Z exchange)

ϖ↑ εω7 = →12% for integrated cross section within VBS cuts

Good description of dominant correction by leading EW high-energy logarithms:

εω7 ↓ →
2ω

s2Wε
ln2

(
Q

2

M2
W

)
+ 19ω

12s2Wε
ln
(

Q
2

M2
W

)
, Q ↔ ↗M4ϑ↘ ↔ 400GeV

Biedermann et al. ’16,’17

S.Dittmaier Precision for electroweak multi-boson processes Moriond EW, La Thuile, March 2026 13

• W bosons are already “light” 
in the LHC context, as 
Sudakov corrections become 
important

• Achieved accuracy will 
allow the best quality 
interpretation of Run III and 
future HL LHC

• Experimental analysis 
requires consulting several 
theory sources (S. Dittmaier)
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T. Han: Further tests of vector boson scattering (VBS) are desirable. Only a handful 
number of examples where longitudinal W makes appearance, yet it is central 
to SM BEH mass mechanism.  

Vector boson physics and radiation zeros

18

Gauge / scalar separation:

•   Gauge sector: Radiation Amplitude Zeros (RAZs)
 

       EM:                     ;  EW (transverse):

R. Capdevilla, TH, arXiv:2412.12336 (PRL)

<latexit sha1_base64="m8rNjJkoZq9ctKO5jBFVnAs+XNw=">AAACFHicbVBLSwMxGMz6rPVV9eglWARBWnZFqxeh6MVjC/YB3XbJZtM2NPsg+VYoy/4NL/4VLyKCKHj335hue2nrQGAy8+Ux40aCKzDNX2NldW19YzO3ld/e2d3bLxwcNlUYS8oaNBShbLtEMcED1gAOgrUjyYjvCtZyR/cTv/XEpOJh8AjjiHV9Mgh4n1MCWnIKV9SxYciA9JJWr2QPiO+TFN/iBCd1x8PnuO7EqR3qKzKhNNni1CkUzbKZAS8Ta0aKaIaaU/i0vZDGPguACqJUxzIj6CZEAqeCpXk7ViwidEQGLMlCpfhUSx7uh1KvAHCmzs0RX6mx7+pJn8BQLXoT8T+vE0P/ppvwIIqBBXT6UD8WGEI8aQh7XDIKYqwJoZLrH2I6JJJQ0D3mdXRrMegyaV6UrUq5Ur8sVu9mJeTQMTpBZ8hC16iKHlANNRBFL+gNfaFv49l4Nd6Nj+noijE7c4TmYPz8AblInSU=</latexit>

cW
��

✓ =
Qd +Qu

Qd �Qu

<latexit sha1_base64="LkeEiaWOTjCTP7UgoZhXHDaqFnk=">AAACGXicbVDLSgMxFM3UV62vUZdugkUQpGVGpIogFN24rNAX9jFk0rQNzTxI7ghlmC9x46+4keJGwZV/Y9rOpq0XAodzTm5yjhsKrsCyfo3M2vrG5lZ2O7ezu7d/YB4e1VUQScpqNBCBbLpEMcF9VgMOgjVDyYjnCtZwRw9TvfHCpOKBX4VxyDoeGfi8zykBTTnmLXXaMGRAunGjW3h2qgm+wzGOB92eU8AXeNCNnELSDvSOlCzMKZw4Zt4qWrPBq8BOQR6lU3HMSbsX0MhjPlBBlGrZVgidmEjgVLAk144UCwkdkQGLZ8kSfKapHu4HUh8f8Ixd8BFPqbHnaqdHYKiWtSn5n9aKoH/TibkfRsB8On+oHwkMAZ7WhHtcMgpirAGhkusfYjokklDQZeZ0dHs56CqoXxbtUrH0dJUv36clZNEJOkXnyEbXqIweUQXVEEVv6AN9oW/j1Xg3Jsbn3Jox0jvHaGGMnz+I9p6J</latexit>

cW
�ZT

✓ =
gd� + gu�
gd� � gu�

• Higgs scalar sector: <latexit sha1_base64="I3W0A3rUxy5sQ+fpW53+Qy39G0w=">AAACJnicbVBNS8MwAE3n15xfVY9egkOYl9GKTI9DD3qYMMF94DpLmmZbWNqUJBVH6f/x4v/w5EVEBAV/itnWyzYfBB7vvZC850WMSmVZX0ZuaXlldS2/XtjY3NreMXf3mpLHApMG5oyLtockYTQkDUUVI+1IEBR4jLS84eXYbz0SISkP79QoIt0A9UPaoxgpLbnmVeJgxOBN+pC03Bq8d2tpyfEJUwg6jEH7GDooigR/grPBwVzMNYtW2ZoALhI7I0WQoe6ar47PcRyQUGGGpOzYVqS6CRKKYkbSghNLEiE8RH2STGqm8EhLPuxxoU+o4ESdyaFAylHg6WSA1EDOe2PxP68Tq955N6FhFCsS4ulDvZhBxeF4M+hTQbBiI00QFlT/EOIBEggrvWxBV7fniy6S5knZrpQrt6fF6kU2Qh4cgENQAjY4A1VwDeqgATB4Ae/gG/wYz8ab8WF8TqM5I7uzD2Zg/P4B5WajVA==</latexit>

MWLZL(� ⌧ 1) ⇡ MWLh(� ⌧ 1)

U. Baur, TH, JO, (1994)Mikaelian, Samual (1979)

Radiation zeros were 
pointed out many years 
ago. 

Natural consequence of 
many final states, WZ, 
Wg.

New observations of RAZ 
were just reported by 
ATLAS (S Folgueras) in 
the study of the Wg final 
state 
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Take away messages I

1. SM is 1 year younger than the 1st Moriond meeting, and it is also going strong, 
thanks to the dedicated effort of multiple generations of physicists. 

2. The electroweak fit to SM parameter continue to improve and deliver results 
where sometimes indirect determinations (mW) surpass direct experimental 
accuracy. 

3. On-going theoretical progress with small rare SM processes (VBS, VV, VVV 
etc) with O(fb) cross sections, allows for a more sophisticated use of already 
collected data at the LHC and the future anticipated stream of data. 

4. While SMEFT framework is appropriate for many BSM searches, it may be 
“prematurely pessimistic” for some studies where actual new resonances are 
withing LHC reach. Theorists should continue their work with some benchmark 
models that can be studied at the LHC. 
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§ Precision tests of CKM framework and lepton flavor conservation in the SM. 
§ Search of “hidden patterns” in masses/mixing of the quark and lepton sector of 

the SM. 

§ From Z. Ligeti, L. Allwicher’s talks
§ Some unsolved [unlikely to be BSM] problems remain: K-p puzzle, slightly 

divergent inclusive/exclusive Vcb results etc. 

Importance of indirect probes. Flavor!

Current Status
Indirect Searches

It is clear that “nearby” New Physics cannot have a generic flavour structure

[2511.03883]

DESY. | New Physics in b ! s⌫⌫̄ and s ! d⌫⌫̄ | Lukas Allwicher | Moriond EW 2026, La Thuile, 15.-22.03.2026 Page 3

Snapshot: CKM fit in the SM

• Spectacular progress in last 25 years

• The CKM mechanism describes consistently
CP violation and flavor changing processes

γ

γ

α

α

dm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

e
xclu

d
e
d
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t C
L
 >

 0
.9

5
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βγ

ρ
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η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Summer 23

CKM
f i t t e r

Z L – p. 6



Same figure, 2006

§ Enormous experimental/ theoretical progress in the last 20 yrs !
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Looking for new physics
Currently, all measurements of the unitarity triangle are consis-
tent with the peak lying somewhere within the red-outlined 
region. By improving the current measurements and perform-
ing new ones, scientists will reduce the size of this allowed 
region, measuring the position of the vertex ever more precisely. 
If any experimental result is inconsistent with this vertex, sci-
entists have evidence that the CKM picture of the weak force 
is incomplete. Such a discovery would overhaul our current 
understanding of the weak force, and provide us with a glimpse 
of new physics that may have played a role in the evolution  
of the early universe.

α

βγ

The triangle’s right side
The B0 meson can spontaneously turn 
into a B0 meson, its antiparticle.  
The rate at which this transformation 
occurs has been measured by a number 
of experiments and constrains the 
length of the right side of the triangle, 
placing its end in the yellow ring 
(largely covered by the orange ring). 
Studying the Bs meson, which contains 
an anti-bottom quark and a strange 
quark, and finding no evidence for its 
transformation into the antiparticle  
Bs , physicists know that the end point of 
the right side must lie within the orange 
ring only. Experiments at Fermilab  
are currently improving this measure-
ment, and may soon observe Bs-to-Bs 
mixing for the first time.



15

§ EW penguins manifest themselves more and more!

EW penguins and more

Experimental Status

B ! K⌫⌫̄

> Belle-II 2023
K ! ⇡⌫⌫̄

> NA62 2026 (La Thuile)

(see talk by Meihong Liu) (see talk by Xiafei Chang)

DESY. | New Physics in b ! s⌫⌫̄ and s ! d⌫⌫̄ | Lukas Allwicher | Moriond EW 2026, La Thuile, 15.-22.03.2026 Page 10

RK and RK→ now: SM-like, but rates too small?

R
K(→) =

B(B ↑ K(→)µ+µ↓)

B(B ↑ K(→)e+e↓)

[LHCb, 2212.09153]

0.1 < q2 < 1.1GeV2 (low-q2), 1.1 < q2 < 6.0GeV2 (central)
[Smith, LHCP 2024]

Z L – p. 11

Flavor non-universality of the 
FCNC channel is gone. Other 
problems remain (P5’). Note 
that strong/EM penguins are 
“invasive species”, not clean, 
and create “pollution”. Need 
non-perturbative treatment. 

Slight excess in 
BàKnn channel at 
Belle-II. 

B → Kωω̄ — unique to e+e↑ colliders

• Similar short-distance contributions, and much simpler long-distance ones

• Also relevant for dark sector searches (B → K+invis.)
(Is the excess in one bin of q2?) [2309.00075, 2311.14629, 2602.09666]

• Input: precise form factor calculation [HPQCD, 2207.12468]

• If this tension becomes more significant, stopping
NA62 after LHC Run 3 will look even more mistaken

[Belle II, 2311.14647]

Belle II: 2.7ω from SM

Z L – p. 14

Needs a separation of NP from SM ß easy to say, hard to do...
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New physics re-interpretation:

Moriond 2026 electroweak         B decays into light BSM particles                    Ulrich Nierste

Phenomenology of B ℋ Ka

14

4

FIG. 3. Parameter space explaining the Belle II excess in the DFSZ model, for ω = 1 (left) and ω = 5 (right). The dark (light)
blue region gives Br(B → Ka) = (1 ↑ 9) ↓ 10→6, with complete (one loop only) calculation. The red region is excluded by
the search for !(nS) → εa. The green contours indicate the visible branching ratio Br↑(a → µ

+
µ
→) = Br(a → µ

+
µ
→)/Br(a →

visible).

To reveal the decoupling picture, the SU(2)L →U(1)Y
gauge symmetry must be respected by the low energy
theory. It is chiral, unlike QED→QCD. The SU(2) dou-
blet Higgs must join the low-energy-theory of Eq. (12)
so renormalizability cannot hold anymore. The gauge
invariant Lagrangian reads:

L = LSM + i
a

v

(
cbQL

bRH̃u + ct QL
tRHu + h.c.

)

= LSM + ia

∑

q=t,b

cqqω5q + i
a

v

[
cbVtb

tLbRG
+

+ct

(
V

→
tb
bLtRG

↑ + V
→
ts
sLtRG

↑)+ h.c.
]
+ ...

(15)

The key di!erence is the appearance of non-
renormalizable operators with unphysical Goldstone
Mode G

+. They have a clear UV origin, as illustrated
in Fig 2(g). Splitting the propagator of H

↑ into two
pieces [52],

1

k2 ↑m
2
H

= ↑ 1

m
2
H

+
1

m
2
H

k
2

k2 ↑m
2
H

, (16)

the ↑1/m2
H

term leads to the non-renormalizable op-
erator, while the mH dependence is canceled since the
G

↑
H

+
a vertex is proportional m2

H
. This e!ective oper-

ator, as shown Fig. 2(g), leads to a divergent amplitude,
and we checked that it exactly reproduces the leading-
log term missing in Eq. (13). As previously discussed,
the light theory of the 2HDM is also not gauge invariant.
Very similar operators with Goldstone bosons contribute
to µ ↓ eω with a leading-log term. We refer the reader to
Ref. [28], for details about this closely related example.

If one picks the unitary gauge, Eq. (15) and Eq. (12)
are the same, since the gauge fixing condition sets
G

+(xµ) ↔ 0. We have checked that the missing leading-
log term of Eq. (13) now originates from the the lon-
gitudinal part of W propagator kµkω/m

2
W
. Decoupling

works, because the gauge symmetry is strictly speaking
still preserved, just hidden by gauge fixing. And again,
the cost is loosing renormalizability, known as a conse-
quence of the unitary (non-renormalizable) gauge.
By applying the equations of motions, Eq. (15) be-

comes the general axion EFT where the U(1)PQ symme-
try is manifest [13, 53, 54]:

L = LSM +
∑

εL=QL,t
c
R,b

c
R

cε

f
ε
L
ω
µ
εL ϑµa+ ... (17)

Anomalous terms such as aW̃µωW
µω [54] are higher or-

der for flavor violating processes [6], so we don’t show
them explicitly here. Clearly, this derivative basis pro-
duces the same b ↓ sa amplitude as the one of Eq. (15).
However, the Yukawa basis of Eq. (12) gives a di!er-
ent result. The authors of Ref. [24] have commented on
this discrepancy in a footnote and correctly connected it
to the dimension-5 operators. Here, we emphasize that
Eq. (12) is inconsistent without gauge fixing.
Before finishing the bottom-up discussions, we want to

emphasize that log (”2
UV/m

2
t
) is large and the terms with-

out this leading log are not available without specifying
UV physics. UV physics is hidden in the counter term of
Fig. 2(h) (from the third term of Eq. (16)). The general
ALP e!ective theory allows tree level flavour violating

▪ Since Belle II sees missing energy,  must  
dominantly decay to the Dark Sector, beyond 
the DFSZ model. 

▪ Belle II data hint at . 
▪ One-loop and two-loop contributions have op- 

posite signs. Blue region explains Belle II 
data (dark blue: all, light blue: only one-loop).  

▪ Look for displaced vertex decay . 
But branching fraction is unpredictable,  
since  is free parameter. 

▪  constrains the plot and could  
 be  “smoking gun” signal. 

a

ma ff 2 GeV

a ℋ ν+ν⇒

B(a ℋ dark sector)
→(1S) ℋ ℓa

Results: C�

`q-"
2024: March 2026:

[Thanks to Marzia Bordone for updated plot]

DESY. | New Physics in b ! s⌫⌫̄ and s ! d⌫⌫̄ | Lukas Allwicher | Moriond EW 2026, La Thuile, 15.-22.03.2026 Page 15

Excess could be interpreted 
as a new state emitted in 
the B à K transition (U 
Nierste), 

Or 

Interpreted as a new 
SMEFT type operator that 
may be motivated by some 
flavor model (L. Allwicher)



17

New twists to the flavor origin ideas 
• Separate hypercharge group for each generation + sequential breaking (S. King)

• New composite nature of SM chiral fermions (R. Plestid)

• Higher representation of flavor spurions + approximate U(2) (D. Sutherland)

• Approximate U(2) at SMEFT level (L. Allwicher) 

hierarchical by columns
~ diagonal

~ diagonal and hierarchical

⎝

ere ω
R,L
ij = →εR,L

ij ↑/!ij an

The charged lepton t

M.Fernandez Navarro, S.F.K., A.Vicente 2506.21687Expansion 
parameters

10 20 30 40
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2.0

Observable consequences of   and  Z′ 12 Z′ 23

M.Fernandez Navarro, S.F.K., A.Vicente 2305.07690,2404.12442

µR eL

Z →

12

µR µL

µR eL

Z →

23

E23R E23L

Important point: In most models accompanying particles do not have to be linked to mZ
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Comments on flavor models
1. What is the predictive power of your flavor model ? For example, 

Is it                                                     or                                                                          ?

In one case you have 2 parameters/lots of predictivity in the second case you “explain” 
the hierarchy using small e but not much predictivity with 10 parameters          

2. Is the scale of a small mixing/mass parameter linked to weak scale or not?

Second case is meaningfully probed by flavor and Higgs physics. Ex: mµ << mt

Let me have 

L =
1

2
gTT (ω̄εµωω)(n̄εµωn) + gAA(ω̄ϑµϑ5ω)(n̄ϑµϑ5n)

Hεn = (gAA+gTT )(ϖεnϖεε)ϱ
(3)(rn→rε); Hε̄n = (gAA→gTT )(ϖεnϖεε̄)ϱ

(3)(rn→rε̄)

A =
2gAAgTT

g2
AA

+ g2
TT

nε+ε̄

s
↑ ςXφ

2 ↓ 30MeV

mY

↓ 7.4↓ 1018

!ω̄+ ω = !DM ↔ nε+ε̄

s
↑ 4.3↓ 10→8 ↓ 10MeV

mε

ςXφ
2 ↑ 10→13

εannv =
↼(ςX↽2)ςY

2m2
ε

(
1

m2

V
/(4m2

ε
)→ 1

)2

Rin = ↗εSM↑εε̄v↘; Rout = ↗εεε̄↑SMv↘

↗εFO

DM↑SM
v↘ ↑ 10→36 cm2

↗εFI

SM↑DM
v↘ ≃ 10→52 cm2 ↓ (100MeV)2

m2

DM

Yd(u) ≃




φ3 φ3 φ4

φ3 φ2 φ2

φ4 φ2 1





Yd(u) ≃ c↓




φ3 φ3 φ4

φ3 φ2 φ2

φ4 φ2 1





Yd(u) ≃




c11φ3 c12φ3 c13φ4

c21φ3 c22φ2 c23φ2

c31φ4 c32φ2 c33



 ; cij ≃ O(1)

11
Yd(u) →




c11ω3 c12ω3 c13ω4

c21ω3 c22ω2 c23ω2

c31ω4 c32ω2 c33



 ; cij → O(1)

ω ↑ ↓ε↔
!

or ω ↑ ↓HSM↔
!
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EW
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L =
1

2
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1

m2

V
/(4m2

ε
)→ 1

)2

Rin = ↗εSM↑εε̄v↘; Rout = ↗εεε̄↑SMv↘

↗εFO

DM↑SM
v↘ ↑ 10

→36
cm

2

↗εFI

SM↑DM
v↘ ≃ 10

→52
cm

2 ↓ (100MeV)
2

m2

DM

Yd(u) ≃




φ3 φ3 φ4

φ3 φ2 φ2

φ4 φ2 1





Yd(u) = c↓




φ3 φ3 φ4

φ3 φ2 φ2

φ4 φ2 1




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BSM searches with neutrino physics

31

New Interactions in Quasi-Elastic Scattering (< GeV)

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations

SM contribution
SM–BSM interference contributions pure BSM contributions

neutrino scatters on nucleons 
need to map lepton–quark interactions onto lepton–nucleon interactions

J. Kopp 

Outlook

Joachim Kopp — EFT for New Physics Searches in Neutrino Oscillations 25

≫ 100 GeV	➠  SM Effective Field Theory
~ GeV  	 	 ➠  Weak Effective Field Theory
MeV–GeV  	➠  Chiral EFT

< MeV		   	➠  pionless EFT

M. González-Alonso EFTs for COHERENT

Muon decay parameters → COHERENT

COHERENT	data	
LAr	+	CsI	
recoil	&	time	distribution	
(664	data)	

First	extraction	ever	
of	these	parameters!

CENNS-750

0.54 PσL
+ 0.84 Pσ̄L

+ 0.40 (PσL
wσL

∼ Pσ̄L
wσ̄L) = 1.25(21)

[Bresó-Pla, Cruz-Alzaga, MGA & Prakash, 
2502.18175 PRL]

M. Gonzalez-Alonso shows that 
new developments in CEvNS 
physics starts adding constraints 
on effective weak decay 
operators. 

For the first approach along these lines see 
W. Pauli, “The Violation of Reflection 
Symmetries in the Laws of Atomic Physics,” 
in Niels Bohr and the Development of Physics, ed. 
W. Pauli et al., Pergamon Press, London, ~1958 
(festschrift for Niels Bohr’s 70th birthday).
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Di-muon decays of Kaons at the LHC

Currently, no K0 à µµ decays are observed by the LHCb. [KL has a much larger 
branching but long lifetime.... LHCb improved limits on KS, Br < 2 10-10] 

T. Kitahara presented an idea of observing asymmetry of K0 and K0 to muons at the 
LHCb.

 

/18Teppei Kitahara (CPP), Moriond EW 2026, La Thuile, Italy, March 17, 2026
New direcCons in Kaon Physics

15

Decay-time analysis

▮ We simulate the decay-time 
distribution for the LHCb 
Upgrade II setup 

▮ It is clearly shown that the 
CP violation between 

 and 
 can be 

measured for small decay 
time region

K0 → μ+μ−

K0 → μ+μ−

<latexit sha1_base64="k0gOlchtrNPBQaMdKgRWWmflYns=">AAACC3icbZBLSwMxFIXv+Kz1NerSTWgRXEiZEamupCCIywr2AZ1hyKRpG5rJDEmmUIaCSzf+FTcuFHHrH3DnvzF9LGrrgcDhOzck94QJZ0o7zo+1srq2vrGZ28pv7+zu7dsHh3UVp5LQGol5LJshVpQzQWuaaU6biaQ4CjlthP2bcd4YUKlYLB70MKF+hLuCdRjB2qDALngkVsgbYJn0WOBcO2fIU0zMk8AuOiVnIrRs3JkpwkzVwP722jFJIyo04Viplusk2s+w1IxwOsp7qaIJJn3cpS1jBY6o8rPJLiN0YkgbdWJpjtBoQudvZDhSahiFZjLCuqcWszH8L2ulunPlZ0wkqaaCTB/qpBzpGI2LQW0mKdF8aAwmkpm/ItLDEhNt6subEtzFlZdN/bzklkvl+4ti5fZxWkcOjqEAp+DCJVTgDqpQAwJP8AJv8G49W6/Wh/U5HV2xZhUewR9ZX7/07Jon</latexit>

cosω0 > 0, sinω0 > 0

Accompanying  tag
K −

Accompanying  tag
K +

[D'Ambrosio, Dery, Grossman, TK, Marchevski,  
Martinez Santos, Schacht, 2507.13445]

My understanding is that we are more than a factor of 20 away from seeing any          
K à µµ decays, and perhaps a factor of ~ a few 100 before asymmetry can be probed
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QCD in a non-perturbative regime
This year we had a number of lattice QCD talk, including more pedagogical, 
introducing the technique.

Alejandro Vaquero: discussion of on-going efforts to extract charged semileptonic 
form factors to improve, among other things, |Vcb| extraction. An interesting 
observation that we should not demand uniformity of lattice results the same way we 
do not force different experiments to agree. 

Felix Erben: Introduction to B à K* form factor calculation. Unstable particle is 
treated via phase shifts a-la Luscher. Giant matrix diagonalizations to get to the right 
observables [aka distillation techniques]. Extension to low q2 regime is challenging. 

Laurent Lellouch: Introduction to lepton g-2 topic, followed by the review of the 
HVP results that drive theoretical uncertainties. Recent lattice QCD calculations 
[BMW] point to a much better agreement with the experimental result for the muon 
g-2 than previously believed. 
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Is there a muon g-2 problem?

(From M. Davier et al, 2023) 

12

The result (4) di�ers from that obtained in Ref. [54],
(519.6 ± 2.8[exp]+1.9

≠2.1
[IB]) ◊ 10≠10 using O(p4) ChPT.

Most of the di�erence is accounted for by their SEW

value (1.0201), which does not take into account dou-
ble counting between SEW and GEM for the subleading
non-logarithmic short-distance correction for quarks.
This e�ect is responsible for a shift of 1.7 ◊ 10≠10 in
a

·
µ[2fi]. The remaining di�erence8 (0.6 ◊ 10≠10) origi-

nates mostly from the fl width corrections in the pion
form factor.

7 A new perspective on the muon g – 2
HVP contribution from the dispersive
method

Having discussed the tensions among the e
+

e
≠

æ fi
+

fi
≠

cross-section measurements and their possible origins,
and reappraised the use of the complementary · spec-
tral functions, we proceed with a quantitative study of
the dominant HVP contributions to aµ. We consider
here only the most precise results. We do not include
the CMD-2 measurements [30, 31], whose discrepancy
with CMD-3 is currently under investigation [63], and
the SND results, which are in a state of flux from the
older [32] to the new measurements [28] that are still
being updated [64].

For the following exercise, we consider the LO HVP
contributions from the fi

+
fi

≠ channel in the wide mass
range from threshold to 1.8 GeV for each experiment.
BABAR and the · spectral functions extend over the
entire interval, while the other experiments cover a
more restricted range and are completed near thresh-
old and at large mass with the combination discussed
in Section 2. For KLOE two cases are respectively con-
sidered: the full available range and a restricted range
of 0.6–0.975 GeV, where the data are most precise and
KLOE’s weight in the combination is largest (cf. top
panel of Fig. 4). The two-pion contributions are com-
plemented by the remaining LO HVP, NLO and NNLO
HVP, hadronic light-by-light, as well as QED and elec-
troweak contributions, all taken from Ref. [3]. The dif-
ferences in the resulting aµ predictions therefore reflect
the di�erences in the two-pion contributions from each
experiment, whose uncertainties correspond to the orig-
inal ones, that is without rescaling to accommodate in-
consistencies among data sets.

The results are shown in Fig. 11 as di�erences be-
tween the aµ predictions and experiment [2]. The un-
certainties drawn are from the fi

+
fi

≠ measurements (in-
ner bars) and the total contributions (outer bars). The
quoted uncertainties are separated into the fi

+
fi

≠ and
remaining non-fi+

fi
≠ contributions.

The BABAR and · based results are in agreement.
Combining both with CMD-3 gives ∆aµ = a

SM
µ ≠a

exp
µ =

8 Larger di�erences are seen when comparing results from
individual experiments.

E
xp

 =
 0

 ±
 2

2

-400 -350 -300 -250 -200 -150 -100 -50 0-450 50

aµ - aµ
   exp    [ × 10

-11
 ]

BABAR (100% of 2π below 1.8 GeV)

−168 ± 38 ± 29

CMD-3 (98.9%)

−50 ± 42 ± 29

KLOEwide
(97.1%)

−263 ± 51 ± 29

KLOEpeak
(75.3%)

−265 ± 23 ± 29

Tau (100%)

−135 ± 34 ± 29

BMW (lattice QCD)
−105 ± 55

Fig. 11. Compilation of aµ predictions subtracted by the
central value of the experimental world average [2]. The
predictions are computed from the individual fi+fi≠ con-
tributions between threshold and 1.8 GeV, complemented
by common non-fi+fi≠ contributions taken from Ref. [3]
(circles). The quoted uncertainties correspond to the two
contributions and do not include that of the subtracted ex-
perimental value shown by the vertical band. The error bars
indicate the fi+fi≠ and total uncertainties, respectively. The
percentage given for each experiment represents the frac-
tion of aµ[fi+fi≠, threshold–1.8 GeV ] used from a given ex-
periment (see text for details, particularly concerning the
two values for KLOE). The lattice result from BMW [17] is
shown as filled square.

≠(123 ± 33 ± 29 ± 22) ◊ 10≠11, where the first un-
certainty is from the fi

+
fi

≠ contribution, scaled by a
factor 1.5 according to the ‰

2 value of 4.5 for 2 degrees
of freedom, the second from all the other terms in the
aµ prediction, and the third from the g – 2 experimental
world average [2]. The significance of a non-zero ∆aµ

is 2.5‡. As expected from the known tensions, the aµ

value for KLOE in the restricted range lies well below
(3.8‡) the above combination.

The BABAR, · , CMD-3 combination agrees with
the only result available so far from lattice QCD for
the full aµ prediction, BMW [17], who find ∆aµ =
≠(105 ± 55 ± 22) ◊ 10≠11, shedding a new light on the
apparent discrepancy between BMW and the dispersive
approach. Combining the values of BABAR, · , CMD-3
and BMW, the di�erence with experiment is 2.8‡.

In the light of these results, we extend the study
to the intermediate window 0.4 – 1.0 fm in Euclidean
time, which is favourable for lattice QCD. The corre-
sponding a

win
µ values are displayed in Fig. 12, where the

quoted uncertainties are again separated into fi
+

fi
≠ and

non-fi+
fi

≠ contributions, the latter contribution using
the combined spectra from Ref. [8].9 All dispersive pre-

9 The · based awin

µ result di�ers strongly from those given
in Ref. [65], particularly when using a non-fi+fi≠ contribu-
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Fig. 1. Bare e+e≠ æ fi+fi≠ cross section versus centre-
of-mass energy in the fl peak region. The error bars of the
data points include statistical and systematic uncertainties
added in quadrature. The green band shows the HVPTools
combination within its 1‡ uncertainty.

discrepancy was bridged by inflated uncertainties in the
corresponding HVP contribution.

The available e
+

e
≠

æ fi
+

fi
≠ cross-section mea-

surements, zoomed into the fl peak region, are shown
in Fig. 1. Their combination and 1‡ uncertainty, ob-
tained using the DHMZ methodology implemented in
the HVPTools software [26, 27], is indicated by the
green band. The spline-based combination procedure2

takes into account all known correlations and accounts
for measurement tensions. It has been thoroughly vali-
dated through closure tests [26]. Compared to our last
update [8], we added the more recent SND20 [28] and
CMD-3 [16] data, while also employing an updated ver-
sion of the covariance matrix provided by BESIII [29].

Relative comparisons between the most precise in-
dividual measurements and the combination are shown
for the fl resonance region in Fig. 2, and for the BABAR
and CMD-3 data in a wider window in Fig. 3. A
large tension arises between CMD-3 and KLOE, which
provide the, respectively, largest and smallest cross-
section measurements. Tensions are also observed be-
tween BABAR and CMD-3 in the central fl resonance
region, while they agree at low and high energies. The
CMD-3 data also exhibit a 2.8‡ discrepancy with the
older CMD-2 results by the same collaboration [31].
Extensive discussions with CMD-3/2 physicists in the
framework of the Muon g – 2 Theory Initiative [33] did
not reveal any obvious problem in the new results. A
summary of these discussions is available [34].

Figure 4 (top) shows the local combination weights
versus

Ô
s for each data set. They take into account

the uncertainties of the measurements and their cor-
relations, as well as the corresponding point-spacing

2 Since the main purpose of the combination here is to pro-
vide a common reference for comparing the various measure-
ments, we do not employ the analyticity-based constraints
used in Ref. [8].

and binning [26, 27]. While previously the BABAR
and KLOE measurements dominated the combination
over the entire energy range, the more recent CMD-3
and SND20 data receive important weights, too. The
group of experiments labelled “Other exp” corresponds
to older data, often with incomplete radiative correc-
tions, which receive small weights throughout.

The bottom panel of Fig. 4 displays the uncer-
tainty scale factor versus

Ô
s, derived based on the lo-

cal compatibility among the measurements [26, 27].3
Large scale factors due to tensions indicate the pres-
ence of systematic e�ects that are not included in the
measurement uncertainties. They require a conservative
uncertainty treatment in the combination [3, 8].

Figure 5 shows the pull magnitude (significance) be-
tween pairs of the three most precise e

+
e

≠
æ fi

+
fi

≠

experiments, computed as the absolute value of the dif-
ference of the contributions to aµ divided by its un-
certainty, in various energy intervals. The three KLOE
measurements [10–12] have been combined into one
data set [13]. The di�erence between BABAR and
CMD-3 rises to a significance of 2–3‡ on the fl peak,
while reasonable agreement is seen at lower and higher
energies. The di�erences between BABAR and KLOE
are also at the 2–3‡ level in the fl peak region, reach-
ing up to 4‡ at higher energy, while good agreement
is seen at lower energy. The largest di�erences are ob-
served between CMD-3 and KLOE, with significance
above 5‡ around the fl peak. When probing the broader
energy interval 0.6–0.975 GeV, covering the fl peak,
the significance of the di�erence between BABAR and
CMD-3 is 2.2‡, that between BABAR and KLOE is
3.0‡, while CMD-3 and KLOE di�er by 5.1‡ (Fig. 5,
bottom). When extending the comparisons to the max-
imal regions of overlap between pairs of experiments,
the di�erences are diluted to 2.1‡ between BABAR
and CMD-3, 1.5‡ between BABAR and KLOE, and
3.3‡ between CMD-3 and KLOE, respectively, owing
to the better inter-experiment agreement and larger
KLOE uncertainties below and above the peak of the
resonance.

3 BABAR study of additional photon
radiation

The BABAR collaboration performed unique measure-
ments of additional photon radiation in the initial state
radiation (ISR) processes e

+
e

≠
æ µ

+
µ

≠
“ and e

+
e

≠
æ

fi
+

fi
≠

“. Hard NLO radiation with one additional pho-
ton was studied in Refs. [14, 15]. A new analysis [24]
based on the full available data set extended that study
and included for the first time the measurement of hard

3 While the uncertainty rescaling is applied to the com-
bined fi+fi≠ cross-section uncertainty to account for local
inconsistencies among the measurements, a global system-
atic tension must also be taken into account in the HVP
calculation [8].

Strategy for improvement over BMW ’20
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Dedicated simulations on huge
L = 11 fm lattice to correct finite-V

effects
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Calculation fully blinded

Re-evaluated all QED and SIB corrections

Laurent Lellouch Moriond EW, 15-22 March, Marseille

Hybrid calculation of aLO-HVP
µ : taking the best

from both approaches

µ

γ

had

µ
All quantities related to aµ will be given in units

of 10→10

Laurent Lellouch Moriond EW, 15-22 March, Marseille

L. Lelouch

There is a 
significant scatter 
for the data-
driven method 
and some recent 
results are very 
different (CMD3)



23

QCD in a non-perturbative regime

Newest results from BMW collaboration agree with experiment without any need for 
new physics, and almost match it in terms of error. Sub-% calculation of HVP (!)

 
Experiment vs SM: March 2026

aµ|expt = (11659207.15 ± 1.45)→ 10→10

aµ|WP25 = (11659203.3 ± 6.2)→ 10→10

aµ|This work+WP25 = (11659205.1 ± 3.4)→ 10→10

180 190 200 210 220 230

aµ ⇥ 1010 � 11659000

BNL & FNAL ’25

White paper ’20

White paper ’25

BMW ’20

This work

Mainz/CLS ’24

RBC/UKQCD ’24

BaBar

KLOE
CMD-3

Tau

5.8�

0.5�

Laurent Lellouch Moriond EW, 15-22 March, Marseille

Spectacular results 
presented by L. Lelouch
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Take away messages II
1. Flavor physics continues to deliver nontrivial tests of the CKM paradigm, and 

there is still room for new physics (although current tensions are unlikely to 
originate from much beyond-TeV scale.) 

2. SM mass/flavor sector is tied up to SM Higgs couplings. Continuing to test 
“Higgs linearity”, i.e.  ghff  ~ mhff /v at the LHC is very important!

3. Further  theoretical progress in quark flavor physics is likely to be related to the 
ability to treat QCD effects. 

4. “Clean” channels still remain, especially in LFV and EDMs: µ à e g, t à µ g, 
electron, neutron and atomic EDMs etc. Huge progress in muon g-2 on the 
lattice, but a fairly confusing situation with data-driven analysis. 

5. Coherent/regular n  scattering start delivering new sensitivity to modified by 
BSM interactions, complementing other channels. Theorists are here to help. 
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Dark sectors / dark matter / axions
• Main difficulty in connecting dark matter to fundamental theories of particles and 

fields is in huge variety of reasonable options. WIMPs, asymmetric DM, secluded 
WIMPs, Freeze-in Dark matter, light bosonic dark matter including axions, ALPs, 
dark photons, extra light moduli .... Primordial Black holes etc.

Lots of theoretical talks/ideas/suggestions at this meeting:  

P. Schwaller: Confining dark sectors and dark pions (soft bombs?) at colliders

Y. Nakai: Providing explicit GMSB model with Nelson-Barr solution to strong CP. 

C. Hati: Minimalistic asymmetric DM models

G. Kribs: Exploring phenomenology of dark baryon dark matter

A. Hook: Revisiting and relaxing limits on very light dark photon dark matter

R. D'Agnolo: Ode to axions + heterodyne detection idea 

G. Arcadi: WIMPs benchmarks + modified early cosmology

M. Di Mauro: Secluded DM parameters tied to neutrino mass generation 

 M. Bosse, N. Grimbaum, D. Dimakou, A. Foguel
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Strong CP problem and connection to U(1)A
§ QCD Lagrangian has a hidden parameter that is made physical by the 

nonperturbative lifting of the singlet pseudoscalar mass. [Yes, by instantons, but it is 
not even crucial.] Most crucially,   while pions become 
massless. 

m* is the reduced quark mass, mumd(mu+md). The expectation value of the second term 
over the vacuum here is the vacuum energy dependence on the theta angle (and upon 
the rescaling the axion mass squared.) Would have been cancelled by Goldstone eta’

Linear in theta correlators lead to CP-odd observables such as h à pp , neutron EDM 
etc. Therefore, strong CP is real and can be resolved by dynamical relaxation (axion), 
by construction (e.g. discrete symmetries), or via a massless light quark (problematic)

Investigation of nucleon current correlator

Maxim Pospelov

Abstract
We are interested in the following question: are all nucleon currents equally

suitable for the investigation of chirality-sensitive matrix elements? We show

that only � = ±1 lead to the physical answers for the correlator of nucleon

currents. At � = 0, for example, the observables depend on theta-angle even

if one takes a chiral limit, and that is not physical.

1. Which observables?

Let us recall that if we take a QCD Lagrangian with real masses and a theta

term, all theta dependent observables cancel in the chiral limit. Lagrangian

LQCD = �1

4
(G

a
µ⌫)

2
+

X

u,d,

q̄(iDµ�µ �mq)q +
✓g

2
s

32⇡2
G

a
µ⌫G̃

a
µ⌫ (1)

can be transformed into a complex singlet mass term that has real and imag-

inary parts, .
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= �m⇤hN |ūu+ d̄d|Ni. (4)

Likewise all observable that are linear in ✓ will be 0 in m⇤ ! 0 limit: CP -odd

⇡ �NN coupling, neutron EDM etc.
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Fig. 5 The ω̄ parameter of QCD induces a CP-odd vertex between a pion and the nucleon represented by a black dot in the second
diagram from the left. If the U(1)A symmetry is restored, then the first (singlet εs meson re-scattering) diagram exactly cancels the
second. In the real world with U(1)A violated nonperturbatively, the second diagram dominates, and contributes to all three classes of
observable EDMs, represented schamatically on the right. White dots and the triangle denote the conventional coupling of pions to
nucleons and photons.

chiral limit, m2
ε → m2

0 at mq → 0, and in terms of this parameter, the ω-dependent part of the vacuum energy density is given by

Evac(ω̄) =
1
2
ω̄2m↑|↓q̄q↔| ↗


1 ↘

4m↑B
m2

0 + 4m↑B


 , (27)

where B = F↘2
ϑ |↓q̄q↔| = m2

ϑ(mu + md)↘1. If the U(1)A symmetry is restored, i.e. m0 → 0, then the ω-dependence of the vacuum energy
disappears [55]. In the opposite, and physical, limit of m↑B≃ m2

0, the second term in the parentheses of Eq. (27) can be neglected, yielding
the conventional nonzero result.

The logic can be applied to the calculation of the CP-violating ϑN̄N coupling constant [57]. In Fig. 5, we see that in the combination of
the first two diagrams, which would sum up to zero should U(1)A be restored, the second one is dominant in real-world QCD leading to the
prediction of the CP-odd vertex Leff,CP = ḡ(0)

ϑNNϑ
aN̄ϖaN:

ḡ(0)
⇐ ↘

m↑ω̄
Fϑ
↗ ↓p|ūu ↘ d̄d|p↔ ⇐ ↘0.017ω̄, (28)

where matrix element can be extracted from lattice QCD calculations [58] or from phenomenological evaluations based on the flavor S U(3)
pattern of baryon mass splitting [38], and we used mu/md ⇐ 0.48. This vertex can source all three categories of EDMs: the ChPT loop of
charged pions induces dn; tree-level pion exchange results in the Schiff moment S Hg; and finally an effective two-loop ϑ0-electron coupling
induces C(1)

S . Note that the result for dn(ω̄) appears to be relatively robust: the ChPT result [38] was tested using an independent QCD sum
rule calculation, yielding similar numerical results [57, 59, 60], and agreeing with an earlier order-of-magnitude estimate [55] in Eq. (17).
Efforts to rigorously compute dn(ω̄) using lattice QCD techniques (see e.g. [61]) are underway which promise to further test this result and
improve its precision.

Summarizing the predictions and current constraints from the three groups of EDMs discussed above,

dn ⇐ 2 ↗ 10↘16 ω̄ ecm → |ω̄| < 1 ↗ 10↘10 [19] (29)

S Hg ⇐ 2 ↗ 10↘3 ω̄ efm3
→ |ω̄| < 1.5 ↗ 10↘10 [18] (30)

CS ⇐ 0.03 ω̄ → |ω̄| < 2 ↗ 10↘8 [16] (31)

All the above results imply that ω̄ is necessarily small without providing any reason why it is so. Note that despite paramagnetic EDMs
currently providing a limit that is O(100) less stringent than dn [62, 63]4, the rapid improvement of this category of measurements [16, 17],
gives reasons to believe that one day they may become competitive to hadronic EDMs in their sensitivity to ω̄. Similarly to the case of CKM
contributions, CS is dominant in dequiv

e over the proper de(ω̄) contribution [64]. The limits from the Hg EDM are more uncertain than the
results for dn and CS . Currently they are based on the S (ḡ1)

ϑNN (ω̄)) estimate [6] but should also include the better known contribution from
S (dn(ω̄)). Barring an accidental cancellation, the limit on ω̄ from the Hg EDM measurement may be as strong as from dn.

4The number in Eq. 31 has been slightly updated compared to [62] due to subsequent strengthening of the experimental limit [16].
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Nothing new here, just the standard “party line”. 
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Axions: theory, lab, astro...
• Rafaele Tito d’Agnolo 

HETERODYNE

DM Radio
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THREE PROTOTYPES

2507.07173 arXiv:2207.11346

• DM Axion-assisted 
transfer of signal from 
one cavity to another, 
to access more 
expanded mass range. 

• First steps for this 
setup are made at 
SLAC and Fermilab. 
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SUSY theory a-la Nelson-Barr
• Y. Nakai

• Rule of the game: start from theta = 0, generate CP-violation spontaneously, makes 
sure that dCKM ~ O(1), while theta-bar remain small. Generate BAU via AD. Non-
decoupling of New Physics from EDM observables. 

Spontaneous CPV

• CP is an exact symmetry of the Lagrangian but 
broken spontaneously at the vacuum

A vector-like pair of heavy quarks is introduced, so that
the extended quark mass matrix transmits SCPV into the CKM matrix.

Nelson-Barr mechanism

• Spontaneous CP violation (SCPV) provides an axionless solution 
to the strong CP problem. 

Generation of the CKM phase without 
reintroducing a nonzero strong CP phase

CP breaking fieldHeavy quarks

Strong CP Problem
QCD Lagrangian for strong interactions allows

explicitly violating CP symmetry.

The physical strong CP phase :

The current upper bound on the neutron electric dipole moment

Why is so small ??

Some shifts of would not provide a visible change in our world.
Baryogenesis

If gravitino gives DM …

Neutron EDM is within the reach of near-future experiments !

Lyman-α constraint

Smallest value of 

SCPV scale and reheating 
temperature are chosen to obtain 
the observed asymmetry and DM.

Consistency with SCPV via SUSY  
will be explored in a future study.

Fujikura, YN, Sato, Yamada (2022)

Future neutron EDM 
can probe this model 
with very large 
SUSY masses due  
“non-decoupling” 
effect of theta. 
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Confining Dark Sectors
• Confining sectors may provide natural/realistic DM candidates

P. Schwaller: 

Dark flavour symmetries

Dark QCD with  dark quarks  

Global  symmetry in dark sector 

Broken to   after confinement 
Assume  exact in dark sector, only broken by 
interactions with SM (dark MFV) 

nf Qρ

SU(nf) ≈ SU(nf)

SU(nf)V

SU(nf)V

5

NOT FOR DISTRIBUTION JHEP_133P_0125 v1

paradigm [1]. This mechanism introduces a velocity dependence to the annihilation rate, suppress-
ing late-time annihilations and thereby sneakily circumventing stringent constraints from indirect
detection. Consequently, the model is viable for DM masses in the GeV range, which are typically
excluded for thermal production mechanisms. In fact after taking into account constraints from
direct detection, the preferred regions of parameter space fall either between 1→ 10 GeV or above
200 GeV, with transient dark pion lifetimes required to be macroscopic (cω > 1 mm) to avoid overly
strong bounds from direct detection.

Composite DM arising from pion-like states in confining dark sectors has been extensively
studied (e.g., [1–13])1. For instance, [8] examines a similar setup but focuses on the case of nf = 3
dark quark copies, such that several couplings have to be set to zero to ensure DM stability.
In contrast, we demonstrate that for nf ↑ 4, DM stability follows naturally from a dark flavor
symmetry, which also protects the DM candidates from radiatively induced decays. Moreover,
this symmetry enforces degenerate dark pion masses, which is crucial to evade stringent indirect
detection constraints in the low-mass regime.

Compared to other models, our framework has o!ers several attractive features. The relic
abundance primarily depends on the parameters of the confining dark sector and is independent of
the mass and couplings of the heavy mediator connecting the dark and visible sectors. Since DM
is among the lightest states in the dark sector, it is copiously produced in dark showers, making it
directly accessible in collider experiments seeking such signatures. We find that the viable parameter
space of the model is probed by a combination of collider, direct detection and flavor experiments.

In the 1→10 GeV DM mass range, the model exhibits a rich collider phenomenology, as the dark
showers contain a large number of both long lived and stable dark pions. Consequently, its signatures
are a combination of emerging jets [17–19] and semi-visible jets [20, 21], which can be e!ectively
targeted by merging these search strategies. We perform a recast of the semi-visible and emerging
jets searches, as well as conventional multi-jet and missing energy searches, which cover the limits
of vanishing and infinite lifetime, respectively. Since DM is now e”ciently produced in the dark
shower, the missing energy search is also sensitive for promptly decaying dark pions. Constraints
are obtained in the DM-mediator mass plane to facilitate comparison with direct detection, and
benchmarks for future experimental studies are proposed.

This paper is organized as shown in the table of contents. Have fun reading it.

2 The Model

The proposed model comprises a strongly interacting QCD-like dark sector that interacts with the
Standard Model (SM) through a scalar bi-fundamental. Specifically, in addition to the SM, we
consider a SU(Nd) gauge sector and nf Dirac fermions Qω, ε = 1, . . . , nf , transforming in the
fundamental representation of SU(Nd). The Lagrangian governing the dynamics of the dark sector
is thus far

LD = →
1

4
(Gµε,a

D )2 + Q̄ωi ↓DQω →mQ,ωϑQ̄ωQϑ , (2.1)

where Gµε,a
D is the dark gluon field tensor, transforming in the adjoint of SU(Nd), with a ↔

{1, . . . , N2
d → 1}, and ε,ϑ ↔ {1, . . . , nf} are dark flavor indices. As mentioned before, we intro-

duce also a scalar X that is a fundamental of both SU(Nd) and SU(3)c. This scalar particle acts
as the portal between the two strongly interacting sectors by enabling the interaction

Lportal = →ϖωiϱ̄iQωX + h.c., (2.2)

where i indicates SM flavor. The quantum numbers of X under SM gauge symmetries determine the
form of the operator. If X is a singlet of SU(2)L and has a hypercharge of 1/3, then ϱi = diR [22].

1
See also [14–16] for work on ultralight dark pions as DM candidates.

– 2 –

× mQ,ρπ = mQαρπ

Carmona, Elahi, Scherb, PS, 2411.15073

Smoking gun signature: emerging jets 

3

PS, Stolarski, Weiler, 2015

Jets composed of dark 
pions , emerge in 
detector with 
displaced vertices 

Prompt SM jets 

Now an established 
signature!

ρD

Results

15Kevin Pedro

• Data: 16.1 fb-1, √s = 13 TeV, 2016, CMS

• Observed data agree with background 
predictions within uncertainties 
(statistical, systematic)

• Signal yields in table shown for largest 
mXd

excluded by each selection set 

• Limits do not depend strongly on mπd

¾ Exclude mXd between 400 and 1250 GeV 
for cτπd between 5 and 225 mm

LLP2018

CMS-EXO-18-001
JHEP 02 (2019) 179
…

Chen, Ding, Hill [2309.02715]

EFT* with M(         ) >> Mw:

*(Majorana)

Direct Detection through electroweak loops

Excellent opportunity for ongoing direct detection searches through nuclear recoil!
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G. Kribs: Dark baryons with 
EW-charged constituents. 

In both approaches there are 
interesting LHC consequences 
of ”dark mesons” and 
reappearing jets. Nice overlap 
with experimental searches 
reported here!
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Take away messages III
1. Strong CP problem is real, and axions are most motivated explanation. 

Extremely hard to find, but we should keep trying. 

2. We know how to build [very very many] dark matter models. 

3. Experimental sensitivity of primarily Xe-dual-TPC suite of experiments caught 
up with many DM models, and mauled/killed them. You see the reflection of this 
in many of our talks. 

My personal example: Higgs-portal DM, year 2000

B. Penning for LZ ([almost] kills BEH-mediated WIMPs)

Prediction for direct detection (2000)
all masses from 100 MeV to 10 TeV were allowed
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Figure 4: The predictions for the elastic cross section, σel, as a function of mS, which

follows from the λ(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ≤ 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <∼ mS ≤ 0.5mh. In this case annihilation

at freeze-out is very efficient, requiring small λ’s which lead to elastic cross sections

suppressed to the level of 10−48 cm2. These levels of sensitivity to σel(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, Ωi = Ωtot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14

Back in ~2000, best experiments were several orders of magnitude away

Björn Penning Moriond Electroweak 2026

● Total WS2024 exposure: 280 days (4.2 
tonne-years)

○ 220 days of new data

○ Combined with the WS2022 result (60 days)

● Base/WIMP analysis selections 

○ 3 phd ≤ S1c < 80 phd, S1 coinc. ≥ 3, 

○ S2 ≥ 645 phd (14.5e-), S2c ≤ 105 phd

● Profile likelihood ratio (PLR) analysis

● World’s best sensitivity for SI WIMP-type DM 
● Observed SI exclusion:

𝜎DM
SI =2.2 ×10-48 cm² at 40 GeV/c²

WIMP Results (WS2024)

12Phys. Rev. Lett. 135, 011802 (2025)

40 GeV WIMP

Accidentials

124Xe
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Important EW physics with BSM experiments 
• Double EC capture in 124Xe. Xenon1T,nT, Panda-X and LZ

G. Luchetti, additional slides

• EC in 123Te. CUORE + preceding results by Cuoricino and CUORE-0

    There is a significant anomaly built into the interpretation of CUORE results! 

Important: CUORE currently does not claim the observation of EC in 123Te.

6

background is constrained by an in-situ measurement of
the xenon isotopic abundance with a residual gas ana-
lyzer (RGA) and the half-life from [36]. We also allow for
a small shape change to account for the uncertainty on
the theoretical calculation of this spectrum, specifically
whether this isotope is better described by the higher
state dominance [37] or single state dominance [38] model
of 2⌫�� decay.

The double-electron capture (2⌫ECEC) decay rate of
124Xe is left unconstrained in B0. The energy spectrum
adopts the updated model of [39], which takes into ac-
count the contributions from higher atomic shells com-
pared to [1] and uses fixed branching ratios. The recon-
struction of the dominant KK-capture peak at 64.3 keV
was also used as validation of the energy reconstruction.

The spectrum of electron scattering from solar neu-
trinos is computed as in [1]. We assign a 10% solar
neutrino flux uncertainty based on the Borexino mea-
surement [40]. 133Xe was produced by neutron activa-
tion from the 241AmBe calibration several months before
the SR0 science data taking and a tiny fraction survived
to the start of SR0. Given that it does not impact the
low-energy region and this rate is small, the background
is allowed to vary freely in the fit. Trace amounts of
83mKr leftover from calibrations are also present in the
SR0 data, the rate of which is also left unconstrained.

The last background component, accidental coinci-
dences (ACs), is the only non-ER background in B0.
Uncorrelated S1s and S2s can randomly pair and form
fake events, and a small fraction survives all event selec-
tions [24]. AC events overlap with the ER band in cS1-
cS2 space and produce a spectrum that increases towards
low energies. Its rate in the ER region is predicted to be
(0.61± 0.03) events/(t·y) using a data-driven method.

FIG. 3. Science data (black dots) in cS1-cS2 space, over-
laid on 220Rn data (2D histogram). The WIMP search re-
gion (orange) is still blinded and not used in this search. Re-
gions (gray shaded) far away from the ER band are excluded
to avoid anomalous backgrounds. Iso-energy lines are repre-
sented by the gray dashed lines.

After all analysis components had converged and a
good agreement between the background model and data

above 20 keV was found (p-value ⇠ 0.2), the region above
the �2� quantile of ER events in S2 was unblinded.
The NR region below ER �2� remains blinded while
the WIMP analysis continues, as shown in Fig. 3.

FIG. 4. Fit to SR0 data using the background model B0.
The fit result of B0 is the red line. The subdominant AC
background is not shown.

FIG. 5. Data and best-fit B0 model below 30 keV. No sig-
nificant excess above the background was found. The bump
at ⇠10 keV is from the LL-shell of 124Xe 2⌫ECEC [39], while
the discontinuity at 10 keV is caused by the blinded WIMP
search region, see Fig. 1 and 3. A finer binning than in Fig. 4
is used to show the event rate change near the threshold.

We performed a fit in reconstructed energy space using
an unbinned maximum likelihood similar to that in [1].
The e�ciency at low energies is allowed to vary within
its uncertainty band. The best-fit of B0 is illustrated in
Fig. 4 and Fig. 5, and the results are listed in Tab. I.
The SR0 dataset agrees well with B0, and no excess
above the background is found. The e�ciency-corrected
average ER background rate within (1, 30) keV is mea-
sured to be (16.1 ± 1.3stat) events/(t·y·keV), a factor of
⇠5 lower than the rate in XENON1T [1]. This is the
lowest background rate ever achieved at these energies
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Neutrino-less channels will be 
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Yd(u) =




c11ω3 c12ω3 c13ω4

c21ω3 c22ω2 c23ω2

c31ω4 c32ω2 c33



 ; cij → O(1)

ω ↑ ↓ε↔
!

or ω ↑ ↓HSM↔
!

L =
H†H

!2
µ̄RµLH + h.c. ↗ mµµ̄µ+ h125 ↘ 3↘ mµ

vEW
µ̄µ

”h→µµ

”h→µµ,SM

= 9

An observable ≃ (1⇐ ϑ2

V
)↘ (1/(16ϖ))2 ↘ !

2

v2
EW

124
Xe + e+ e ↗ 124

Te + ϱ + ϱ

123
Te + e ↗ 123

Sb + ϱ

ς = 1.8↘ 10
22
yr

12

Yd(u) =




c11ω3 c12ω3 c13ω4

c21ω3 c22ω2 c23ω2

c31ω4 c32ω2 c33



 ; cij → O(1)

ω ↑ ↓ε↔
!

or ω ↑ ↓HSM↔
!

L =
H†H

!2
µ̄RµLH + h.c. ↗ mµµ̄µ+ h125 ↘ 3↘ mµ

vEW
µ̄µ

”h→µµ

”h→µµ,SM

= 9

An observable ≃ (1⇐ ϑ2

V
)↘ (1/(16ϖ))2 ↘ !

2

v2
EW

124
Xe + e+ e ↗ 124

Te + ϱ + ϱ

123
Te + e ↗ 123

Sb + ϱ

ς = 1.8↘ 10
22
yr

12

Yd(u) =




c11ω3 c12ω3 c13ω4

c21ω3 c22ω2 c23ω2

c31ω4 c32ω2 c33



 ; cij → O(1)

ω ↑ ↓ε↔
!

or ω ↑ ↓HSM↔
!

L =
H†H

!2
µ̄RµLH + h.c. ↗ mµµ̄µ+ h125 ↘ 3↘ mµ

vEW
µ̄µ

”h→µµ

”h→µµ,SM

= 9

An observable ≃ (1⇐ ϑ2

V
)↘ (1/(16ϖ))2 ↘ !

2

v2
EW

124
Xe + e+ e ↗ 124

Te + ϱ + ϱ

123
Te + e ↗ 123

Sb + ϱ

124
Xe + e ↗ 124

Te + e+

ς = 1.8↘ 10
22
yr

12



32

Exciting peaks ... at a wrong place

4.7 keV – EC from 2s1/2 state (L1)

30.5 keV – EC from 1s1/2 state (K)
Latest results from CUORE - A. Campani, 18 March 2026

• Noise decorrelation algorithms to reduce 
noise relating channels noise & diagnostic 
devices signal

What’s left to do? Modeling noise  study low energies →

12

arxiv:2505.09652

• CUORE is sensitive 
to microseismic 
activity induced by 
the sea waves (0.2 - 
0.3 Hz)

• Correlation storms 
low frequency noise 

∼

• Under investigation 
solutions to improve 
cryostat decoupling

• Low energy studies: specific low-energy variables 
and event-level cuts to optimise sensitivity at keV-
scale targeting

Science 390, 1029-32 (2025)

• Increased sensitivity for BSM searches 
including solar axions, WIMPs 

• spectral studies potentially related to 
121Te, 123Te, 125mTe decays (not measured yet)  

Phys. Rev. D 113, 012012 (2026)

A. Campani, CUORE

been verified by looking at the energy of M2 coincident
events, which peaks at ∼5.3 MeV, the energy of the α
emitted by the 210Po.
The spectrum shows an increase in the background level

moving down from ∼50 keV to ∼30 keV by about an order
of magnitude, featuring two peaks at ∼31 and ∼36 keV.
The nature of the ∼36 keV structure is still unclear, but it

has been observed in other measurements using TeO2

cryogenic calorimeters [9,31]. It was originally ascribed to
the 210Pb in Ref. [38], where this structure was observed
together with a γ peak at ∼46 keV. Nevertheless, both
CUORE-0 and the data discussed in this work exhibit a
kink at ∼46 keV in the spectrum, rather than a mono-
chromatic peak, indicating the presence of additional
continuous contributions. The structure appears broad
and irregular, therefore we model it by using an asymmetric
Gaussian.We include in themodel the peak at∼31 keV, and
the kink at ∼46 keV, as Gaussians with resolution fixed to
that of the baseline. Given the energy interval of this
distribution, we account for the energy dependence of the
efficiency in the model. The main structure peaks at 36.27!
0.08 keV and shows an average width of 1.88! 0.11 keV,
larger by a factor ∼1.4 on the right side, while the weighted
average rate among the datasets is 8.3! 0.3 counts=ðkg dÞ.
The monochromatic peak at ∼31 keV was observed as

well in CUORE-0 demonstrators and past CUORE crystals
measurements [9,31] and ascribed to a physics feature.
Specifically, in Ref. [31] it was found that a few events were
in coincidence with high energy γs (507.6 keV and
573.1 keV) associated with 121Te electron capture (EC),
suggesting it to correspond to the binding energy of the K-
shell of 121Sb, consequent to a K-shell EC. Moreover, in
Ref. [39], a peak at the same energy was used to claim the
discovery of 123Te EC, later refuted in Ref. [38] and
ascribed to the one of 121Te, activated by neutrons. Its
observation in CUORE indicates that the origin of this peak

is still present in either TeO2 crystals or the detector setup.
We observe its rate to be approximately constant along the
data taking with a weighted average among the datasets of
1.35! 0.04 counts=ðkg dÞ, while we estimate its mean to
be 30.88! 0.09 keV. The reconstruction of this peak is
affected by its proximity to the broad structure around
∼36 keV. As a systematic test, we repeat the fit by
narrowing the energy range and employing the stricter
selection with a 3 keV threshold, to take advantage of the
improved resolution. Both tests report a ∼30% lower rate,
and a ∼0.8% lower value of the mean, that we account as a
systematic uncertainty.
Focusing on the detectors available down to 3 keV, as in

Fig. 14, thanks to a stronger background suppression and
improved energy resolution, we observe two excess struc-
tures at ∼10 and ∼13 keV. A similar feature, hidden by the
background rise, can be found in the CUORE-0 spectrum in
Ref. [9]. We model these features using two Gaussian
distributions, fixing the resolution to the one of the baseline,
and a linear background. Their means are reconstructed to be
(10.3! 0.2) and (12.6! 0.3) keV, with a weighted average
rate of (0.66! 0.07) and ð0.67! 0.07Þ counts=ðkg dÞ.
We observe a peak on the rising edge close to 3 keV. We

modeled it as a Gaussian with resolution fixed to that of the
baseline and overlaid it with a linear and an exponential
component as the background. We reconstruct a mean and a
rate, as the weighted average among the datasets, of 4.69!
0.03 keV and 19.1! 1.0 counts=ðkg dÞ, respectively.
The same peak was observed in past CUORE crystals

measurements and the demonstrator Cuoricino. Similar to
the peak at ∼31 keV, in Ref. [31], a few events in this peak
were found to be coincident with higher-energy gammas,
consistent with the L1-shell EC of 121Te. However, the
observed excess of events in this peak, not coincident with
these gammas, was not explicitly attributed to 121Te EC.
We look for coincidences with the same 121Te EC γ peaks

in CUORE data and we find overall 20 events, of which
four are between 30 and 32 keV, one is between 3 and
6 keV, and the rest spread up to 40 keV. The low
significance of this result makes any conclusions drawn
from this study unreliable, leaving open the possibility of
an alternative explanation.

TABLE I. Summary of the main features of CUORE energy
spectrum up to 200 keV. The top table reports structures of known
origin, while the bottom one reports those under further
investigation.

Energy [keV] Multiplicity Origin

∼27, 31 M2 Te X-rays
∼46 M1 210Pb β þ γ
∼90 M1, M2 210Po nuclear recoil
∼145 M1 125mTe

Energy [keV] Multiplicity Rate [counts=ðkg dÞ]

∼4.7 M1 19.1! 1.0
∼10 M1 0.66! 0.07
∼13 M1 0.67! 0.07
∼31 M1 1.35! 0.04
∼36 M1 8.3! 0.3

TABLE II. Summary of the main parameters resulting from the
selection at low energy of the 2 metric ton yr CUORE data
release. The reported values correspond to the weighted average
among all the datasets, with the propagated uncertainty.

Parameter 3 keV 10 keV

Number of datasets 12 25
TeO2 exposure [kg yr] 11.0 691
Selected detectors 1.2% 35%
Baseline FWHM [keV] 1.18! 0.02 2.54! 0.14
Background level [d.r.u.] 16! 2 2.06! 0.05
Total efficiency 0.26! 0.04 0.50! 0.02

D. Q. ADAMS et al. PHYS. REV. D 113, 012012 (2026)
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Figure 8. Comparison of CCVR2 (black circles) and CUORI-
CINO (red triangles) data, with a zoom on the 4.7 keV. Un-
like in CCVR2, CUORICINO data are not corrected for the
efficiencies and the calibration at low energies is not opti-
mized.

30 because, for low momentum transfer, it benefits from
coherence across the nucleus [35]. In addition, spin-
dependent scattering is significant only on nuclei with
an odd number of nucleons. Since 99.8% of Oxygen is
constituted by 16O and 92% of Tellurium is composed
by even isotopes (mainly 130Te, 128Te and 126Te), TeO2

will be most sensitive for spin-independent interacting
WIMPs. It has to be remarked that TeO2 bolometers,
unlike other bolometric detectors for Dark Matter, do not
discriminate the nuclear recoils induced by WIMPs from
the radioactive β/γ background. Nevertheless, the high
mass and low background achievable with these detectors
make it possible to search for an annual modulation of
the counting rate.
Compared to CUORICINO, the CCVR2 rate has the

same behavior at energies greater than 10 keV, but is
considerably higher at lower energies (Fig. 8). We are
unable to explain this difference at present, however we
expect that the CUORE-0 and CUORE low energy back-
ground will not be higher than the CCVR2 one. All the
materials used in detector construction, in fact, will be
the same as those employed for CCVR2. Moreover, in
the case of CUORE-0, the bolometers will be operated
in the same cryostat of CUORICINO, which has lower
radioactive contaminations compared to the one used to
operate CCVR2. To be conservative, we estimate the
CUORE-0 and CUORE sensitivity to WIMPs assuming
the background rate of these experiments to be equal to
the one measured on CCVR2. We assume that the noise
will be under control and that all bolometers will achieve
a 3 keV threshold. We focus on the energy region be-
tween threshold and 25 keV, featuring an observed back-
ground counting rate ranging from about 25 cpd/keV/kg
to 2 cpd/keV/kg.
We perform toy Monte Carlo simulations generating

background events from the CCVR2 fit function shown
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Figure 9. WIMP simulated signal: difference between the 3-
month integrated spectra across December the 2nd and June
the 2nd, for a WIMP cross section of 10−41 cm2 and masses
between 5 and 100 GeV.

in Fig. 8, and WIMP events from the predicted distri-
bution described in Ref. [36], using the following WIMP
parameters: density ρW = 0.3 GeV/cm3, average veloc-
ity v0 = 220 km/s and escape velocity from the Galaxy
vesc = 600 km/s. The quenching factor (QF) of the in-
teractions in TeO2 is set to 1 [37]. We include the de-
pendence of the WIMP interaction rate on the time in
the year, and estimate the background+signal asymme-
try subtracting the 3-month integrated spectrum across
December the 2nd from the 3-month integrated spectrum
across June the 2nd. The resulting differential spectrum
is fitted with the expected shape induced by the mod-
ulation, H1 (examples are given in Fig. 9), and with a
flat line at zero counts, H0. The cross section in the toy
simulation is lowered as long as, in a set of experiments,
the fit probability of the H1 hypothesis is greater than
the H0 one at least 90% of the times.
This procedure defines the cross section that could be

sensed for a fixed WIMP mass. The 90% CL upper limit
sensitivity to the cross-section as a function of the WIMP
mass is reported in Fig. 10 for 3-years of CUORE-0 data-
taking and 5-years of CUORE. The comparison with
other experiments shows that CUORE-0 could test the
indication of a ∼ 10 GeV WIMP from the DAMA (no-
channeling), CoGeNT and CRESST experiments, while
CUORE could completely test the DAMA results, un-
der the hypothesis that Dark Matter is purely made of
spin-independent interacting WIMPs. We reiterate that
because the quenching factor for nuclear recoils compared
to electron recoils in TeO2 bolometers is 1, the 2-6 keV
energy region of DAMA corresponds to 7-20 keV assum-
ing scattering on Na (QF=0.3) or 22-67 keV assuming
scattering on I (QF=0.9). Therefore, in TeO2 bolome-
ters it will be possible to look at lower energies and to
study with larger detail the shape of the modulation spec-
trum, thus providing new information to this complicated
search.

CUORE-0 
spectrum.

Peak at 4.7 
keV

Experimental ratio ~ 14.1+/- 1.0 

Everything (energies and ratios of rates) is consistent with EC decay of 123Te 
from L1 and K subshells. A big problem is that a 20 times (!) stronger line 
from L3 (2p3/2) predicted by EC theory is missing!
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EC theory of 123Te decay in 1 slide

• This is so-called doubly forbidden unique transition with small Q value of 51.9 keV 

• 123Te (I = ½) à 123Sb(I = 7/2) requires large change in angular momentum and 
octupolar nuclear matrix element, call it Tijk.

• It is the same nuclear matrix element for transitions from every electronic subshell 
Assumption of factorization that should work well due to a huge nuclear/electronic 
scale separation; Rate ~ (Tijk)2 × |R(0)|2 or (Tijk)2 × |R′(0)|2 for s and p waves etc.

• Captures from higher angular momentum electronic shell is favorable as the 
outgoing neutrino is allowed to be in a lower partial wave. pe(orbit) >> En

• Numerically, Rate(L3)/Rate(L1) ≈ 25. 

• L3 line at 4.1 keV is missing! Factorization must be broken (!!) This is not 
impossible but super-highly unusual. Some accidental cancellations for p3/2 wave 
electronic waves but not for s1/2. 

            Disclaimer: this is probably not a sign of new physics but a very unusual effect 
inside atomic physics. Deserves further studies with isotopically enriched 123Te sample

  M. Pospelov, 2013, unpublished, with some ideas how this could happen.
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Conclusions
• Moriond conference series remains a viable place for exchanging 

ideas and for experiment-theory interactions. 

• Theoretical thought, as reflected in excellent talks at this meeting, 
does not stay idle, and addresses SM and BSM physics at high-
energy, in flavor, neutrino physics and rare observables. We make 
strong connection to cosmology via the dark matter, or more 
generically, dark sector studies. 

• [For more detailed conclusions, see slides with “Take away 
messages”.] 

From all the participants, huge thanks to the organizers for yet another 
superb Moriond meeting!!


