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1.   Introduction and Motivation 



1.1   The Standard Model  

•  The Standard Model, theory to describe electroweak and strong 
interactions very successful to explain experimental findings 

 
•  But hints for New Physics (SM: theory valid up to a certain energy scale Λ)  

Ø  Neutrino Oscillations: mν≠ 0 
Ø   The Standard Model fails to explain the observed cosmology: 

emperical evidence! 
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1.2  Indirect searches of New Physics 

•  2 ways to look for new physics: 
Directly by producing new states at very high 
energy at colliders         LHC 
   
Inderectly by precision measurements: 

–  Kaon physics:  
 
 
–  Charged Leptons:  
 
 
 
 

•  At low energy: lots of experiments e.g., 
MEG, COMET, Mu2e, E-969, NA62, FNAL g-2, BaBar, 
BelleI-II, BESIII, LHCb, NA62, JLab           huge 
improvements on measurements and bounds 
obtained and more expected 
 

 

•  For some modes accurate calculations of  
hadronic uncertainties essential 

 

 
 

 

The new physics flavor scale

K physics: ϵK

sdsd

Λ2
⇒ Λ ! 105 TeV

Charged leptons: µ → eγ, µ → e, etc.

µeff

Λ2
⇒ Λ ! 103 TeV

There is no exact symmetry that can forbid such
operators
All other bounds on NP, like proton decay, maybe due
to exact symmetry

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 10
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1.3  New Physics and Flavour sector  
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•  Sensitivity of New Physics in the flavour sector 
 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

High Sensitivity to New Physics

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 30 / 40

W. Altmannshofer 



2.   Testing the Standard Model with g-2 of the 
Muon 



2.1  Anomalous magnetic moment of the muon 

 
•  The gyromagnetic factor of the muon is modified by loop contribution 
 
•  Predicted by Dirac to be 2 

•  Schwinger computed the first order   correction 
 
�
�
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•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy Emilie Passemar 8 
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Loop contributions: 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Anomalous magnetic moment of elementary fermions 

ae = 1159652180.73(28) × 10−12 (0.24 × 10−9)
PRL 100, 120801 (2008)

QED test or αem determination

aμ = 116592091(63) × 10−11 (0.54 × 10−6)
E821, PRD 73, 072003 (2006)

Sensitive test of the Standard Model

aτ = −0.018(17) or − 0.052 < aτ < 0.013 95%CL
(DELPHI), EPJC 35, 159 (2004)

Theory: 117721(5) × 10−8, Eidelman, Passera, MPL A 22, 159 (2007)

aμ much more sensitive to NP than ae ∼ (mμ/me)2 ≈ 4.3 · 104

Single non trivial parameter coming from loops in QFT

QED:



2.1  Anomalous magnetic moment of the muon 
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aµ(SM) = 0.00116591810(43) à 368 ppb

• Individual tension 
with SM
– BNL: 3.7s
– FNAL: 3.3s

aµ(Exp) - aµ(SM) = 0.00000000251(59) à 4.2s

à 3.7s

à 3.3s

FNAL g-2  
Chris Polly’21 

•  In 2021 



2.1  Anomalous magnetic moment of the muon 
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FNAL g-2  
James Mott’23 

•  In 2023 

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.

See talk tomorrow 
by A. Driutti 
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FNAL g-2  
Chris Polly 

•  In 2023 

FNAL g-2  
James Mott’23 • Theory prediction is less clear now, but we can still compare

Experiment vs Theory Comparison

8/10/23 James Mott: New Results from Muon g-263

• Large discrepancy between 
experiment and WP (2020)

• Significance for Fermilab 
alone get to 5.0σ

• Updated prediction 
considering all available data 
will likely yield a smaller and 
less significant discrepancy



2.2  Confronting measurement and prediction 

QCD!Sector:!Muon!magne8c!moment!gµA2!!

George!Lafferty!!!!!!!!!!!!!!!!!!!!!!!

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

polariza8on!and!lightAbyAlight!scarering,!both!of!

which!need!experimental!input!from!tau!and!e+eA!

Conserved!vector!current!(CVC)!relates!lowA

energy!e+eA!scarering!to!hadronic!¿!decays!
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Hadronic*Contribu2on*

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 

•  Theoretical Prediction:  
 
 
 
 
 
 
 
 
 
 
 
 
•  Important contribution comes from  

virtual hadrons in the loop!  

•  Tackled using : 
-  Models 
-  Dispersion Relations 
-  Lattice QCD 
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Loop contributions: 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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4.0 693.1 
-8.59 7 

9.2 1.8 

81.0 4.3 

Colangelo et al. 
Snowmass 2022 



2.3  Contribution to (g-2)µ

46 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Loop contributions: 

Weak 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Need to compute the SM prediction with high precision!           Not so easy!  
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Hoecker’11 



2.4  On the importance of hadronic contributions 
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Muon g-2 measurements sensitivity 

QED 1st 
QED 2nd 
QED 3rd
QED 4th
QED 5th

Weak 1st 
Weak 2nd

HVP 1st 
HVP h.o.
Had LbL

 

  

 
 
 

10-2 10-1 100 101 102 103 104 105 106 107 108 109

  
  

aµ in units of 10-11

  
  
 
 
 

  
 

  
 
 

 

  

 
 
 

 +/-aµ uncertainty
 abs(aµ) contribution

    

11

π
α
2
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Loop contributions: 
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… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

From D. Hertzog 
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Muon g-2 measurements sensitivity 
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Loop contributions: 
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… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

From D. Hertzog 
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Muon g-2 measurements sensitivity 
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Loop contributions: 
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… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

From D. Hertzog 
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Muon g-2 measurements sensitivity 
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Loop contributions: 
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… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 



2.5  Recent Developments 

Emilie Passemar 18 

Prospects for precise predictions of aµ in the SM
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Figure 1: Left: Comparison of HLbL evaluations, as quoted in Ref. [6], to earlier esti-
mates [42, 141–143] (orange) and a more recent lattice calculation [144] (open blue).
Right: Comparison of theoretical predictions of aµ with experiment [1, 5] (orange band),
adapted from Ref. [6]. Each data point represents a different evaluation of leading-order
HVP, to which the remaining SM contributions, as given in Ref. [6], have been added.
Red squares show data-driven results [21, 22, 42, 145]; filled blue circles indicate lattice-
QCD calculations that were taken into account in the WP20 lattice average [25–30, 32],
while the open ones show results published after the deadline for inclusion in that aver-
age [135, 146]; the purple triangle gives a hybrid of the two [26]. The SM prediction of
Ref. [6] is shown as the black square and gray band.

2 Data-driven evaluations of HVP

The data-driven evaluation of HVP relies on the master formula from Refs. [147, 148],
a dispersion relation that relates the leading-order HVP contribution aHVP, LO

µ to the to-
tal cross section for e+e� ! hadrons.1 The main challenges in converting the available
data [52–104] to the corresponding HVP integral include the combination of data sets in
the presence of tensions in the data base and the propagation and assessment of the re-
sulting uncertainties. For illustration, the contributions of the main exclusive channels and
the inclusive region from the compilations of Refs. [21, 22] are shown in Table 2.

In Ref. [6] a conservative merging procedure was defined to obtain a realistic assess-
ment of these underlying uncertainties. The procedure accounts for tensions among the
data sets, for differences in methodologies in the combination of experimental inputs, for
correlations between systematic errors, and includes constraints from unitarity and analyt-
icity [19–21, 149]. Further, the next-to-leading-order calculation from Ref. [150] suggests
that radiative corrections are under control at this level.

1The cross section is defined photon-inclusively, see Ref. [6], i.e., while aHVP, LO
µ is O(↵2), it contains, by

definition, one-photon-irreducible contributions of order O(↵3). This convention matches the one used in
lattice-QCD calculations.

4

Colangelo et al. 
Snowmass 2022 

Comparison of the Standard Model Prediction using Lattice QCD, the data driven 
dispersive approaches and Models   
          Tension on HVP between the lattice result from BMW and the data driven app.  

HLbL 



•  For light-by-light scattering: until recently it was believed that  
dispersion relation approach not possible (4-point function) 
        only model dependent estimates 

•  But recent progress from Bern group: Colangelo, Hoferichter, Procura, Stoffer’14                
     Data driven estimate possible using dispersion relations! 

 

 

 
 

 

 
 
 
               

Model independent determination of LBL:  
experimental inputs 

46 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Loop contributions: 
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... or some unknown 
type of new physics ? 
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Hadronic 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Exp. inputs for evaluation of aµ(had, l-by-l)

e+e− → e+e−π0 γπ → ππγπ → ππ

e+e− → π0γe+e− → π0γ ω,φ → ππγ e+e− → ππγ

ππ → ππ

Pion transition form factor

Fπ0γ∗γ∗

(

q2
1
, q2

2

)

Partial waves for

γ∗γ∗
→ ππ e+e− → e+e−ππ

Pion vector

form factor F π
V

Pion vector

form factor F π
V

e+e− → 3π pion polarizabilitiespion polarizabilities γπ → γπ

ω,φ → 3π ω,φ → π0γ∗ω,φ → π0γ∗

Fig. from G. Colangelo et al, arXiv:1408.2517

D. Nomura (YITP) g − 2: Theory Oct 30, 2014 20 / 21

Slide by M. Vanderhaeghen, talk at “Lepton Moments 2014”, July 2014
D. Nomura (YITP) g − 2: Theory Oct 30, 2014 19 / 21
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•  Hadronic contribution cannot be computed from first principles  
due to low-energy hadronic effects 

 
 

•  Use  analyticity + unitarity          real part of photon polarisation function from 
dispersion relation over total hadronic cross section data  

 
 
 
 
 

•  Leading order hadronic vacuum polarization : 

 
 
 

•  Low energy contribution dominates : ~75% comes from s < (1 GeV)2                

            ππ contribution extracted from data 

Model independent determination of HVP 

( ) 2
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,
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α
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Hadronic*Contribu2on*

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 
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2.5  Recent Developments 
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•  New result from CMD3 in Novosibirsk 
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CLEO
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Figure 36: The ⇡

+
⇡

�(�) contribution to a

had,LO
µ from

energy range 0.6 <

p
s < 0.88 GeV obtained from this

and other experiments.

Experiment a

⇡+⇡�,LO
µ , 10�10

before CMD2 368.8± 10.3
CMD2 366.5± 3.4
SND 364.7± 4.9
KLOE 360.6± 2.1
BABAR 370.1± 2.7
BES 361.8± 3.6
CLEO 370.0± 6.2
SND2k 366.7± 3.2
CMD3 379.3± 3.0

Table 4: The ⇡

+
⇡

�(�) contribution to a

had,LO
µ

from energy range 0.6 <

p
s < 0.88 GeV ob-

tained from this and other experiments.

in Table. 4, where the first line in the table corresponds to the combined result of all
measurements before CMD-2 experiment.

The pion formfactor mesuarements from the di↵erent RHO2013 and RHO2018 seasons
of the CMD-3 give the statistically consistent result in the ahad,LOµ integral as:

a⇡⇡,LOµ (RHO2013) = (380.06± 0.61± 3.64)⇥ 10�10

a⇡⇡,LOµ (RHO2018) = (379.30± 0.33± 2.62)⇥ 10�10

a⇡⇡,LOµ (average) = (379.35± 0.30± 2.95)⇥ 10�10 (18)

Two CMD-3 values are in very good agreement in spite of a very di↵erent data taking
conditions (as was discussed earlier). The combined CMD-3 result was obtained in very
conservative assumption of 100% correlation between systematic errors of two data sets. The
CMD-3 result is significantly higher compared to other e+e� data, both energy scan and ISR.
Although this evaluation was done in the limited energy range only and the full evaluation
of ahad,LOµ is yet to be done, it is clear that our measurement will reduce tension between
the experimental value of the anomalous magnetic moment of muon and its Standard Model
prediction.

9. Conclusions

The measurement of e+e� ! ⇡+⇡� cross section was performed by the CMD-3 exper-
iment at the VEPP-2000 collider in the energy range

p
s = 0.32 ÷ 1.2 GeV in 209 energy

points. The analysis was based on the biggest ever used collected statistics at ⇢ resonance
region with 34 ⇥ 106 ⇡+⇡� events at

p
s < 1 GeV. The large statistics allows to study the

possible systematic e↵ects in details. The development of the analysis strategy, cross-checks

42

Ignatov et al., CMD-3,  
2302.08834 [hep-ex] 



3.   Looking for dark matter with a Higgs-mixed 
Scalar 
 

In collaboration with P. Blackstone (Indiana University),  
                                J. Tarrus Castella (Barcelona) 

        J. Zupan (Cincinnati) 
to appear 
   



3.1  Scalar Portal to Dark Matter 
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•  Evidence of Dark Matter from gravitational interactions 

	
	
	
	
	
	
	

	
	
	
	

•   
 

P. Blackstone – Ph.D. Defense – 13 May 2024

Motivation: light scalars are common 
features of BSM models

• Relaxion mechanism (e.g. 10.1103/PhysRevLett.115.221801)

• Dark matter mediator (“Higgs portal”) 

• Supersymmetric theories

• 𝜈MSM + inflaton (e.g 10.1016/j.physletb.2007.11.072)

•  Dilaton (e.g. 10.1007/JHEP02(2020)124)

Graham et al, PRL 115, 221801

Relaxion Potential

45

FPCP, May 31 2024J. Zupan   Flavorful dark sector

dark matter
• overwhelming evidence for DM from gravitational interactions 

 
 
 
 
 
 

• good reasons to believe it couples to visible matter

• relic abundance (freeze-out, freeze-in,...)

• complications/opportunities

• non-minimal dark sector?

• flavor violating couplings?

2

see DM review by Cirelli, Strumia, JZ, 2406.nnnn



3.1  Scalar Portal to Dark Matter 

24 

•  Evidence of Dark Matter from gravitational interactions 

•  It could couple to visible matter  
 
•  Different portals:  

	
	
	
	
	
	
	

	
	
	
	

•   
 

P. Blackstone – Ph.D. Defense – 13 May 2024

Motivation: light scalars are common 
features of BSM models

• Relaxion mechanism (e.g. 10.1103/PhysRevLett.115.221801)

• Dark matter mediator (“Higgs portal”) 

• Supersymmetric theories

• 𝜈MSM + inflaton (e.g 10.1016/j.physletb.2007.11.072)

•  Dilaton (e.g. 10.1007/JHEP02(2020)124)

Graham et al, PRL 115, 221801

Relaxion Potential

45

FPCP, May 31 2024J. Zupan   Flavorful dark sector

minimal portals

• in particular regions of parameter space 
could be DM

• more generally, can be just mediators to 
dark sector: DM a different state χ

4

See e.g. Cirelli, Strumia & Zupan’24 



3.2  Higgs-mixed scalar portal 
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couplings to the SM fermions, gluons and photons are then fixed in terms of just one

parameter, the mixing angle ✓h. However, this is certainly not the most general possibil-

ity [3, 4]. Especially for the couplings of � to the light SM fermions, e, µ, u, d, s, which are

suppressed by small Yukawa couplings yf ⇠ 10�5 � 10�3, it is quite possible that higher

dimensional operators may give larger contributions than the mixing with the Higgs (see,

e.g., [5–11] for examples).

The decays of a light scalar with a mass between the two-pion threshold and ⇠ 2 GeV

into SM particles are expected to be dominated by pairs of pions and kaons. The com-

putation of these decay widths is challenging, since Chiral Perturbation Theory (�PT),

the e↵ective field theory describing meson dynamics at low energy, is not applicable in

the whole energy range, and in fact, the chiral expansion performs worse than one would

naively expect due to the presence of scalar resonances in these channels. On the other

hand, perturbative QCD is also not applicable in this range. As a result, dispersive tech-

niques relying on unitarity and analyticity properties of amplitudes have emerged as the

most useful tool to obtain a representation of the form factors associated with these decays.

A key input in these representations are the pion and kaon scattering phase shifts. Early

works used model phase shifts [12, 13], while parametrizations fitted to experimental data

have been used in Refs. [14–16] (for data driven estimates of interactions of light vector

and pseudoscalar particles see [17–19]).

In this manuscript we revisit the predictions for partial decay widths of such a light

scalar, decaying into pairs of pions and kaons, while leaving the structure of couplings

general. Since the flavor-violating couplings are constrained enough to not be relevant for

� decays, although they can be very important in � production, we only need to focus

on flavor-conserving couplings. We pay special attention at quantifying the errors on the

predictions, and also provide a simple-to-use public code hipsofcobra (Higgs-Portal Scalar

O↵-Flavor Coupling Branching Ratios) to produce the decay widths in the general case.

The paper is structured as follows. In Section 2 we introduce the Lagrangian of a

light scalar � coupled to the SM fields, define the form factor for its decays into pairs of

pions and kaons and its dispersive representation. In Section 3 we detail how to obtain

the first piece of the dispersive representation, the Omnès function matrix, and Section 4

focuses on the second piece, the determination of the subtraction polynomials. Our results

for the form factors are presented in Section 5. We present our conclusions in Section 6.

In Appendix A we present the code accompanying this paper, that allows to compute the

decay widths of light scalar for any value of the couplings to the SM fields. Finally, in

Appendix B, we collect the NLO �PT expressions used in the matching of the subtraction

polynomials.

2 Scalar hadronic decays form factor

The e↵ective Lagrangian of a light scalar � coupled to the SM fields is given by [20]

Le↵ = �
X

q

cq
mq

vW
q̄q� �

X

`

c`
m`

vW

¯̀̀
�+ cg

↵s

12⇡vW
�G

a
µ⌫G

aµ⌫ + c�
↵

⇡vW
�Fµ⌫F

µ⌫
, (2.1)

– 2 –
FPCP, May 31 2024J. Zupan   Flavorful dark sector

higgs mixed  
light scalar

• add a light singlet to the SM 
 

• after EW symmetry breaking S-H mixing

•  coupl. =  coupl.

• just two parameters: 

• with improved kaon program could reach 
the BBN floor

S sin θ × H
sin θ, mS

13

•  After EW symmetry breaking S-H mixing         mass eigenstate which is 
predominantly S is called ϕ 
 

•  Higgs-mixed scalar scenario: 
 
just two parameters: sinθh and mϕ 
 

 
 
     

 
 
 

 
 
 

•  Problem : Have the hadronic part under control, ChPT not valid at these 
energies! 
 

 Use form factors determined with dispersion relations matched at low 
 energy to CHPT 

 
 

 
•  Dispersion relations: based on unitarity, analyticity and crossing symmetry 

         Take all rescattering effects into account 
ππ  final state interactions important 

  

INDIANA UNIVERSITY BLOOMINGTON P. Blackstone – Ph.D. Defense – 13 May 2024

New Scalar: General Lagrangian
If we add a scalar 𝜙 to the SM (JHEP 10 (2012) 196)... 

ℒeff = −
𝑞

𝑐𝑞
𝑚𝑞

𝑣𝑤
𝑞𝑞𝜙 −

ℓ

𝑐ℓ
𝑚ℓ

𝑣𝑊
ℓℓ𝜙 + 𝑐𝑔

𝛼𝑠
12𝜋𝑣𝑊

𝜙𝐺𝜇𝜈𝑎 𝐺𝑎𝜇𝜈 + 𝑐𝛾
𝛼

𝜋𝑣𝑊
𝜙𝐹𝜇𝜈𝐹𝜇𝜈

𝑣𝑊 is Higgs vev, 𝛼𝑠 strong coupling, 𝛼 EM coupling, 𝑐𝑖 general (but flavor 
conserving!) couplings. 

Common scenario: 

 Higgs-mixed scalar 𝑐𝑞 = 𝑐ℓ = 𝑐𝑔 = sin 𝜃ℎ = 𝑠𝜃 “mixing parameter”

46



hφ

3.3  Constraints below 2 GeV

+
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Donoghue, Gasser and Leutwyler’90, Truong & Wiley’89, 
Raby & West’88, Voloshin’86 
Celis, Cirigliano, E.P.’14, Monin, Boyarsky & 
Ruchayskiy’18, Winkler’19 
 
 

φ
φ

•  Decay dominated at low energies by 2 pions and 2 kaons 

 

•  Problem : Have the hadronic part under control, ChPT not valid at these 
energies! 
 

 Use form factors determined with dispersion relations matched at low 
 energy to CHPT 

 
 
 
 

 
•  Dispersion relations: based on unitarity, analyticity and crossing symmetry 

         Take all rescattering effects into account 
ππ  final state interactions important 
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3.4  ϕ decays
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couplings to the light quarks, ¯̀(1 ± �5)⌧ · q̄{1, �5}q. Finally, the diagram to the right, through

heavy-quarks in the loop generates gluonic operators of the type ¯̀(1±�5)⌧ ·GG and ¯̀(1±�5)⌧ ·GG̃.

When considering hadronic LFV decays such as ⌧ ! `⇡⇡ or ⌧ ! `P (P = ⇡, ⌘, ⌘0) one

needs the matrix elements of the quark-gluon operators in the hadronic states. In particular,

P-even operators will mediate the ⌧ ! `⇡⇡ decay and one needs to know the relevant two-

pion form factors. The dipole operator requires the vector form factor related to h⇡⇡|q̄�µq|0i
(photon converting in two pions). The scalar operator requires the scalar form factors related

to h⇡⇡|q̄q|0i. The gluon operator requires h⇡⇡|GG|0i, which we will reduce to a combination of

the scalar form factors and the two-pion matrix element of the trace of the energy-momentum

tensor h⇡⇡|✓µµ|0i via the trace anomaly relation:

✓µµ = �9
↵s

8⇡
Ga

µ⌫G
µ⌫
a +

X

q=u,d,s

mq q̄q . (2)

To impose robust bounds on LFV Higgs couplings from ⌧ ! `⇡⇡, we need to know the hadronic

matrix elements with a good accuracy. With this motivation in mind, we now discuss in detail

the derivation of the two-pion matrix elements.

3 Hadronic form factors for ⌧ ! `⇡⇡ decays

The dipole contribution to the ⌧ ! `⇡⇡ decay requires the matrix element

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�

1
2(ū�

↵u� d̄�↵d)
�

�0
↵ ⌘ FV (s)(p⇡+ � p⇡�)↵, (3)

with FV (s) the pion vector form factor. As for the scalar currents and the trace of the energy-

momentum tensor ✓µµ, the hadronic matrix elements are given by

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�muūu+mdd̄d
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�mss̄s
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�✓µµ
�

�0
↵ ⌘ ✓⇡(s) , (4)

with �⇡(s) and �⇡(s) the pion scalar form factors and ✓⇡(s) the form factor related to ✓µµ. Here

s is the invariant mass squared of the pion pair: s = (p⇡+ + p⇡�)2 = (p⌧ � p`)
2.

In what follows, we determine the form factors by matching a dispersive parameterization

(that uses experimental data) with both the low-energy form dictated by chiral symmetry and

the asymptotic behavior dictated by perturbative QCD. Numerical tables with our results are

available upon request.

3.1 Determination of the ⇡⇡ vector form factor

The vector form factor FV (s) has been measured both directly from e+e� ! ⇡+⇡� [31–35]

and via an isospin rotation from ⌧ ! ⇡�⇡0⌫⌧ [36, 37]. It has also been determined by several

theoretical studies [38–54].

6

  
s = p

π + + p
π −( )2

hφ

+
φ

φ

FP Value at s = 0

�⇡ (0.98 ± 0.01)m2
⇡

�K (1.5 ± 0.2)12m
2
⇡

�⇡ (0.009 ± 0.008)
�

m

2
K � 1

2m
2
⇡

�

�K (1.14 ± 0.18)
�

m

2
K � 1

2m
2
⇡

�

✓⇡ (0.98 ± 0.01)2m2
⇡

✓K (1.16 ± 0.14)2m2
K

G⇡ (1.07 ± 0.05)
⇣

�11
9

m2
⇡

vW

⌘

GK (1.21 ± 0.14)
⇣

�11
9

m2
K

vW

⌘

✓̇⇡ 1.00 ± 0.02

✓̇K 1.17 ± 0.28

Ġ⇡ (1.9 ± 0.1)
⇣

� 2
9vW

⌘

ĠK (2.4 ± 0.9)
⇣

� 2
9vW

⌘

Table 1: Values of form factors at s = 0 from analysis described in Section 4.3. The

mass-containing expressions that the numerical factors multiply match the form of the LO

results in �PT and ↵s expansion, where here m⇡ and mK are the physical masses. The

exception is �⇡, for which the corresponding prediction is 0 and is written in units of

m

2
K � 1

2m
2
⇡ simply for comparison. The values for GP (0) and ĠP (0) listed here correspond

to Higgs-mixed scalar case with cud = cs = cg = 1.

and standard deviation corresponding to their main value and uncertainty as discussed in

Section 4.3. The solid lines and bands in Figs. 4 and 5 correspond to the mean and one

standard deviation, respectively, of this sample set. The two low-energy matching profiles

overlap under this uncertainty prescription, which indicates that the order-of-magnitude

conclusions are insensitive to this ambiguity. Due to the high degree of approximation,

some numerical instability occurs at the division boundaries as DX approaches a root,

showing up in the plots as jagged, oscillatory behavior.

5.2 Scalar decay widths

We can compute the decay width of the light scalar � into two pions or kaons using the

form factors GP , defined in Eq. (2.3). The decay width reads as

��!PP =
AP

16⇡m�
�P (m

2
�)|GP (m

2
�)|2 (5.1)

where the number of final states is encoded by A⇡ = 3 (⇡±
⇡

⌥ and ⇡

0
⇡

0) and AK = 4

(K±
K

⌥, K0
K

0
and K

0
K

0). Fig. 6 shows the widths � ! PP for both direct and derived

matching conditions. The three profiles (central, upper, and lower ridges) in each figure

are obtained by plugging the corresponding profiles of Fig. 5 into Eq. 5.1.

In Fig. 7 we compare between our direct matching result for the � ! ⇡⇡ decay width

and those illustrated in Figs. 1 and 2 of [16]. We find good agreement up to m� ⇠

– 17 –

INDIANA UNIVERSITY BLOOMINGTON P. Blackstone – Ph.D. Defense – 13 May 2024

𝝓 → 𝑷𝑷: Scalar Form Factors

𝐺𝑃 𝑠 = 𝑃𝑃 𝑐𝑔
𝛼𝑠

12 𝜋𝑣𝑊
𝐺𝜇𝜈

𝑎 𝐺𝑎𝜇𝜈 − 
𝑞

𝑐𝑞
𝑚𝑞

𝑣𝑊
𝑞𝑞 0

49

= 𝜉𝑔𝜃𝑃 𝑠 − መ𝜉 + 1 − 𝛾𝑚 𝜉𝑔 ΓP s + 𝜉𝑠 + 1 − 𝛾𝑚 𝜉𝑔 Δ𝑃 𝑠

𝜉𝑔 =
𝑐𝑔𝛼𝑠

2

3𝜋𝑣𝑊𝛽 𝛼𝑠
መ𝜉 =

𝜉𝑢𝑚𝑢 + 𝜉𝑑𝑚𝑑

𝑚𝑢 + 𝑚𝑑
𝜉𝑢,𝑑,𝑠 =

𝑐𝑢,𝑑,𝑠

𝑣𝑊

AP = # final states 



•  Coupled channel analysis up to √s ~2 GeV: Mushkhelishvili-Omnès approach 
 

Inputs: I=0, S-wave ππ  and  KK data 
 
 
 
 
•  Unitarity           the discontinuity of the form factor is known 
 

 
              
 

�
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3.5  Unitarity

  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

Daub, Dreiner, Hanart, Kubis, Meissner’13 
 Celis, Cirigliano, E.P.’14 

 

Form factors
•  Two channel unitarity condition (ππ, KK) (OK up to  √s ~ 1.4 GeV)

n  = ππ, KK

•  General solution:

Canonical solution falling as 1/s for large s 
(obey un-subtracted dispersion relation) 

Polynomials 
determined by 

matching to ChPT

•  Solved iteratively, using input on s-
wave I=0  meson meson scattering

  n = ππ , KK

  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

π 

π π 

π π 

π 

π 

π 

+ 

π 

π 

 K

 K

 K

 K

Scattering matrix: 
 

     ππ → ππ, ππ →  
        → ππ,           
 
 

KK
KK KK KK→ 



•  Inputs : ππ → ππ,  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

•  A large number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01, 
Buettiker et al’03, Garcia-Martin et al’11, Colangelo et al.’11, Pelaez & Rodas’22 and all 
agree 

•  3 inputs: δπ (s), δK(s), η from  Pelaez  et al.            reconstruct T matrix 29 

Garcia-Martin et al’11 
Buettiker et al’03 

3.6  Inputs for the coupled channel analysis 

KK



 
•  General solution to Mushkhelishvili-Omnès problem: 
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Polynomial determined from a  
matching to ChPT + lattice 

Canonical solution falling as 1/s  
for large s (obey unsubtracted  
dispersion relations)  
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3.7  Dispersion relations 
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•  Uncertainties: 
 

-  Varying the matching conditions 

-  T matrix inputs 

0.0 0.5 1.0 1.5 2.0
0.000
0.005
0.010
0.015
0.020
0.025
0.030

0.0 0.5 1.0 1.5 2.0
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0.5
0.6
0.7



3.8  Decay widths 
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INDIANA UNIVERSITY BLOOMINGTON P. Blackstone – Ph.D. Defense – 13 May 2024

Results: Decay Widths
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Γ𝜙→𝑃𝑃 =
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Results: Decay Widths

68

Γ𝜙→𝑃𝑃 =
𝐴𝑃

16𝜋𝑚𝜙
𝜎𝑃 𝑚𝜙

2 𝐺𝑃 𝑠 2

𝐴𝜋 = 3 
𝐴𝐾 = 4



 
 

3.8  Decay widths: comparison 
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3.9  General Coupling Structure: hipsofcobra  

INDIANA UNIVERSITY BLOOMINGTON P. Blackstone – Ph.D. Defense – 13 May 2024

General Coupling Structure: hipsofcobra

70

github.com/blackstonep/hipsofcobra

Higgs
Portal
Scalar
Off-
Flavor
Couplings
Branching
Ratio
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3.9  General Coupling Structure: hipsofcobra  
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FPCP, May 31 2024J. Zupan   Flavorful dark sector

beyond light  
higgs-mixed scalar

• example: flavor aligned leptophobic limit 

• search for narrow peak in , 
,  

• similar in , , , 
,..., with ...

• relative branching ratios depend on 
values of flavor diagonal couplings

D → ππ+π−

D → πK+K− D → πγγ
B → K(*)φ B → πφ B → ρφ

Bs → ϕφ φ → KK, ππ, γγ,

17

Blackstone, Tarrus Castella, Passemar, JZ, 2406.nnnn

coupl. to u,d
coupl. to s
coupl. to g
coupl. to u,d,s,g

coupl. to u,d
coupl. to s
coupl. to g

coupl. to u,d,s,g
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4.   Conclusion and Outlook 



Conclusion and Outlook 

37 

 

•  To look for physics beyond the Standard Model rare processes and precision 
measurements are very useful and powerful 

•  Many experiments are giving very precise results in the flavour sector, e.g,  
BelleI-II, BESIII, LHCb, NA62, JLab 
 

•  Matching theoretically the level of precision is crucial         For some modes 
hadronic uncertainties are the limiting factor 

•  Theoretical tools: EFTs such as ChPT, Dispersion Relations, Lattice QCD… 

•  I gave 2 examples: 
–  Anomalous magnetic moment of the muon 
–  Constraints on Higgs-mixed Scalar DM scenarios 

 
•  There have been many more this afternoon and through the whole  



5.   Back-up 



3.4  Prospects 

Improvement up to 2 GeV 

7
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FIG. 4. Hadronic and leptonic decay rates of a light scalar mixing with the Higgs. The decay rates scale with s2✓ which was set
to unity in this plot.

cently in [22, 24, 44–47]. These crucially depend on the
decay properties of the scalar. In many instances, con-
straints with di↵erent assumptions on the hadronic decay
rate have been combined. We will, therefore, reevaluate
the existing limits on light scalars consistently using our
new set of decay rates. Sensitivities of some important
future searches will also be discussed. Our focus is on
the mass window m� ' 0.01 � 10 GeV accessible to ac-
celerator probes.

A. Rare Decays

Light scalars can mediate rare meson decays. The most
relevant processes include radiative ⌥-decays as well as
flavor changing B and K meson decays (see figure 5).
The calculation of the corresponding branching ratios is
summarized in appendix A.

�

b

b̄

�

f

f̄ W�

t
�

b

d̄, ū

f̄

f

s

d̄, ū

FIG. 5. Radiative ⌥ decays and flavor changing B decays
mediated by a light scalar.

BaBar has performed various searches for radiative ⌥
decays mediated by a light scalar. The most important
channel is ⌥ ! � + jets triggered by a hadronically de-

caying � [48].
Below the B threshold, searches for semi-leptonic B

decays become relevant. LHCb measured the branching
ratio B+ ! K+ + µ̄µ in several bins of dilepton invari-
ant mass [49]. The corresponding upper limit on the
�-induced branching ratio in each bin is determined as
in [14]. It must be taken into account that LHCb trig-
gered on prompt decays in this search. Following [14], we
estimate that events with a (boosted) scalar decay length
d < d

max

' 5 mm are reconstructed. This translates to
an e�ciency factor

⌘ =

1Z

0

dp� f(p�)
⇣
1� e�m���dmax

/p�

⌘
, (34)

where f(p�) denotes the momentum distribution of �
which is obtained with PYTHIA [50].10 LHCb has sub-
sequently performed dedicated searches for light scalars
with macroscopic decay lengths. In [51, 52] constraints
on BrB0!K⇤0�⇥Br�!µ̄µ and BrB+!K+�⇥Br�!µ̄µ have
been set as a function of the intermediate scalar mass and
lifetime. We digitized the provided images and derived
the corresponding constraints on s✓.11 As can be seen
in figure 6, the inclusion of displaced decays has signifi-
cantly increased the LHCb sensitivity to light scalars in
most of the mass range. A search for long-lived particles

10 We generated a large sample of B mesons with PYTHIA and
decayed each B further to � using the appropriate kinematics.

11 The case of a light scalar mixing with the Higgs has been covered
explicitly in the two references. We, nevertheless, rederive the
constraints on s✓ since a di↵erent set of scalar decay rates has
been employed in [51, 52].

•  Can we also improve at higher energies? 
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3.4  Prospects 11

FIG. 8. Constraints on light scalars mixing with the Higgs. The filled regions with solid boundaries correspond to
model-independent constraints. Sensitivity projections are indicated by the dashed boundary. The hatched regions refer to
model-dependent exclusions which apply to the relaxion model (cyan) and the dark matter model (red, ocher) discussed in
section II.

Appendix A: Scalar in Rare Decays

1. Radiative ⌥ decays

A light scalar can emerge in the radiative decay ⌥ !
� � and induce a meson or lepton pair [73]. It is conve-
nient to express the corresponding branching ratio in the
form

Br
⌥!� �

Br
⌥!ēe

=
s2✓ GFm

2

bp
2⇡↵

F
⇣
1� m2

�

m2

⌥

⌘
, (A1)

where ↵ is the Sommerfeld constant and F a correction
function taken from [74]. It accounts for higher order
QCD processes [75, 76] as well as bound state e↵ects
appearing close to the kinematic endpoint [77, 78].

2. Rare B Decays

The scalar appears in an e↵ective flavor violating cou-
pling �-s-b. By integrating out the W -t-loop one ob-

tains [79]

L�sb = g�sb� s̄LbR + h.c. ,

g�sb =
s✓ mb

v

3
p
2GF m2

t V
⇤
tsVtb

16⇡2

, (A2)

where Vts and Vtb denote the CKM matrix elements.
The above Lagrangian triggers the decay B ! K(⇤)�
for which the rate reads

�B!K(⇤)� = |g�sb|2
���hK(⇤)|s̄LbR|Bi

���
2

�
1/2

B,K(⇤)�

16⇡mB
, (A3)

where we introduced

�x,yz =
m2

x � (my �mz)2

m2

x

m2

x � (my +mz)2

m2

x

. (A4)

The matrix elements can be approximated as [80, 81]

|hK⇤|s̄LbR|Bi|2 =
1

4

m4

B �B,K(⇤)�

(mb +ms)2
A2

K⇤ ,

|hK|s̄LbR|Bi|2 =
1

4

(m2

B �m2

K)2

(mb �ms)2
f2

K (A5)
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