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What SM cannot explain?

• Neutrino masses and mixings 
• The presence of non-baryonic, cold dark ma?er
• Dark ma?er is neutral, colourless, non-baryonic, and 

massive. The only such parCcles in the SM are neutrinos, 
(these are too light, warm dark ma?er)

• The observed abundance of ma?er over anC-ma?er

“I would rather have quesCons that 
can't be answered than answers that 
can't be quesConed.” 
― Richard Feynman

Unexplained features of the SM 

• The inability to describe physics at Plankian scale
• The structure of fermion masses and mixing
• The smallness of measured electric dipole moments
• The comparable size of 3 gauge couplings
• The quanCzaCon of electric charge 
• The number of fermion families

Do we understand this 
mass range?
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ATLAS, Nature, 607, 52–59 (2022)

A great test of the SM

This linear dependence tells us that masses of SM fermions
 (no neutrinos) originate from SM vev. 

Evidence that the Higgs mechanism is  responsible for the 
masses of weak bosons and the third generaCon of fermions!
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Standard model effecAve field theory (SMEFT)

• ExpectaCon: NP appears at high energy scale Λ; 

• No new degrees of freedom bellow this scale;

• New NP mediators create operators of dimension d≥ 5;

• IntegraCng 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 parCclesSM
parCcles are 
massless up-to v

Leff = �GFp
2
J†
µJ

µ

Weak interacCons before SM

However, we know that at low energies  
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SMEFT role towards a theory of NP 

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

Ø New Lorentz structures: interac(on ver(ces that do occur in the SM Lagrangian, but which 
appear in the SMEFT with a different number of deriva(ves, different contrac(ons of Lorentz or 
spinor indices, etc. 

Ø Modified couplings: correc(ons to the coupling strengths of the interac(on 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 parCcle

integrate out 
heavy field

6
SMEFT papers: Manohar et al., 1308.2627, 1309.0819, 1310,4838, 1312.2014

Gauge fields, Higgs
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Leff = LSM +
X

d�5

C(d)
k

⇤d�4
O

(d)
k

Warsaw basis, Grzadkowski et al,  1008.4884 



From SMEFT to low energies (LEFT)

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

1.  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 addiConal higher-dimension  effecCve 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
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N = 2499 dim-6 operators that conserve B and L — rich flavor structure! 



• 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 sosware tools one can use to 
generate Wilson ccoeficents and mixind
Wilson, Flavio, DsixTools,  Matchmakeres, …

• 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   



�(⌧� ! µ�⌫̄µ⌫⌧ ) = �(⌧� ! e�⌫̄e⌫⌧ )

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

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

1

2
YWBµ

the same  for all SM  fermions 

g2

8m2
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=
GFp
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Lf = f̄ iDµ�
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Leff = �GFp
2
J†
µJ

µ
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fL = QL, LL



From Tony Pich at CHARM 2023,Siegen 

Experimental tests do not show violation of LFU 
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B-meson anomalies 

RD(*)

Puzzle in b → 𝑠 µµ transition

<latexit sha1_base64="NTPy1sj9uw9Ser7xKNNDZMdafVA="></latexit>

RK(⇤)

⌫⌫ = B(B ! K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SMA new anomaly?
Aser analysing  one anomaly, a 
new anomaly
appers….



RD(*) puzzle

• RD
exp and RD*

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

-SoluCon for the puzzle  - New Physics (?!)
-Precise knowledge of form factors needed!
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RD(⇤) =
B(B ! D(⇤)⌧ ⌫̄)

B(B ! D(⇤)l⌫̄)

����
l2{e,µ}

0.2 0.4
R(D)

BaBar, had. tag
 0.042± 0.058 ±0.440 

, had. tagaBelle
 0.026± 0.064 ±0.375 

, sl. tagcBelle
 0.016± 0.037 ±0.307 

aLHCb
 0.066± 0.060 ±0.441 

cLHCb
 0.047± 0.043 ±0.249 

Average 
 0.026±0.344 

SM average 
 0.004±0.298 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

EPJC 80 (2020) 2, 74  
 0.003±0.297 

PRD 105 (2022) 034503  
 0.008±0.296 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 HFLAV

Moriond 2024
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 0.018± 0.024 ±0.332 
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 0.015± 0.038 ±0.293 
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 0.027± 0.035 ±0.270 

, sl.tagcBelle
 0.014± 0.018 ±0.283 

aLHCb
 0.024± 0.018 ±0.281 

, (hadronic tau)bLHCb
 0.018± 0.012 ±0.257 

Belle II, had.tag
 0.031± 0.040 ±0.267 

cLHCb
 0.085± 0.081 ±0.402 

Average 
 0.012±0.285 

SM average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

arXiv:2304.03137[hep-lat] 
 0.022±0.252 HFLAV

Moriond 2024
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LHCb new results at 
Moriond 2024!



RD(*)   over the years 
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< 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;
Lawce QCD at q2 ≠ q2

max for both form-factors. 

2) B → D*: three (four) form-factors; 
First lawce results at q2 ≠ q2

max ! Tensions with B → D*lν ̄ exp. 
data

There are sCll some issues!

JLQCD, R(D*)=0.252 ± 0.022,  Y.Aoki et al.2306.05657 
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2mB mD⇤

FNAL/MILC



• Lattice QCD computations of these form factors :
(FERMILAB MILC, 2105.14019, HPQCD , 2304.03137,  JLQCD, Y. Aoki et al., 2306.05657)

• consistent for the dominant form factor, A1(q2), but do not agree with the other form factors.

We used another approach to consider form factors is heavy quark effecCve  theory (Caprini, Lellouch, Neubert -CLN), 
reducing the problem to four parameters and using all experimental informaCon (HFLAV) 

3𝜎 smaller than the experimental avarege
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RK(⇤) =
B(B ! K(⇤)µµ)

B(B ! K(⇤)ee)

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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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,𝜇) holds! − RK(∗)

Angular observables, P5’ sCll remains 
(Descotes-Genon et al., 1207.2753, Ma[as et al., 
1202.4266).
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b→ 𝑠 𝜇𝜇 transition

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

SCll an issue



Operators mix under running 

24

Oℓ
9 = (s̄L γμ bL)(ℓ̄ γμ ℓ)ℒeff = − 4GF

2
VtbV*ts

e2

16π2 ∑
i

Cℓ
i Oℓ

i

�CU
9 =

v2EW

3VtbV ⇤
ts

⇣
[C(3)

lq ]↵↵23 + [C(1)
lq ]↵↵23 + [Cqe]23↵↵

⌘
log

✓
m2

b

M2

◆
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• 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 contribuCon to C9

NP in b → 𝑠 µµ?

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

On theory side: CKM uncertainty, FF unknown at low q2. To early to make 
a conclusion on the disagreement!

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



Looking for new physics through decays b → s ν ν-

Olcyr Sumensari
Form factors – an issue again!
CKM matrix element dependent

Buras et al.,1409.4557,
Altmannshofer et al., 0902.0160
Buras, 2209.03968

<latexit sha1_base64="dblQwwSD4PGeVKKUmaS21PeYml8="></latexit>

B(B± ! K±⌫⌫) = (4.44± 0.30)⇥ 10�6 ,

B(B± ! K±⇤⌫⌫) = (9.8± 1.4)⇥ 10�6 ,

SM
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RK(⇤)

⌫⌫ = B(B ! K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM
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RK
⌫⌫ = 5.4± 1.5 Belle II 2023

2311.14647

A new anomaly?
2.7 𝜎 larger then SM prediction

BR(B+ ! K+⌫⌫̄) = (2.3± 0.5+0.5
�0.4)

<latexit sha1_base64="9ApP9LOPMpF7VUm6gs5HqrvTGZw="></latexit>

19



<latexit sha1_base64="w87sdIFur2e/1jEnGvV0sq2zxjo="></latexit>

O
⌫i⌫j
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B(B ! K(⇤)⌫⌫) = B(B ! K(⇤)⌫⌫)
���
SM

�
1 + �B⌫⌫

K(⇤)

�
,

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

Allwicher et al, 2309.02246

- for two inisible scalars
or fermions m𝜒 = 610 𝑀𝑒𝑉
Bolton et al. ’24

NP in Possibility for new physics through decays b → s ν ν-

Searching for explanaCon in NP 
Bause et al.,  2309.00075, Allwicher et al, 2309.02246   Felkl et al., 2309.02940, 
He et al., 2309.12741,  Altmannshofer et al. 2311.1469, Alonso-Alvarez et al. 
2310.13043, Bolton, SF,  Kamenik, Novoa-Brunet 2403.13887,… 20

B → KX
B →K νLνR
B→K 𝜒𝜒
B→K𝜙𝜙
Bolton, SF,  Kamenik, 
Novoa-Brunet, 2403.13887

- two-body decay, best 
fit point  (2.8 𝜎)
 mX ~	2 GeV

Invisible sector?



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 
Expedi[on 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



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), R2(3,2,7,6) for RD(*))
They can hopefully  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, PaC-Salam-like theories (the candidate to explain RD(*)  U1 (3,1,2/3) ).

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

Vectorlike quarks and/or leptons.

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

”ScepCcism is as important for a good journalist as it is for a good scienCst.” Freeman Dyson



New Physics in RD(*)



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 → cℓ+ℓ−,

t → cℓ+ℓ′− 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 ℓ

L33|2 (c̄LγµtL)(τ̄LγµτL) + h.c.
]

, (22)

which gives a partial width of

g42|Uu
L32|2 |Uu

L33|2 |U ℓ
L33|4

16Λ4
NP

m5
t

48π3
. (23)

Taking g2 ∼ g, |Uu
L33| ≃ |U ℓ

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 → cℓ+ℓ− and t → cℓ+ℓ′− 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 ℓ

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

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 ℓ

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

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�

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)

– 8 –

⌧ ! �µ

D0 � D̄0

B ! ⌧⌫

q3L ⇠ V ⇤
ibu

i
L

bL

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

Loop-induced constraints: 
𝑍 → ll, 𝜈𝜈 and 𝜏 → 𝑙𝜈𝜈



the high dilepton mass tails of pp → τν, τ τ processes (we use HighPT package, 2207.10756)

Both ATLAS (2002.12223) and CMS (2208.02717)  have presented results of their studies of 
such Drell-Yan processes at high dilepton masses

Constraints at high energies 

High-pT searches (CMS and ATLAS) can probe the same four-fermion operators
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-II...).
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Four-fermion interactions 

Vector 

scalar

tensor

Leptonic dipoles: ψ2XH

Z/W-coupling modificaCons: ψ2D2H

One can use  a flavour symmetry (e.g., MFV, …) or a specific model.

HighPT: A Tool for high- Drell-Yan Tails Beyond the SM
Allwisher, Faroughy, Jaffredo, Sumensari, Wilsch (2207.10756,2 
207.10714)
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Flavour and collider constraints are compeCCve!



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 
destabilisaCon.

Q=I3 +Y
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Scalar or vector leptoquarks?

• Scalar leptoquarks have Yukawa -like  couplings
(they can contribute to fermion masses if they have v.e.v(

• Vector leptoquarks should be gauge bosons
(however, usually gauge bosons as in GUTs have the mass at 
GUT scale) 
If they are not gauge bosons we cannot handle loop 
correcCons.

¯̀PL,R q�
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PL,R = 1/2(1± �5)
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Goal of our study is to establish whether or not any of the scalar leptoquarks, with a
minimalisCc set of Yukawa couplings, fits the current experimental world average of RD and RD*

Scalar Leptoquarks in RD(*) 

Scenarios in which the scalar leptoquark couples  to 𝜏 and either to c or to b quark.
These couplings are of Yukawa couplings

R2 =(3,2,7/6)

R2 = (3,2,1/6)

S1= (3,1,1/3)

~

_

LQ →(SU(3)c, SU(2)L , U(1)Y)
Electric charge 
Q = I3 +Y 

Damir Bečirević, Svjetlana Fajfer, Nejc Košnik,  Lovre Pavičić, 2404.16772
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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>
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�
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c̄R�µbR

��
¯̀
L�µ⌫L
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+ gSR

�
c̄LbR
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¯̀
R⌫L
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+ gSL

�
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¯̀
R⌫L

�
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�
c̄R�µ⌫bL

��
¯̀
R�µ⌫⌫L

�i
+ 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(*)explanaAon – three years ago 

,
U1 = (3, 1, 2/3) : gV

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

S1 = (3̄, 1, 1/3) : gSL = �4gT , gV

<latexit sha1_base64="zCtXjyKfRQfqamWQjiaX38l8Qyc="></latexit>

Three years ago



R2 = (3, 2, 7/6)

(Q=I3 +Y)In SU(2)L   R2 is in a represenCon of dimension 2 (weak isospin 1/2). 
There are two states R2

5/3  and R2
2/3

The minimal model: couplings to the third generations of leptons (𝜈𝜏 and𝜏 only)

• couplings  are generated at the mass scale of R2
• running to the mass scale mb

One of the Yukawa couplings should be complex 

NotaCon:  Q , L quark (lepton) weak doublets,  q (l) weak singlets

Damir Bečirević, Svjetlana Fajfer, Nejc Košnik,  Lovre Pavičić, 2404.16772



R2 is out of game!



R2 = (3, 2, 1/6)~

~• R2, triplet of colour group, doublet of weak with hypercgarge 1/6 has
two states states R2

2/3 and  R2
-1/3

~
~~

• Due to its quantum numbers in can couple to non-SM right-handed neutrino NR

minimal set of couplings 

In the branching raCo NR 
cannot interfere with SM neutrino, therefore 
the NP effect is the  
 

However, there is the tree diagram for 

ỹsNR

<latexit sha1_base64="WnPjtFXyEIztAzbIpnk/Y0YnSkw=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KUii4LblxJFfuANobJ5KYdOnkwMxFi6Je4caGIWz/FnX/jtM1CWw9cOJxzL/fe4yWcSWVZ30ZpbX1jc6u8XdnZ3duvmgeHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+bXM383iMIyeLoXmUJOCEZRSxglCgtuWZ1qBj3AWfu3UMub6auWbPq1hx4ldgFqaECbdf8GvoxTUOIFOVEyoFtJcrJiVCMcphWhqmEhNAJGcFA04iEIJ18fvgUn2rFx0EsdEUKz9XfEzkJpcxCT3eGRI3lsjcT//MGqQounZxFSaogootFQcqxivEsBewzAVTxTBNCBdO3YjomglCls6roEOzll1dJt1G3m/Xz22at1SjiKKNjdILOkI0uUAtdozbqIIpS9Ixe0ZvxZLwY78bHorVkFDNH6A+Mzx+hlpMI</latexit>

c NR

b 𝜏

ỹsNR Vcs

<latexit sha1_base64="OZbu3PYbjZQUSDbIL6YCdJJ03YI=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJSkWXBTeupIp9QBvDZDJph04ezEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xEs6ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeC0DaJeSx6HpaUs4i2FVOc9hJBcehx2vXGV1O/+0iFZHF0ryYJdUI8jFjACFZacs2jgWLcpwhN3LuHTN7kqONmROauWbVq1gxomdgFqUKBlmt+DfyYpCGNFOFYyr5tJcrJsFCMcJpXBqmkCSZjPKR9TSMcUulkswdydKoVHwWx0BUpNFN/T2Q4lHISerozxGokF72p+J/XT1Vw6WQsSlJFIzJfFKQcqRhN00A+E5QoPtEEE8H0rYiMsMBE6cwqOgR78eVl0qnX7Ebt/LZRbdaLOMpwDCdwBjZcQBOuoQVtIJDDM7zCm/FkvBjvxse8tWQUM4fwB8bnDy5Xlhs=</latexit>

s NR

b 𝜈𝜏
ỹb⌧ ⇤
L

<latexit sha1_base64="fYb1fgVo/CSaRa+Dn1mOkJSQ0hQ=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJKUii4Lbly4qGAf0MQwmUzaoZMHMzdCCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8VPBFVjWt7G0vLK6tl7aKG9ube/smnv7bZVkkrIWTUQiuz5RTPCYtYCDYN1UMhL5gnX84dXE7zwwqXgS38EoZW5E+jEPOSWgJc88coCLgGE88m7ucx87QDLsnGGHKBh7ZsWqWlPgRWIXpIIKND3zywkSmkUsBiqIUj3bSsHNiQROBRuXnUyxlNAh6bOepjGJmHLz6RdjfKKVAIeJ1BUDnqq/J3ISKTWKfN0ZERioeW8i/uf1Mggv3ZzHaQYsprNFYSYwJHgSCQ64ZBTESBNCJde3YjogklDQwZV1CPb8y4ukXava9er5bb3SqBVxlNAhOkanyEYXqIGuURO1EEWP6Bm9ojfjyXgx3o2PWeuSUcwcoD8wPn8A0/mXdw==</latexit>

ỹb⌧ ⇤
L

<latexit sha1_base64="fYb1fgVo/CSaRa+Dn1mOkJSQ0hQ=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJKUii4Lbly4qGAf0MQwmUzaoZMHMzdCCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8VPBFVjWt7G0vLK6tl7aKG9ube/smnv7bZVkkrIWTUQiuz5RTPCYtYCDYN1UMhL5gnX84dXE7zwwqXgS38EoZW5E+jEPOSWgJc88coCLgGE88m7ucx87QDLsnGGHKBh7ZsWqWlPgRWIXpIIKND3zywkSmkUsBiqIUj3bSsHNiQROBRuXnUyxlNAh6bOepjGJmHLz6RdjfKKVAIeJ1BUDnqq/J3ISKTWKfN0ZERioeW8i/uf1Mggv3ZzHaQYsprNFYSYwJHgSCQ64ZBTESBNCJde3YjogklDQwZV1CPb8y4ukXava9er5bb3SqBVxlNAhOkanyEYXqIGuURO1EEWP6Bm9ojfjyXgx3o2PWeuSUcwcoD8wPn8A0/mXdw==</latexit>

b ! s⌫N̄R

<latexit sha1_base64="fZGoUXevUOxI0iRl+Z08OueSrVw=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpFV0W3LiSKvYBTQiT6aQdOpmEmYlQS/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By2VZJLQJkl4IjshVpQzQZuaaU47qaQ4Djlth8Orqd9+oFKxRNzrUUr9GPcFixjB2kiBfRQiTydIIU9kyAuxRDfBXWCXnYozA1ombk7KkKMR2F9eLyFZTIUmHCvVdZ1U+2MsNSOcTkpepmiKyRD3addQgWOq/PHs+gk6NUoPRYk0JTSaqb8nxjhWahSHpjPGeqAWvan4n9fNdHTpj5lIM00FmS+KMo7Mv9MoUI9JSjQfGYKJZOZWRAZYYqJNYCUTgrv48jJpVSturXJ+WyvXq3kcRTiGEzgDFy6gDtfQgCYQeIRneIU368l6sd6tj3lrwcpnDuEPrM8fgbGT7g==</latexit>



R𝜈𝜈K(*) 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 interactions at the tree level ! 
Note that these couplings would not generate any contributions to RD(*)!

<latexit sha1_base64="wRC82iD79aYuGYgu1zxZstHY+4w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx6r2FZsQ9lsJu3SzSbsboRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCTqIaAaBZfYMtwIfEgV0jgQ2AlG1zO/84RK80Tem3GKfkwHkkecUWOlx57hIkRy16/1yxW36s5BVomXkwrkaPbLX70wYVmM0jBBte56bmr8CVWGM4HTUi/TmFI2ogPsWippjNqfzC+ekjOrhCRKlC1pyFz9PTGhsdbjOLCdMTVDvezNxP+8bmaiK3/CZZoZlGyxKMoEMQmZvU9CrpAZMbaEMsXtrYQNqaLM2JBKNgRv+eVV0q5VvYtq/bZeadTzOIpwAqdwDh5cQgNuoAktYCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+AMQpkEo=</latexit>

R̃2



If you want to explain RD(*) and 
Belle II result for B→ 𝐾 𝜈 𝜈
this cannot be achieved with  this LQ!

Damir Bečirević, Svjetlana Fajfer, Nejc Košnik,  Lovre Pavičić, 2404.16772

See also Rosauro-Alcaraz and Santos Leal 
2401.17440 

is out of game!R̃2

<latexit sha1_base64="G4NNFlkuf4BOdsZ/6+sr2OxC1cg="></latexit>



Being a weak singlet S1  has only one stae with the electric charge 1/3.
It allows the the interacCons with  quark, lepton both being weak doublets, or weak singlets

Minimal sewng 

It generates  

Damir Bečirević, SF, Nejc Košnik,  Lovre Pavičić, 2404.16772

S1 = (3̄, 1, 1/3)

<latexit sha1_base64="FWu83x1Ugkhtfsx+E/HT6a3gfV4=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWARKkhNbMVuhIIblxXtA9oQJtNJO3QyCTMTocQu/BU3LhRx62+482+ctllo6+FeOJxzL3Pn+DGjUtn2t5FbWl5ZXcuvmxubW9s71u5eU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlr+8Hritx6IkDTi92oUEzdEfU4DipHSkmcdmHeecwWLXR8JWD6Fjq6z8olnFeySPQVcJE5GCiBD3bO+ur0IJyHhCjMkZcexY+WmSCiKGRmb3USSGOEh6pOOphyFRLrp9P4xPNZKDwaR0M0VnKq/N1IUSjkKfT0ZIjWQ895E/M/rJCqouinlcaIIx7OHgoRBFcFJGLBHBcGKjTRBWFB9K8QDJBBWOjJTh+DMf3mRNM9LTqV0cVsp1KpZHHlwCI5AETjgEtTADaiDBsDgETyDV/BmPBkvxrvxMRvNGdnOPvgD4/MHQ/2SYA==</latexit>

Survival of the 
fi`est!



1)

2) through the box or penguin diagrams involving one S1 and one W-boson, a contribuCon to b →	sτ τ or b →	sντ ντ

Consequences 



3) b →	sντ ντ

(imaginary part comes from the fermions being on the mass shell in the  loops)

4) can affect the                      decay (                           ,                           ). However, it gives 3 % enhancement of 
the SM predictions   

5) We determine for B →D(*)𝜏𝜈 the fracCon of the decay rate to a longitudinally polarized D∗,
the τ −lepton polarizaCon asymmetry, and the forward-backward asymmetries



S1 with V-A couplings only 

No right-handed fermions  (yR 
c𝜏 = 0)

S1 (V-A) cannot 
survive!



Conclusions

Leptoquarks
S1 leptoquark and with Yukawa couplings to both 

les- and right-handed quark/lepton doublets is 

the only one viable  candidate to explain the RD(*)  

puzzle!

Flavour puzzles persist SMEFT a usefull tool for 
NP 

LFU tests at 
LHC expected!

LFU tests
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Thanks!

h?ps://www.youtube.com/watch?v=zb0PA-TaS4g

Surogat is a 1961 animated comedy short film by 
Croatian director Dušan Vukotić, produced by Zagreb Film.
(Der Ersatz)


