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Anomalies
• B meson anomalies RD(*), P5’, RK(*) (?)
• anomalous muon magne;c moments (?)

Approaching New Physics  
• SMEFT Lagrangian approach
• models of NP 

SM contribu;ons to anomalous processes

UV complete theories of NP

Outlook

Flavour puzzle?

!!

Introduc;on

Lepton flavor universality

Constraints from low-energy observables & LHC data
Predic;ons relevant for LHCb, Belle2 &LHC



From present anomalies to new anomalies!  

A1er analysing  one anomaly, a new anomaly
appers….



D0 Collabora*on, 1007.0395

Nb
++ and Nb

−− represent the number of events in which the two muons 
of highest transverse momentum, have the same positive or negative 
charges. 

2010
Anomalies - in the past 

These anomalies have disappeared!

CDF 
DØ 

2011

AK ̄ = 0.193 ± 0.069
AK ̄ = 0.24±0.14

The large forward-backward asymmetry in 
the produc*on of K ̄ pairs at the Tevatron



Introduction

Why to formulate a new theory?

• observed phenomena, unexplained by existing theory (e.g. neutrino 
masses, Dark Matter,… in the Standard Model)

• disagreements of the existing theory predictions and data

• trying to cure theoretical problems of the existing theory as e.g. sizable 
corrections that depend quadratically on the cutoff energy scale  for the SM 
Higgs mass (Supersymmetry, Little Higgs models etc.,…)

• Expectation that the Nature supports unification of fundamental 
interactions – GUT.

• …

The thing that doesn't fit is the thing that is most interesPng.
Richard P. Feynman

https://www.azquotes.com/quote/935430
https://www.azquotes.com/author/4774-Richard_P_Feynman


“My star)ng point in 1967 was the old aim, going back to Yang and Mills, of developing a gauge theory of the strong interac)ons, but now based 

on the symmetry group that underlies the successful soA- pion predic)ons, the symmetry group SU(2) × SU(2) [32]. I supposed that 

the vector gauge boson of this theory would be the ρ-meson, which was an old idea, while the axial-vector gauge boson would be the a1 meson, 

an enhancement in the π − ρ channel which was known to be needed to saturate certain spectral func)on sum rules, which I had developed a liRle 
earlier that year [33]. Taking the SU(2) × SU(2) symmetry to be exact but spontaneously broken, I encountered the same result found earlier by 

Higgs and Brout and Englert; the Goldstone bosons disappeared and the a1 meson became massive. But with the isotopic spin subgroup 

unbroken, then (in accordance with a general result of Kibble [34]) the ρ-meson would remain massless. I could of course put in a common mass 

for the a1 and ρ by hand, which at first gave encouraging results. The pion now reappeared as a Goldstone boson, and the spontaneous breaking 

of the symmetry made the a1 mass larger than the ρ mass by a factor of the square root of two, which was just the ra)o that had come out of the 
spectral func)on sum rules. For a while I was encouraged, but the theory was really too ugly. It was the same old problem: pu`ng in a ρ-meson 

mass or any gauge boson mass by hand destroyed the ra)onale for the theory and made the theory less predic)ve, and it also made the theory 

not renormalizable. So I was very discouraged. 

Then it suddenly occurred to me that this was a perfectly good sort of theory, but I was applying it to the wrong kind of interac)on. “

“The gluons are in fact massless, but we don’t see them for the same reason that we don’t see the quarks, which is that, as a

result of the peculiar infrared proper)es of non-Abelian gauge theories, color is trapped; color par)cles like quarks and gluons 

can never be isolated . This has never been proved. 

There is now a million dollar prize offered by the Clay Founda)on to anyone who succeeds 
in proving it rigorously, but since it is true I for one am happy to leave the proof to the mathema)cians. “

Steven Weinberg

hep-ph/0401010

The Making of the Standard Model



�(⌧� ! µ�⌫̄µ⌫⌧ ) = �(⌧� ! e�⌫̄e⌫⌧ )

the same coupling of  lepton  and its neutrino with  
W for all three lepton generations!

Lepton Flavour Universality  (LFU) 

Nuclear and Particle Physics Franz Muheim 8

Lepton Universality in Lepton Universality in 
Weak InteractionWeak Interaction

Tau Decays
mτ = 1.777 GeV > mµ, mπ, mρ, …
Several weak decay modes possible

Branching 
Fractions

Tau Decay Rates
Investigate decay

compare with muon decay
Expect lifetime
Measure
ÎWeak coupling of τ and µ identical 

Lepton Universality in Standard Model
W± boson couples identically to all leptons

Charged weak current 
Couples within lepton doublets
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valid for quarks too!
Basic property of the SM: universal g

Dµ = @µ + ig
1

2
~⌧ · ~Wµ + ig0
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2
YWBµ

the same  for all SM  fermions 
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GFp
2

Lf = f̄ iDµ�
µf

Leff = �GFp
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fL = QL, LL



From Tony Pich at CHARM 2023,Siegen 

Experimental tests do not show violaCon of LFU 



LFU violation in the SM 

Obviously LFU in the SM  is a consequence of the same gauge coupling!

However, all quarks and leptons have different masses!

Within SM LFU is violated by different
fermionic masses 

Are there any LFU violaEon behind the SM?

The Yukawa interacEon breaks 

Flavour puzzle!



Flavour puzzle - a “blessing” for CP violation  

Only Yukawa terms in the SM Lagrangian are not invariant under CP symmetry.

The measure of CP violaEon is given by Jarlskog invariant 

CP would be conserved  in the SM, if any of two pairs of masses are equal!

Bing:CP violaEon , style odf Dali



The Curious Early History of CKM Matrix
-miracles happen!-
Stephen Lars Olsen 

2309.06042

“The Christenson, Cronin, Fitch and Turley discovery of the CP violaIng decay mode KL→ π+π− was 
reported in the summer of 1964 . This was a rela,vely low priority experiment that was not aimed 
at inves,ga,ng CP viola,on but, instead, was designed to inves,gate some anomalies in coherent 
K2→K1 regenera,on measurements that had been reported during the previous year. It failed to 
qualify for a spot in the main experimental hall of the then, almost new, AGS synchrotron that was 

occupied by spectrometers specialized for total cross secIon determinaIons, and π, K, p ̄ and μ-
proton elasIc scaZering measurements. Instead, the experimental apparatus was located in a 

relaIvely inaccessible area inside the AGS magnet ring that the laboratory technical staff referred to 

as “Inner Mongolia,” in a neutral parIcle line that was essenIally a hole in the AGS shielding wall that 
was pointed at a target located in the accelerator’s vacuum chamber, as illustrated in Fig. 2a. The high 

flux of γ-rays emerging from the target were aZenuated by a 3.8 cm- thick lead block followed by a 
collimator and a bending magnet that swept charged parIcles out of the beam aperture. A double-

arm spectrometer consisIng of tracking spark chambers before and aber two verIcally bending 

magnets measured the direcIons and momenta of charged parIcles that were produced by KL meson 
decays that occurred in a 2 m-long decay volume that was a plasIc bag filled with atmospheric 

pressure helium—a low-budget approximaIon of a vacuum chamber.”

4 In the 1960s diplomatic relations between the U.S. and China were non-existent, and mainland China, 

including Inner Mongolia, was considered by most Americans to be about as accessible as the far side of the Moon. 



This talk does not contain topics as

Bona @ EPS 2023

Cabibbo Angle Anomaly (CAA) 

Lepton flavour universality violaEon in tau decays (τ → μνν )̄

Crivellin and Mellado, 2309.03870  

Talk of L. ViSorio yesterday. 

No charm- see talks by Solomonidi and Vale Silva! 



B meson anomalies 

RD(*)

• RD
exp and RD*

exp : dominated by BaBar!
• In RJ/!exp and R Λc exp limited precision.

Solu@on for the puzzle  - New Physics! 

<latexit sha1_base64="tRCO7753VOyIf/0KcEQAJaI1/LI="></latexit>

RD(⇤) =
B(B ! D(⇤)⌧ ⌫̄)

B(B ! D(⇤)l⌫̄)

����
l2{e,µ}



<latexit sha1_base64="dyFeFG6O3GKEGMZH8eqqzyA2hMc="></latexit>

< D(⇤)(p0, (✏))|c̄�µ b|B(p) >=
X

j

Kµ
j Fj(q

2)

1) B → D : one (two) form-factors with f0(0) = f+(0) at q2 = 0;

La;ce QCD at q2 ≠ q2
max for both form-factors. 

<latexit sha1_base64="2TkOEvdCQc91g3SbsHVHNBeCGhc=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2Emxu0gBPTgMYpZIBmHnk4nadLTM3TXCHEI/ooXD4p49T+8+Td2loNGHxQ83quiqp4fCa7Btr+s1Nz8wuJSejmzsrq2vpHd3KrpMFaUVWkoQtXwiWaCS1YFDoI1IsVI4AtW9/sXI79+z5TmobyFQcTcgHQl73BKwEhedufGu7xLBAEYnmO7UDw7zB8deNmcXbDHwH+JMyU5NEXFy3622iGNAyaBCqJ107EjcBOigFPBhplWrFlEaJ90WdNQSQKm3WR8/RDvG6WNO6EyJQGP1Z8TCQm0HgS+6QwI9PSsNxL/85oxdE7dhMsoBibpZFEnFhhCPIoCt7liFMTAEEIVN7di2iOKUDCBZUwIzuzLf0mtWHCOC6XrUq5cmsaRRrtoD+WRg05QGV2hCqoiih7QE3pBr9aj9Wy9We+T1pQ1ndlGv2B9fAONWJNN</latexit>

Rlatt
D = 0.293(5)

If q2 spectrum for l= e,!
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Rlatt+exp
D = 0.295(3)

2) B → D*: three (four) form-factors; 

First la;ce results at q2 ≠ q2
max ! Tensions with B → D*lν ̄ exp. 

data

R(D*)=0.252 ± 0.003, S.F., J.F.Kamenik, and I.Nisandzic, 1203.265420

JLQCD, R(D*)=0.252 ± 0.022,  Y.Aoki et al.2306.05657 
independent LQCD results + Belle-II data needed!
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w =
m2

B +m2
D⇤ � q2

2mB mD⇤

See Judd Harrison talk yesterday! 

There are sall some issues!



Puzzles in b → " µµ transition

Bs ! K⇤0µµ and B ! ⇡ee. As for theoretical predictions of these observables, they were
straightforward to implement thanks to the aforementioned general implementation of the
B ! P, V decays in flavio. Moreover, we implement the latest available B ! ⇡ form
factors from Ref. [78] where a combined fit to LCSR and lattice data was performed. We
follow closely Ref. [45] for the treatment of resonant regions in Bs ! K⇤0µµ, which adds
an additional source of theoretical uncertainty at the level of 8% (see Appendix of Ref. [45]
for details).

As for model-independent analyses, b ! sµµ and b ! see have been analyzed in great
detail [43, 79–83]. The b ! dµµ sector has been recently analyzed in a model-independent
way in Ref. [45] and we have been able to reproduce their bounds on various Cbdµµ

i . These
types of analyses can be done efficiently with flavio – we will demonstrate this firstly by
presenting an updated global analysis of b ! sµµ in light of the new RK(⇤) measurement
by LHCb [14, 15] and secondly by studying b ! dee transitions, commenting on similarities
and differences with respect to b ! dµµ transitions. In all cases, we consider only real
Wilson coefficients, see e.g. [43, 84–89] for discussions on CP violating effects.

2.2 Model-independent bounds from b ! s``

Rare B decays based on the b ! s`` transitions have received a lot of attention over the past
years because in these decays a sizeable number of experimental measurements have shown
deviations from the SM predictions. In particular, LHCb has found discrepancies in several
observables that contain only muons in the final state, namely in branching fractions of
B ! Kµµ, B ! K⇤µµ, and Bs ! �µµ [10–13] as well as in angular observables of
B ! K⇤µµ [5, 6] and Bs ! �µµ [90]. In addition to these so-called b ! sµµ anomalies,
also ratios of branching fractions with different leptons in the final states previously showed
tensions with SM predictions in the µ/e LFU observables

RK =
BR(B ! Kµ+µ�)

BR(B ! Ke+e�)
and RK⇤ =

BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)
. (2.6)

Interestingly, both the b ! sµµ anomalies and the hints for µ/e LFU violation could be
consistently explained by new physics contributions to a linear combination of the Wilson
coefficients Cbsµµ

9 and Cbsµµ
10 (cf. Eqs. (2.2) and (2.3)) as shown in global fits performed by

several groups [23, 39–43].
Recently, LHCb has announced a combined analysis of RK and RK⇤ [14, 15], which

takes into account the full LHC Run II data and supersedes their previous results. They
report the values

0.1 < q2 < 1.1 :

(
RK = 0.994 +0.090

�0.082(stat)+0.029
�0.027(syst),

RK⇤ = 0.927 +0.093
�0.087(stat)+0.036

�0.035(syst),

1.1 < q2 < 6.0 :

(
RK = 0.949 +0.042

�0.041(stat)+0.022
�0.022(syst),

RK⇤ = 1.027 +0.072
�0.068(stat)+0.027

�0.026(syst),

(2.7)

while also providing correlations between RK and RK⇤ , which we do not list here but
take into account in our analysis. These updated results are fully compatible with the

– 6 –

<latexit sha1_base64="LqnhZKN27OC2H0OCxYag5MB2MVg="></latexit>

RK(⇤) =
B(B ! K(⇤)µµ)

B(B ! K(⇤)ee)

LHCb
2212.09152, 2212.09153 

In this work, at low energies, we focus on leptonic and semileptonic B-meson decays
with the underlying b ! q`` transitions with q = d, s and ` = e, µ. In general, these can
be classified according to the final state as B ! ``, B ! P `` and B ! V `` decays, with
B denoting any charged/neutral B meson and P (V ) denoting a pseudoscalar (vector) final
state meson. Observables belonging to each of these classes are implemented in a general
way in the flavio.physics.bdecays submodule, from (differential) branching ratios, to
various CP-violating and angular observables. The short-distance contributions to each
observable include the SM contributions, as well as the model-independent contributions in
the WET at the scale of µ = 4.8 GeV, with the weak effective Hamiltonian defined as

He↵ = HSM
e↵ � 4GFp

2

e2

16⇡2

X

q=s,d

X

`=e,µ

X

i=9,10,S,P

VtbV
⇤
tq(C

bq``
i Obq``

i + C 0bq``
i O0bq``

i ) + h.c. . (2.1)

The semileptonic operators of interest are defined as

Obq``
9 = (q̄�µPLb)(¯̀�µ`) , O0bq``

9 = (q̄�µPRb)(¯̀�µ`) , (2.2)

Obq``
10 = (q̄�µPLb)(¯̀�µ�5`) , O0bq``

10 = (q̄�µPRb)(¯̀�µ�5`) , (2.3)

Obq``
S = mb(q̄PRb)(¯̀̀ ) , O0bq``

S = mb(q̄PLb)(¯̀̀ ) , (2.4)

Obq``
P = mb(q̄PRb)(¯̀�5`) , O0bq``

P = mb(q̄PLb)(¯̀�5`) . (2.5)

The contributions of the four-quark operators O1,2 and penguin operators O3...6 are absorbed
in the usual way into the effective coefficients Ce↵

7,8,9(q
2). We assume they do not receive

NP contributions and are hence part of HSM
e↵ . Furthermore, we do not consider NP in the

dipole operators O7,8. As for the non-perturbative quantities, the meson decay constants
and the form factor fit parameters are defined in the flavio database of theory parameters.
In contrast, the functional forms of the various form factor parameterizations are defined
in the same sub-module as the predictions themselves.

Next, we summarise the b ! q`` observables of interest in this analysis. The b ! sµµ

sector contains by far the most experimental and theoretical activity in recent years, fostered
by the so-called B-anomalies in various branching ratios of B ! K(⇤)µµ, Bs ! �µµ,
⇤b ! ⇤µµ and Bs ! µµ, as well as in angular observables such as P 0

5, and the LFU
ratios RK(⇤) (recently resolved in [14, 15]). In b ! see there are only a few measurements
available: the upper limit on branching ratio of the leptonic decay Bs ! ee by LHCb [71],
the inclusive differential branching ratio measurement of B ! Xsee by BaBar [72] and
measurement of B ! K⇤ee at very low q2 by LHCb [73]. The last one is particularly
sensitive to effects of the dipole operator O7 and we do not consider it further. In b ! dµµ

there are upper limits on the branching ratio of B0 ! µµ reported by LHCb [8, 9], CMS
[46] and ATLAS [74], as well as the LHCb measurements of the differential branching ratio
of B+ ! ⇡+µµ [75] and a total branching ratio of Bs ! K⇤0µµ [76]. In b ! dee there are
only two measurements available: the upper limit on B0 ! ee by LHCb [71] and the upper
limit on B ! ⇡ee by Belle [77].

Among the measurements reported above, only a few were missing in flavio, namely,
we added the measurements of B ! ⇡µµ (in the bins of q2 = [2, 4], [4, 6], [15, 22] GeV2),
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of B+ ! ⇡+µµ [75] and a total branching ratio of Bs ! K⇤0µµ [76]. In b ! dee there are
only two measurements available: the upper limit on B0 ! ee by LHCb [71] and the upper
limit on B ! ⇡ee by Belle [77].

Among the measurements reported above, only a few were missing in flavio, namely,
we added the measurements of B ! ⇡µµ (in the bins of q2 = [2, 4], [4, 6], [15, 22] GeV2),

– 5 –
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RSM
K(⇤) = 1.00(1) Bordone et al., 1605.07633

CSM
7 = 0.29; CSM

9 = 4.1; CSM
10 = �4.3;

Buras et al.,hep-ph/9311345;
Altmannshofer et al., 0811.1214; 
Bobeth et al., hep-ph/9910220

It is important that LFU (e,+) holds! − RK(∗)



Figure 2: Constraints on two different WET scenarios including the recently updated
measurement of RK(⇤) by LHCb [14, 15]. For details see Section 2.2.

local hadronic contributions is a matter of ongoing extensive discussions, see e.g. [23, 91].
Interesting 2D scenarios are:

• (Cuniv.
9 , �Cbsµµ

9 = �Cbsµµ
10 ), where Cbsµµ

9 = Cuniv.
9 + �Cbsµµ

9 and Cbsee
9 = Cuniv.

9 . This
scenario was previously found to be well suited to explain tensions between RK(⇤) and
b ! sµµ observables [44, 80]. Furthermore, it is motivated by the fact that Cuniv.

9

can be generated through RGE effects in the WET [92], the SMEFT [44], and in
UV models [93].1 The results of a fit in this scenario are shown in the left panel of
Fig. 2. The fit shows a clear preference for non-zero Cuniv.

9 , which can fully remove
the tension between RK(⇤) and the b ! sµµ observables. For the “rare B decays”
global fit, the Gaussian approximation at the best-fit point is

Cuniv.
9 = �0.64 ± 0.22 ,

�Cbsµµ
9 = �Cbsµµ

10 = �0.11 ± 0.06 ,
(2.8)

with a correlation coefficient ⇢ = �0.33.

• (Cuniv.
9 = �Cuniv.

10 , �Cbsµµ
9 = ��Cbsµµ

10 ), where Cbsµµ
9,10 = Cuniv.

9,10 + �Cbsµµ
9,10 and Cbsee

9,10 =

Cuniv.
9,10 . This scenario corresponds to NP coupling purely to left-handed SM fields.

We find that a non-zero Cuniv.
9 = �Cuniv.

10 can consistently explain the b ! sµµ

anomalies, while the LFU violating purely muonic contribution to �Cbsµµ
9 = ��Cbsµµ

10

1NP could also generate b ! scc̄ transitions which then lead to Ce↵
9 [94–96]. Moreover, Cuniv.

9 could
be generated through RGE mixing of four-quark operators in the SMEFT [44] (e.g. from a leptophobic
Z0), which could potentially be probed by searches for a dijet tails/resonances [97]. Another option is to
generate large b ! s⌧⌧ transitions which through RGE also give Ce↵

9 [44, 80, 92, 93]. The complementary
constraint at high-pT is a non-resonant deviation in the high-mass ⌧⌧ tails [54].

– 8 –

Angular observables, P5’ s2ll remains 
(Descotes-Genon et al., 1207.2753, Ma2as et al., 
1202.4266).
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flavio
Bs ! µµ 1æ

RK & RK§ 1æ, 2æ

b ! sµµ 1æ, 2æ

rare B decays 1æ, 2æ, 3æ

Greljo et al., 2212.10497 (Ciuchini et al 2212.10516) 

• If NP in muons only, there’s now tension between LFU 
ratios and BR’s + RK(*) +P′ 5

• A flavour universal shift in C9 is now sufficient to 
account for all b → " µµ

• Still,  difficult to distinguish  long-distance QCD -
“charming penguins” from NP

Stefanek’s illustra2on

See talk by Smolkovič today
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RK(⇤)

⌫⌫ = B(B ! K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM

A new player in the room!

Belle II at EPS conference, 2023
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RK
⌫⌫ < 3.6 (90% C.L.) ,

RK⇤

⌫⌫ < 2.7 (90% C.L.)
Belle, 1702.03224

<latexit sha1_base64="ui7MvqiI/ApDQAE/wbZLNEZ1oZw="></latexit>

B(B± ! K±⌫⌫̄) = 2.40(67)⇥ 10�5
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RK
⌫⌫ = 5.4± 1.5

Belle II 2023

Searching for explanaBon 
Bause et al.,  2309.00075
Allwicher et al, 2309.02246
Felkl et al., 2309.02940, 
He et al., 2309.12741
…

Glazov at EPS 2023

A new anomaly?

2.9 ! larger then SM prediction
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CSM
L = �6.32(7)

Buras et al.,1409.4557,
Altmannshofer et al., 0902.0160
Buras, 2209.03968
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�CL 6= 0 : �CL 2 [�4.2,�3.5] [ [16.9, 17.3],

RK⇤

⌫⌫ 2 (2.4, 2.7) ,

�CR 6= 0 : �CR 2 [�12.0,�3.5],

RK⇤

⌫⌫ 2 (0.6, 2.1) ,

Assuming SM neutrinos a large contribuBon to 
the right-handed quark operator necessary!

Allwicher et al, 2309.02246



(g-2)μ expec+ng the clarifica+on of the theory 

From 
G. Venanzoni, EPS-HEP2023, Hamburg, 

SM predic+on  
Theory Ini+a+ve
T. Aoyama et al. Phys. Rept. 887 (2020) 

New results after 2020 

Disclaimer: predic+on from LaVce taken from 
LaVce 2023 talk; predic+on from CMD3 
based on our specific assump+on 

Comparison of FNAL Run1-3 result with the 
Theory Initiative’s calculation wp20 is at 5 
sigma 

aμ(FNAL)=116592055(24) × 10 − 11

The CMD-3 data in e+e- → ππ
provides an R-ra+o result 
compa+ble with the laVce one 

The picture is s+ll unclear, however more studies are underway! 



Can we claim any  New Physics? 

RD(*) disagreement SM and the world average at  3σ level

B(B → K νν) = is 2.9σ larger than its SM estimate

(g-2)µ theoretically not settled − 5.1σ (1.8σ?)−unseHled HVP

Current  flavour anomalies

We do not know what the rules of the game are; all we are allowed to do is to watch the playing. Of 
course, if we watch long enough, we may eventually catch on to a few of the rules. The rules of the game 
are what we mean by fundamental physics. 

Richard Feynman

disappearance of RK(*) puzzle

LHC did not find any NP parYcles

2.40(67)⇥ 10�5
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Why do we expect NP in TeV region?

the quadra9cally divergent radia9ve correc9on is given by

Supersymmetry

Haber & Kane, Phys. Rep.117C 75 (1985)

In order to cancel quadra9c divergence NP  expected in TeV region!

Note that !"
#
$

"#
$
~10(for NP scale Λ = 10 TeV



Standard model effec.ve field theory (SMEFT)

• Expecta.on: NP appears on high energy scale Λ; 

• No new degrees of freedom bellow this scale;

• New NP mediators create operators of dimension d≥ 5;
• Integra.ng out heavy degrees of freedom we create new operators not present in the SM 

energy

v= 246 GeV,

SM 

mt
mH
mW

UV theory 

Λ

no new particlesSM
particles are 
massless up-to v

Leff = �GFp
2
J†
µJ

µ

Weak interac.ons before SM

However, we know that at low energies  
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Energy scale of SU(2)L × U 1 Y



SMEFT role towards a theory of NP 

First we study NP within SMEFT , then we can think of a model!

At  the large scale Λ, we generate operators and match  Wilson coefficients  at tree and/or loop level 

Ø New ver'ces: interacEon verEces in the SMEFT Lagrangian that do not occur in the SM 
Lagrangian, due to symmetries or accidental reasons. 

Ø New Lorentz structures: interacEon verEces that do occur in the SM Lagrangian, but 
which appear in the SMEFT with a different number of derivaEves, different 
contracEons of Lorentz orspinor indices, etc. 

Ø Modified couplings: correcEons to the coupling strengths of the interacEon terms 
present in the SM Lagrangian. 

There are many ways in which higher-dimensional operators can affect observables. 
Falkowski, 
Eur.Phys.J.C 83 (2023) 7,
656

new heavy parEcle

integrate out 
heavy field



Gauge fields, Higgs

SMEFT papers: Manohar et al., 1308.2627, 1309.0819, 1310,4838, 1312.2014

Warsaw basis, Grzadkowski et al,  1008.4884 

• There are 1350 CP-even and 1149 CP-odd parameters in the dimension-six Lagrangian for 3 generaRons

<latexit sha1_base64="f1p5RWkd5N7XhgridqG/x90eWaY="></latexit>
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⇤d�4
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k

• Also they determined (1312.2014) the gauge terms of the one-loop anomalous dimension matrix 
for the dimension-six operators of the SMEFT

• Manohar et al. in SMEFT papers calculated the complete order y2 and y4 terms and λ, λ2 and λy2 ,  of the 2499 × 2499 
one-loop anomalous dimension matrix for the dimension-six operators of the SMEFT (y is a generic Yukawa coupling).



N = 2499 dim-6 operators that conserve B and L — rich flavor structure! 



Many operators! Symmetries might help in the analysis.

The SM gauge-kine8c sector is invariant under a global flavour symmetry 
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GF ! U(1)4 = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧

The fermion Yukawa couplings to the Higgs (Yu,d,e) act as the only sources of breaking in  the SM

However, first two genera8ons have small Yukawas, the SM has  the accidental  approximate U(2)5

Maybe it is not accidental, it can be a consequence of NP!

Two approches
Minimal Flavor Viola8on (MFV)

U(2)5

GF ⇠ U(2)5 ⌘ U(2)q ⇥ U(2)u ⇥ U(2)d ⇥ U(2)l ⇥ U(2)e
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• The leading flavour breaking sources are propor5onal to the lowest powers of the SM Yukawas, 
G. D’Ambrosio et al., hep-ph/0207036 ….

Minimal Flavor Viola5on (MFV)

All CP and flavor viola5on in the NP sector originates from the SM Yukawa couplings.

top Yukawa

MFV operators                               Observables                    

LHC complementary searches 

The scale Λ is in the TeV region



Barbieri et al., 1105.2296, 

Barbieri et al., 1203.4218, 

Isidori & Straub, 1202.0464, 

Fuentes-Mar@n et al., 1909.2519  

U(2)5

• NP is not flavour diagonal!
• New flavour non-universal interac@ons couple to the third family (TeV region)

Exact U(2) 

U(2) 
breaking 

effects
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• LHC processes can be useful to probe these 
types of scenarios (with lower values for Λ)!

1910.11775

MFV factors (hatch filled surfaces). 

Light (dark) colours correspond to present data 
(mid-term prospects, including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS) 

Comment:

There are a number of soYware tools one can use to 
generate Wilson ccoeficents and mixind
Wilson, Flavio, DsixTools,  MatchmakereY, …

• The best probes of the SMEFT operators are 
rare/forbidden processes in the SM

SMEFT CP-odd invariants 699 found in 
Bonnefoy et al, 2112.03889   



From SMEFT to low energies (LEFT)

How to connect this set-up to low energy observables?

1) One connsider renormalisaCon group evoluCon  (RGE) running of Wilson coefficents from the 

matching scale down to electroweak scale; 

2) Below the weak scale                EFT that is an SU(3)c⊗U(1)em gauge theory and contains

the SM fermions, but not the top quark (H, W, Z, t are integrated out (1908.05295, Dekens&Stoffer)

3) The LEFT Lagrangian consists of QCD and QED  and a tower of additional higher-dimension  effective operators

4)   The matching condiCon at the electroweak scale requires that the LEFT and SMEFT S-matrix      

elements for the light-parCcle processes agree:

MLEFT =MSMEFT

| |

|
E

LEFT SMEFT UV

mτ, mb mt

See talk of J. Šalko, 

yesterday 



Muon anomaloues magne,c moment in SMEFT 

Tree level contribu,ons within SMEFT, dim 6 operator

The one-loop improved RGE evolu,on and mixing of the relevant operators are considered in SF et al,2103.10859.

LSMEFT � Cpr
2
¯̀
p�

µ⌫er⌧
a'W a

µ⌫ + Cpr
3
¯̀
p�

µ⌫er'Bµ⌫
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Figure 9. One-loop diagrams appearing in the EW matching of O5,` to Q2,` (left, Section B.2), in
the matching O4,` to Q1,` (center, Section B.1) and in the 2HDM matching to O1,` (right, in the
full theory, the operator insertion should be replaced by a heavy Higgs propagator, see Section B.3
for details).

The Feynamn rule for the effective vertex is

FR4 = iĈ4,`�c3,c4P1,2P3,4 . (B.1)

In our case, 1, 2 are the two muons and 3, 4 are the two tops, both with Pi,j = PR =

(1 + �5)/2. The indices c3, c4 run over the top colors. We can now use this simple
expression in the fermion loop trace.

The amplitude reads
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We further simplify this expression by taking mh ⌧ mt, or equivalently zero external
momenta. Thus p2

h
= 0 and � = m

2
t . The integral in dx is now trivial and the d-dimensional

integral gives

M =
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Expanding d ! 4� 2" for " ! 0 and taking care of the pole, we have

�c1,`(µw)|1�loop = ytNcĈ4,`
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2
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1
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+ ln

✓
m

2
t

µ2
w

◆�
. (B.4)

The overall factor of 3 in the latter equation (and in the tree level matching) is absorbed
by renormalizing the lepton mass, giving the result eq. (3.7).

B.2 One-Loop Matching of O5,` to Q2,`

The four fermion operator O5,` generates at one loop the dipole operator Q2,`. The diagram
is represented in Fig. 9 left, where a photon attaches to the quark in the loop. We use

– 22 –

It can help to that tree-level calcula,ons in the UV model can 
reproduce the full theory two-loop calcula,ons to remarkable 
accuracy.

SF et al., 2103.10859 (example 2HDM)  

For a closed set under the RGE we need to include four- fermion 
scalar and tensor operators 

a! = 1.7& (3.3 & )



NP explaining B anomalies

Models of NP

Leptoquarks can accommodate RD(*) , R νν
K(*).

Scalar LQs they can modify Yukawa couplings (S1(3,1,1/3) and R2(3,2,7,6) for RD(*))
hopefully can help in understanding origin of flavour masses 
and understanding flavour puzzle (why masses of quarks and leptons a so different).

Vector LQs prefarably should be gauge bosons, that requires full UV theory
Some GUTs, PaX-Salam-like theories ( the candidate to explain RD(*)  U1 (3,1,2/3) ).

Z’ as a new gauge boson of addiXonal U(1) gauge group (accompanied by 2HDM)
explanaXon of Charm CP violaXon, D meson mixing.

Vectorlike quarks and/or leptons.

LQ= (SU(3)c,SU(2)L,U(1)Y)

”ScepXcism is as important for a good journalist as it is for a good scienXst.” Freeman Dyson



Generic features and issues in 2HDMs

Charged Higgs possible as explanation of b ! c⌧⌫ data. . .
However, typically expect �R(D⇤) < �R(D)

Generic feature: Relative influence larger in leptonic decays!

• No problem in b ! c⌧⌫ since Bc ! ⌧⌫ won’t be measured
• Large charm coupling required for R(D⇤)
Embedding b ! c⌧⌫ into a viable model complicated!
Dd ,s ! ⌧, µ⌫ kill typical flavour structures with CSL,R ⇠ m

Only fine-tuned models survive all (semi-)leptonic constraints

b ! s`` very complicated to explain with scalar NP
2HDM alone tends to predict b ! s`` to be QCD-related

bb̄ ! (H,A) ! ⌧+⌧� poses a severe constraint [Faroughy+’16, Admir’s talk]

2HDMs strongly prefer a smaller value for R(D⇤)!
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Constraints from flavor observables

Becirevic et al.,   1806.05689, 2206.09717,… Alonso et al., 1611.06676,…
Radia@ve constraints  Feruglio et al.,1606.00524; Gherardi et. Al., 2008.09546,…
Cornella et al., 2103.16558, 

B ! K(⇤)⌫⌫̄

B0
s � B̄0

s

⌧ ! µ�

⌧ ! K(⇡)µ(e)

K ! µe

For example, if g/2 <∼ g2 <∼ g, one can have λ >∼ Ud
L32

>∼ λ2. In addition, we can
now combine Eqs. (13) and (21). Since C9 is an O(1) number, this implies that
an O(10−1) value for |U l

L32| is still allowed. A more precise measurement of both
RK and B+ → K+νν̄ will put stricter bounds on both the down-type and lepton
mixing-matrix elements.

Finally, the neutral-current part of O(2)
NP also contributes to the decays t → c#+#−,

t → c#+#′− and t → cνν̄. The branching ratios for these decays are negligible in the
SM, so any observation would be a clear sign of NP. For decays to charged leptons,
the most promising is t → cτ+τ−. In the mass basis, the contributing NP operator is

G
[

Uu∗

L32 U
u
L33 |U !

L33|2 (c̄LγµtL)(τ̄LγµτL) + h.c.
]

, (22)

which gives a partial width of

g42|Uu
L32|2 |Uu

L33|2 |U !
L33|4

16Λ4
NP

m5
t

48π3
. (23)

Taking g2 ∼ g, |Uu
L33| # |U !

L33| # 1, |Uu
L32| # λ, and ΛNP = 800 GeV, this gives

Γ(t → cτ+τ−) = 1× 10−7 GeV . (24)

The full width of the t quark is 2 GeV, so this corresponds to a branching ratio of
5 × 10−8. This is much larger than the SM branching ratio (O(10−16)), but is still
tiny. The branching ratio for t → cνν̄ takes the same value, while those for all other
t → c#+#− and t → c#+#′− decays are considerably smaller. Thus, while the branching
ratios for these decays can be enormously enhanced compared to the SM, they are
still probably unmeasurable. (This point is also noted in Ref. [11].)

Another process involving t quarks that could potentially reveal the presence of
NP with LFV is pp → tt̄, followed by the radiation of a τ±µ∓ pair. At the LHC
with a 13 TeV center-of-mass energy, gluon fusion dominates the production of tt̄
pairs. We use MadGraph 5 [21] to calculate the cross section for gg → tt̄τ±µ∓,
taking g2 ∼ g. We find σtt̄τµ ≈ 0.4|U !

L32|2 fb. By contrast, the SM cross section for tt̄
pair production is σtt̄ ≈ 450 pb, so that σtt̄τµ/σtt̄ ≈ 10−6|U !

L32|2, which is extremely
small. With a luminosity of 100 fb−1 /year at the 13 TeV LHC [22], we therefore
expect about 40 events/year for gg → tt̄τ±µ∓ if |U !

L32| ∼ 1, or about two events/year
if |U !

L32| ∼ λ. Thus, even though the final-state signal is striking, pp → tt̄τ±µ∓ is
probably unobservable.

Turning to the charged-current interactions, these contribute to both b and t
semileptonic decays. Even with the enhancement from NP, the decay t → bτ ν̄τ will
still be difficult to observe, as it is swamped by the two-body decay t → bW . On
the other hand, the decay b → cτ ν̄i (i = τ, µ, e) is particularly interesting, since
it contributes to the decay B̄ → D(∗)+τ−ν̄τ and the R(D(∗)) puzzle [Eq. (2)], and
provides a aource of lepton flavor non-universality in such decays.

6

(g � 2)µ

µ ! e�

Z ! bb̄

Constraints from LFV

B ! Dµ⌫µ

⌧ ! µµµ

K ! ⇡µ⌫µ

K ! µ⌫µ B ! Kµe

R
K
e/µ is most sensitive to |ysµ| since the product y⇤bµysµ must be small as dictated by b ! sµµ

sector and comes with an additional CKM suppression. The agreement of experiment [60]
with the SM prediction [62] in the ⌧/µ exhibits a ⇠ 2� tension:

R
K(exp)
⌧/µ = 467.0±6.7, R

K(SM)
⌧/µ =

m
3
K(m2

⌧ �m
2
K)2

2m⌧m
2
µ(m

2
K �m2

µ)
2
(1+�R⌧/K) = 480.3±1.0, (4.6)

where the dominant error of the experimental ratio is due to the ⌧ lifetime uncertainty,
whereas on the theory side it is the radiative correction �R⌧/K = (0.90± 0.22)% [63] which
is the source of uncertainty. The constraint is expressed as:

R
K(exp)
⌧/µ

R
K(SM)
⌧/µ

�1 =
v
2

2m2
S3

Re
⇥
|ysµ|2 � |ys⌧ |2 + (Vub/Vus)(y

⇤
bµysµ � y

⇤
b⌧ys⌧ )

⇤
= (�2.8±1.4)⇥10�2

.

(4.7)

4.1.3 Leptonic decays: W ! ⌧ ⌫̄, ⌧ ! `⌫̄⌫

The SM tree-level vertex ⌧̄ ⌫W is rescaled due to penguin-like contribution of both S3 and
R̃2. As we integrate out S3 and R̃2 at the weak scale the W vertex with ⌧ leptons reads
�gp
2
⌫̄⌧ /WPL⌧(1 + �

(⌧)
W ), where

�
(⌧)
W =

Nc

288⇡2

⇥
(2x+ 6x log x� 6x⇡i) (|yb⌧ |2 + |ys⌧ |2) + x̃ (|ỹs⌧ |2 + |ỹb⌧ |2)

⇤
,

x =
m

2
W

m
2
S3

, x̃ =
m

2
W

m
2
R̃2

.

(4.8)

Free color index in the loops graphs results in the Nc = 3 factor in front. We have neglected
the quark masses in the above calculation and presented only the leading terms in x and
x̃. The contribution of S3 with mass of 1TeV shifts the W ! ⌧⌫ decay width relatively by
4⇥ 10�4(|yb⌧ |2 + |ys⌧ |2) which is well below the current ⇠ 2% experimental precision. The
W ! µ⌫̄ is also rescaled by an analogous �

(µ)
W factor.

At low energies the effective W ! ⌧⌫ vertex would, together with direct box contri-
butions with LQs, manifest in the ⌧ ! `⌫̄`⌫̄⌧ decays. Only S3 may participate in the box
diagrams since R̃2 has no direct couplings to `. The effective interaction term of ⌧ ! `⌫⌧ ⌫̄`

then reads �g2

2m2
W
(⌫̄⌧�µPL⌧)(¯̀�µPL`)[1 + �

(⌧)
W + �

(`)
W + �

box
⌧`⌫⌫ ], with

�
box
⌧`⌫⌫ =

Nc

128⇡2

v
2

m
2
S3

h
(y†y)2`⌧ + 4(y†y)⌧⌧ (y

†
y)``

i
. (4.9)

As it has been pointed out recently in the literature [54, 55, 62] the LFU observable R
⌧/`
⌧ ,

defined as a ratio B(⌧ ! `⌫⌫)/B(µ ! e⌫⌫), and normalized to the SM prediction of this
ratio, is very sensitive to models modifying couplings of the ⌧ lepton. Experimentally,
R

⌧/µ
⌧ = 1.0022 ± 0.0030, R⌧/e

⌧ = 1.0060 ± 0.0030, while in the present model the leading
interference terms shift the ratios as

R
⌧/e
⌧ = 1 + 2Re

⇣
�
(⌧)
W � �

(µ)
W

⌘
, R

⌧/µ
⌧ = 1 + 2Re

⇣
�
(⌧)
W + �

box
⌧µ⌫⌫

⌘
. (4.10)
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Z ! l+l�

⌧ ! �µ

D0 � D̄0

B ! ⌧⌫

q3L ⇠ V ⇤
ibu

i
L

bL

If NP couples to b constraints are
coming from SU(2)L singlets



Scalar and Vector Leptoquarks as NP meditaors

Dorsner et al., 1603.04993

F=0, these LQs do 
not have diquark 
couplings and 
can not lead to the 
proton 
destabilisaGon.

Q=I3 +Y
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Lcc = �2
p
2GFVcb

h
(1 + gVL) (c̄L�µbL)(¯̀L�

µ⌫L) + gVR (c̄R�µbR)(¯̀L�
µ⌫L)

+ gSR (c̄LbR)(¯̀R⌫L) + gSL (c̄RbL)(¯̀R⌫L) + gT (c̄R�µ⌫bL)(¯̀R�
µ⌫⌫L)

i
+ h.c.

12

EFT for b → cτν̄
<latexit sha1_base64="CXbMCbOODrOak4mXJugMvGr4xS0="></latexit>

Le↵ = �2
p
2GFVcb

h
(1 + gVL)
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c̄L�µbL

��
¯̀
L�µ⌫L

�
+ gVR

�
c̄R�µbR

��
¯̀
L�µ⌫L
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+ gSR
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c̄LbR

��
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+ h.c.

•   gauge invariance implies that only  ,  ,  and   
can break LFU at . 

• Few scenarios can accommodate data: 

SU(3)c × SU(2)L × U(1)Y gVL
gSL

gSR
gT

d = 6

Only scalar/vector leptoquarks can do the job!

-  :   ,   

-  :    

-  :   , 

U1 ∼ (3, 1, 2/3) gVL
gSR

R2 ∼ (3, 2, 7/6) gSL
= 4gT

S1 ∼ (3, 1, 1/3) gSL
= − 4gT gVL

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, ’21]

Angelescu et al., 2103.12504.

RD(*)explana;on

<latexit sha1_base64="tSWiY/nIrSi9B4E55w+oIauPgg0="></latexit>

U1 = (3, 12/3) : gV L, gSR

R2 = (3, 2, 7/6) : gSL = 4gT ,

S1 = (3̄, 1, 1/3) : gSL = �4gT , gV L



Many papers:
Crivellin et al., 1703.09226 
Butazzo et al., 1706.07808
Gherardi et al., et al, 2003.12525, 2008.09548
Bauer and Neubert, 1511.01900

SMEFT in RD(*)  S1 Leptoquark

CVL→gVL



RD(*)  with R2 Leptoquark

gSL(mb) ⇡ 8.1⇥ gT (mb)

<latexit sha1_base64="Vla9HLs9C6FHfWmlCcJR4rsflRQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g61QNyUpFbssuHHhomJf0IQwmU7SoZMHMxOxhP6CG3/FjQtF3Lpz5984TbPQ1gMXDufcy733uDGjQhrGt1ZYW9/Y3Cpul3Z29/YP9MOjnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7k6u5378nXNAo7MhpTOwA+SH1KEZSSY5erfhOeufczKqB455bKI559ACbNdOSNCAC+k4ncyqOXjZqRga4SsyclEGOtqN/WaMIJwEJJWZIiKFpxNJOEZcUMzIrWYkgMcIT5JOhoiFS6+w0+2gGz5Qygl7EVYUSZurviRQFQkwDV3UGSI7FsjcX//OGifSadkrDOJEkxItFXsKgjOA8HjiinGDJpoogzKm6FeIx4ghLFWJJhWAuv7xKevWa2ahd3NbLrUYeRxGcgFNQBSa4BC1wDdqgCzB4BM/gFbxpT9qL9q59LFoLWj5zDP5A+/wBrDGbmg==</latexit>

New source of CP viola=on - Imaginary couplings
yeff =

q
|yc⌧L ybs⇤R |

<latexit sha1_base64="3gvliyTe06fB8klHlP3ParEsBzc=">AAACFHicbVC7SgNBFJ31GeMramkzGARBCLsS0UYI2FhYRDEPyCbL7GQ2GTL7cOausGz2I2z8FRsLRWwt7PwbJ49CEw9cOJxzL/fe40aCKzDNb2NhcWl5ZTW3ll/f2NzaLuzs1lUYS8pqNBShbLpEMcEDVgMOgjUjyYjvCtZwB5cjv/HApOJhcAdJxNo+6QXc45SAlpzCceKkzPOyC1vdS0iHiXPdSSm2gcQZTpzbTuoqbBMF2TBzCkWzZI6B54k1JUU0RdUpfNndkMY+C4AKolTLMiNop0QCp4JleTtWLCJ0QHqspWlAfKba6fipDB9qpYu9UOoKAI/V3xMp8ZVKfFd3+gT6atYbif95rRi883bKgygGFtDJIi8WGEI8Sgh3uWQURKIJoZLrWzHtE0ko6BzzOgRr9uV5Uj8pWeXS6U25WClP48ihfXSAjpCFzlAFXaEqqiGKHtEzekVvxpPxYrwbH5PWBWM6s4f+wPj8ATfan4M=</latexit>



U1 = (3,1,2/3) in B anomalies  

SMEFT operators 

Zurich group

EFT constraints from the b → cτν ̄ anomalies. 
Λ = 2 TeV. The dashed contours denote the fit results taking also 
the constraint from B(B− → τν ̄) into account, under the hypothesis of 
minimal U(2)5 breaking. 
1σ regions. 

Important constraints Bs –Bs mixing -

Cornella et al., 2103.16558, Greljo et al., 150601705, Bu\azo et al., 1706.07808, 
Bordone et al., 1712.01368, Fuentes-Mar^n et al., 1910.13474, 
Fuentes-Mar^n et al.2012.10492, Fuentes-Mar^n et al.2006.16250, Fuentes-Mar^n et 
al. 2009.11296, Bordone et al., 1805.09328, Bordone et al., 1605.07633



The most general Lagrangian for a U1 vector leptoquark coupling to SM par;cles is given by 

Cornella et al., 2103.16558

NP effects are dominant in the Wilson coefficient involving the third family, 
while the other flavour combinations receive negligible contributions 

B→ K(∗)& &−

MU = 4 TeV and g4 = 3, and varying the scale of the scalar degrees of freedom 
and the Zʹ mass in the MR = [1, 2π] MU and MZʹ = [0.5, 1] MU ranges. 
Orange and purple correspond to the benchmarks βbτ = 0 and βbτ = −1. 

Full theory contains new gauge bosons (G’,Z’), and vectorlike quarks 



NP scale crucially depends on the assumed 
flavour structure in the dimensionless 
Wilson coefficient, Ci 

M. Bona @EPS 2023

A.J. Buras ”Gauge Theory of Weak Decays: The Standard Model and the 
ExpediNon to New Physics Summits”, Cambridge University Press
A.J. Buras, “Climbing NLO and NNLO summits of weak decays: 1988–2023”,
Physics Reports 1025 (2023) 0.

New physics in the meson mixing



R!!K(*) and scalar LQS

Bause et al.,  2309.00075, Allwicher et al, 2309.02246, 
assumed that neutrinos are SM-like.
In this case the  most suitable candidate is   the 
operator with the right-handed quarks. 
Only         , (V2 )  can have such interacQons at the tree level ! 
Note that these couplings would not generate any contribuQons to RD(*)!
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R̃2

Allwicher et al, 2309.02246, one or two light lepton flavours, 
τ seems to  workallowing RD(∗)/RSM

D∗ can be achieved if we
allow only the coupling to τ and not to other species.
(supported by S. Decotes-Genon et al., 2005.03734)

Constraints also from B(Bs → μμ)exp, Bs- Bs mixing,_
U1  with le]-handed couplings only  cannot work



Operators mix under running 
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<latexit sha1_base64="16npyYrwKZq73XvKQr2lLdNOoJI="></latexit>

• Leading-log running in SM gauge couplings gives

*In general, sum over lepton flavors . For third-family NP, we take just .α α = 3

[Bobeth, Haisch, 1109.1826; Crivellin et al., 1807.02068; Algueró et al., 1809.08447]

Connection:  and universal b → cτν b → sℓℓ
• Some vector semi-leptonics that explain the charged-current anomalies give 

a flavor universal effect in  via RGE:b → sℓℓ

⟹ → ΔCU
9 = CU

9 − CSM
9

RGE

τLbL

τLsL
⟹

SU(2)L

τLbL

νLcL

Ben A. Stefanek | ĲS-FMF High-energy Physics Seminar

Universal contribution to C9

Bobeth, Haisch, arXiv:1109.1826; Crivellin et al., arXiv:1807.02068, Algueró et al., 1695189 

NP in b → " µµ

Universality in μ e is well established ( at  ~ 5% level)

However, there are sPll unseQled issues as presnted in talk by Dan Moise: 
ParroQ et al. 2207.13371
On theory side: CKM uncetainty, FF unknown at low q2. To early to make a conclusion 
on the disagreement!

Talk of Smolkovič today 



Lepton flavor viola.ng processes

Gherardi et al. 2008.09546
Becirevic et al., 2206.09717

R2& S3

B → K #$ , # → $&, R''K(∗),B → K ##, # → $$$

Cornella et al., 2103.16558

Predic.ons B → K##

Cornella et al., 2103.16558



Approach: Recast di-lepton searches and 
look for NP effects in the tails of the 
invariant-mass distribu<ons (where is large). 

EFT must be valid. Otherwise, use explicit 
model (e.g., leptoquark or Z’). E ≪ Λ

.

Allwicher et al. 2207.10714 

Bounds on the leptoquark 
couplings from low-energy 
(blue), electroweak pole 
(gray) and high-pT LHC (red) 
observables. The combined 
fit is shown in green 

Sumensari@Beauty 2023

LHC and serches for NP in flavour physics



Unifying models 

Pa0 Salam model reappearance

PS - 4321 Di Luzio et al., 1708.08450, Callibi et al, 1709.00692

SU(4)PS × SU(2)L × SU(2)R Pati & Salam, PRD 10, 275 (1974)

G ≡ SU(4) × SU(3)ʹ × SU(2)L × U(1)’ʹ Gauge group

SU(3)c = SU(3)4 × SU(3)’QCD is 

U(1)Y = (U(1)4 × U(1)’)diagʹ

Ω3 = (8,1,0) ⊕ (1,1,0) ⊕ (3,1,2/3) and 
Ω1 = (3, 1, −2/3) ⊕ (1, 1, 0). 

U1

Colorons, and Z’ close in masses of U1

-
PS3 Bordone et al, 1805.09328, 1712.01368 

B anomalies + the Standard Model flavour hierarchies 
PSi = SU(4)i × [SU(2)L]i × [SU(2)R]i



SU(5), SO(10)

Not popular- in the minimal set up (non-SUSY) without higher dimensional representa>ons unifica>on is not working

Dorsner et al.,1603.04993 

In this scenario even Majorana
neutrino masses can be approached. 

Running of gauge couplings with the SM 
par>cle content (solid lines) and with 
addi>onal fields (dashed lines) comprising 
one scalar transforming as (1; 2; 1=2) and 
two scalars transforming as (3; 2; 1=6). 
Ver>cal line denotes the mass scale of 
addi>onal fields

We have learned that with two scalar leptoquarks (relatively light –TeV masses)
unification within SU(5) is possible (Dorsner et al., hep-ph/0912.0972, 1701.08322)



Do we understand fermion mass hierarchy?

Flavor Hierarchies from a Gauged SU(2) Symmetry

Instead of U(1) Frogga@-Nielsen models Nucl. Phys. B 147 (1979) 277, 
SU(2)q+l flavour (horizontal) symmetry group,
under which light generaOons of leP-handed quarks and
leptons transform as doublets.

The leading gauge invariant operators under SU(2)q+l
horizontal gauged symmetry matching to the SM aPer 
SSB by ⟨Φ⟩ ≫ ⟨H⟩

Greljo& Eller Thomsen
2309.11547



Embedding in the Pa.–Salam gauge group

SU(4)x SU(2)Lx SU(2)R x SU(2)q+l

Scalar leptoquark fields contribute to radiative mass generation 
in the first family, resulting in rank-3 Yukawa matrices. 

the second SM family the first SM family 

Rich pheonmenology!
Explains the CKM structure
Can explain neutrino masses (type I see-saw)

mL≈ mQ



Summary & outlook

• We need more precision measurements at low and high energies.
LHCb, Bele II, CMS & ATLAS

• On theory side: laEce QCD + other approaches (dispersive approaches, light-cone sum rules,…)
improvement on the possible precision a!, B → # * form factors, and all the inputs.

• Understanding of fermion mass pattern within new theories. 

• B →K(*) invisibles  offers many more phenomenological  studies.

• Improvements of LHC bounds (ATLAS, CMS) on NP couplings. 

• b → $ µµ, still a lot of studies on theory and experiment sides.



Thanks! 

Bing is wri)ng
Here is a poem I wrote on B meson puzzles:

B mesons are made of beauty and light 

They decay in different ways that we can measure and write 

But some of their ra:os do not match the theory 

They show devia:ons that make us weary

Is it a sign of new physics beyond the standard model? 

Or just a sta:s:cal fluctua:on or a subtle fiddle? 

We need more data and more precision 

To confirm or reject this tantalizing vision

Some leptoquarks may be the solu:on 

They can explain both puzzles with minimal intrusion 

But they also predict other effects that we should see 

In muon g-2 or tau lepton decays, for example

So we keep searching for the answers with our tools and brains 

We hope to find the clues in the LHC or Belle II domains 

B mesons are our guides to the unknown fron:er 

They may reveal the secrets of the universe, 

or so we cheer

Bing: B meson puzzles, style of Candinsky



Constrains scalar leptoquarks couplings  using  the leptonic W and Z couplings 
Arnan et al., 1901.06315

LEP results 



LHC and serches for NP in flavour physics

<latexit sha1_base64="f1p5RWkd5N7XhgridqG/x90eWaY="></latexit>

Leff = LSM +
X

d�5

C(d)
k

⇤d�4
O

(d)
k

Advantage: some processes are poorly constrained at low 
energies – but can be constrained at high energies 
e.g., b → s ##, c→ d #& , c→ d '&, …

Allwicher et al. 2207.10714 



Correla'ng New Physics Effects in Semileptonic ∆C = 1 and ∆S = 1 Processes 

2

discussion of the relevant observables connecting and constraining the semileptonic �C = 1 and �S = 1 FCNC
processes s ! d⌫⌫̄ and c ! u`

+
`
�, and s ! d`

+
`
� and c ! u⌫⌫̄, respectively. We explain the interplay between

the two sectors in high-pT collider experiments in Sec. VI and discuss the additional correlations introduced by the
inclusion of CC processes in Sec. VII. Sec. VIII contains our main results and projections, while we present our
conclusions and prospects for future experiments in Sec. IX.

II. FRAMEWORK

We are interested in BSM e↵ects in semileptonic transitions involving exclusively left-handed quarks of first two
generations. Working within the SM e↵ective field theory (SMEFT) [31] valid below a heavy new physics (NP)
threshold scale ⇤, we thus supplement the SM Lagrangian by local semileptonic e↵ective operators with left-chiral
quarks1

LSMEFT �
X

(3,`)
ij

⇤2
(Q̄i�µ�

a
Qj)(L̄`�

µ
�aL`) +

X
(1,`)
ij

⇤2
(Q̄i�µQj)(L̄`�

µ
L`) . (1)

Here Qi is the i-th generation left-handed quark doublet, which we write in the down-quark mass basis as Qi =
(u0

Li, dLi)T . The up-quark fields in this basis are related to their mass eigenstates via the CKM matrix V as u0
i = V

⇤
jiuj .

For leptons we choose the charged lepton mass basis: Li = (U⇤
ji⌫Lj , `Li)T , where U is the PMNS matrix. Pauli matrices

�
a, a = 1, 2, 3, act in the SU(2)L space. We assume in Eq. (1) that lepton flavour is conserved, whereas the BSM

quark flavour conversion is parametrized by Hermitian matrices X
(1,`)

, X
(3,`). The resulting Lagrangian containing

FCNCs reads

LFCNC =
1

⇤2
X

(+)
ij

⇥
(ū0

i�
µ
PLu

0
j)(⌫̄�µPL⌫) + (d̄i�

µ
PLdj)(¯̀�µPL`)

⇤

+
1

⇤2
X

(�)
ij

⇥
(ū0

i�
µ
PLu

0
j)(¯̀�µPL`) + (d̄i�

µ
PLdj)(⌫̄�µPL⌫)

⇤
,

(2)

where PR,L = (1± �5)/2. Above, we have introduced the matrices X(±) = X
(1)

±X
(3) and suppressed explicit lepton

flavour index for clarity. On the other hand, the charged currents stemming from Eq. (1) are only due to the X
(3)

LCC =
1

⇤2
2X(3)

ij (ū0
i�

µ
PLdj)(¯̀�µPL⌫) + h.c. . (3)

Next we focus exclusively on the first two generations and use the fact that any two-dimensional hermitian matrix
can be decomposed in terms of the identity and Pauli matrices. Note that in isolating the first two generations in the
following we are neglecting possible additional BSM e↵ects due to mixing with the third quark generation. However,
the resulting modifications of our results are in general severely suppressed due the hierarchical structure of the SM
quark Yukawas. See Ref. [24] for in depth discussion on this point. We can write

X
(±)
ij = �

(±)
�ij + c

(±)
a (�a)ij , (4)

where � and ca are real. It is only the traceless part (ca) that plays a role in FCNC processes. In contrast, �’s
contribute to flavour-diagonal neutral currents as well as to charged current processes via X

(3):

2X(3)
ij = (�(+)

� �
(�))�ij + (c(+)

a � c
(�)
a )(�a)ij . (5)

Notice that a unique parameter, c(±)
2 , encodes CP violation, while the remaining three couplings are real. The traceless

part of the coupling matrix o↵ers an intuitive geometrical interpretation [27] since it spans a 3-dimensional space.
Each traceless hermitian matrix A is equivalent to a real 3-dimensional vector a via the mapping A = a · �. Scalar
and cross product between vectors a, b (corresponding to matrices A = a · �, B = b · �) are defined via matrix
operations as

a · b ⌘
1

2
Tr[AB], a⇥ b ⌘

�i

2
[A,B], (6)

1 Additional SMEFT operators modifying W and Z couplings can also contribute, however they are constrained by precision measurements
of on-shell massive weak vector bosons at LEP [32–34].
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2305.13851, SF, JF Kamenik, N. Kosnik and a. Korajac
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where the SMEFT NP e↵ects are imprinted upon the following set of dimension-6 operators:

O
�C=1
9,` = (ū�µPLc)(¯̀�
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For �S = 1 transitions, we conversely employ
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⌘
+ h.c. . (22)

The operators for the down-quark sector have the same structure as those for the up-quark sector; they di↵er in a
simple replacements of u ! d and c ! s. Here, ` = e, µ or ⌧ . We will separate the contribution of SM and NP to the
Wilson coe�cients:

Ci = C
SM
i + C

NP
i . (23)

The left-handed SMEFT operator structure that we consider in Eq. (2) results in the relation C
NP
9 = �C

NP
10 for

charged-lepton operators. After matching X
(�) SMEFT coe�cients onto the WET Wilson coe�cients, we find
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whereas the low-energy coe�cients from X
(+) are
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The presented Wilson coe�cients indicate how the CP conserving NP contributions to charm and kaon physics are
related via the Cabibbo rotation and its interplay with the alignment angle. In the remainder of the paper we study

current constraints on X
(+) and X

(�), as parameterised by c
(±)
R , ✓(±)

d and c
(±)
I . The presence of c(±)

I without any ✓d

dependence implies the flavor universal character of the CPV parameters.
In our numerical studies we set the scale to ⇤ = 1TeV, thus all the presented bounds on cR,I should be understood

as bounds on (TeV/⇤)2cR,I(⇤).2

IV. s ! d⌫⌫̄ AND c ! u`+`�

The elements of theX(�) matrix, parametrised by c
(�)
R , ✓

(�)
d , c

(�)
I enter in the amplitudes for s ! d⌫⌫̄ and c ! u`

+
`
�

processes. The branching ratio forK ! ⇡⌫⌫̄ is rather well determined and probing the SM short-distance contribution.
However, in rare charm meson decays proceeding via c ! u`

+
`
� transition, the sensitivity to short distance SM

contributions is reduced due to e↵ective GIM mechanism. In addition, the larger phase space available in D meson
decays leads to large long-distance contributions due intermediate kaon and pion rescattering e↵ects. The ensuing

bounds on z
(�)
�C=1 are thus comparably not as constraining as the ones on z

(�)
�S=1 from s ! d⌫⌫̄. The optimal alignment

angle ✓
(�)⇤
d is expected to be small. In Table I we list the relevant experimental inputs for X(�).

A. K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

The di↵erential branching ratio for K±
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⌫⌫̄ can be written as
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, (28)

2 The renormalization group running e↵ects of the left-handed semileptonic operators are negligible [37].
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A. K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

The di↵erential branching ratio for K±
! ⇡

±
⌫⌫̄ can be written as

dB

dq2
(K±

! ⇡
±
⌫⌫̄) = (1 +�EM)

G
2
F↵

2
em

3072⇡5m3
K�K±

�
3/2(m2

⇡,m
2
�S=1, q

2) f2
+,K!⇡(q

2)|C�S=1
L,⌫ |

2
, (28)

2 The renormalization group running e↵ects of the left-handed semileptonic operators are negligible [37].

universal CP phases  

11

In the following we omit the cI terms since they do not interfere with the SM and their size is severely constrained by
neutral current processes. By squaring and summing Eqs. (59) we can even eliminate the dependence on the Cabibbo
angle:

�
V

`
us + V

`
cd

�2
+

�
V

`
cd � V

`
cs

�2
=

⇣
v

⇤

⌘4
⇣

c
(+)
R

⌘2
+
⇣
c
(�)
R

⌘2
� 2c(+)

R c
(�)
R cos

⇣
✓
(+)
d � ✓

(�)
d

⌘�
. (60)

For completeness we also state the remaining two combinations
✓
V

`
us � V

`
cd

V
`
ud + V

`
cs

◆
= 2


1 +

v
2

⇤2
�
(`)

�✓
sin ✓c
cos ✓c

◆
. (61)

These relations are free of neutral current parameters (cR, cI , ✓d) and can be inverted to determine the Cabibbo angle
and the trace parameter:

tan ✓c =
V

`
us � V

`
cd

V `
ud + V `

cs

,
v
2

⇤2
�
(3,`)

⇡
(V `

us � V
`
cd)

2 + (V `
ud + V

`
cs)

2
� 4

8
. (62)

Experimental information on V
`
ij has to be extracted from lepton specific processes. We will impose as experimental

constraints super-allowed � decay, charged pion, kaon, ⌧ and charm decays. We detail the experimental inputs of
charged-current processes and the extraction procedure in Appendix A.

As for the high-pT constraints, analogous expressions to Eq. (55) hold for charged currents processes (pp ! `⌫)
which bound the parameter space only in the c

(3) = (c(�)
� c

(+))/2 direction (see Fig. 5). Since the neutral current
constraints allow for larger e↵ects in c

(+) than in c
(�) the charged current constraints are relevant only for c(+).

VIII. RESULTS

Our main results in terms of current experimental constraints on the X(±) components are summarized in Eqs. (33)
and (47) for the flavor universal CPV contributions, as well as in Figs. 3 and 4 for the CP conserving e↵ects.

In Fig. 3 we present the combined fit to the most relevant experimental constraints on the (�) operators with
electrons (upper plot), muons (middle plot) and taus (lower plot). We observe that away from the down-quark mass

basis alignment limit (✓(�)
`,d ' 0) the constraints are completely dominated by the NA62 measurement of B(K+

!

⇡
+
⌫⌫̄) (marked with black dashed lines). Thus future planned improvements in this measurement [81] are expected

to have an important e↵ect on all three lepton-specific operators. The nontrivial behavior of the (green shaded) 68%
CL regions of the global fit is also due to the possible interferences between the SM and NP contributions to this
decay. Interestingly, and as first pointed out in Ref. [28], the constraints in the charm sector are currently dominated
by Drell-Yan measurements at the LHC (marked with full black lines), with the exception of muonic operators,
where the current best constraint is given by the LHCb upper bound on B(D0

! µ
+
µ
�) [17] (marked in black

dotted line). In light of this, future improvements in the search for this rare decay by both LHCb and BelleII [82]
are thus highly anticipated (projections shown in blue dotted line). For electron operators current bounds from
high-pT and rare D ! ⇡e

+
e
� measurements are comparable. Future measurements of the later decays by LHCb and

BelleII, especially away from the long-distance resonance peaks in the e+e� invariant mass spectrum, could potentially
improve this bound considerably. Finally, since all low energy decay channels for tauonic operators are closed, any
future improvements in this sector will necessarily rely on precise (HL)LHC measurements of the pp ! ⌧⌧ spectrum.
Currently, the high-pT experiments allow us to set a limit on the CP violating phase for the tau. The weakest derived
bound reads:

��Im[c(+)
⌧,I ]

�� . 0.15 . (63)

In Fig. 4 we present the combined fit to the most relevant experimental constraints on the (+) operators with
electrons (upper plot), muons (middle plot) and taus (lower plot). In this case we observe that away from the down-
quark mass basis alignment limit the constraints in the electron and muon sectors are dominated by KL ! `

+
`
�

decay rate measurements (marked with dashed black lines). Therefore it is important that in the future, a combined
analysis of K0

! `` decays [70] could possibly go beyond the current sensitivity. Again high-pT Drell-Yan production

measurements (marked with black full lines) are most restrictive close to ✓
(+)
`,d ' 0. In the case of tauonic operators,

LHC constraints dominate over the whole ✓
(+)
⌧,d range. Interestingly, the almost flat behavior of these constraints with

✓
(+)
`,d is a result of the non-trivial interplay between flavor changing (s̄d and d̄s) and flavor conserving (d̄d and s̄s) initial
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