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RD(*)   over the years 
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<latexit sha1_base64="tRCO7753VOyIf/0KcEQAJaI1/LI="></latexit>

RD(⇤) =
B(B ! D(⇤)⌧ ⌫̄)

B(B ! D(⇤)l⌫̄)

����
l2{e,µ}

• RD
exp and RD*

exp : dominated by BaBar!
• In RJ/𝜓

exp and R Λc
exp limited precision.

-Solution for the puzzle  - New Physics (?!)
-Precise knowledge of form factors needed!

LHCb new results at 
Moriond 2024!

Started in 2012!
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<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;
Lattice QCD at q2 ≠ q2

max for both form-factors. 

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

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

There are still some issues!

JLQCD, R(D*)=0.252 ± 0.022,  Y.Aoki et al.2306.05657 
<latexit sha1_base64="bJhnqJnBfsLJe/L+qay1Q2R5ie4=">AAACGnicbVDLSgMxFM3UV62vqks3wSKIjzIzFHUjFHXhsoJ9QB9DJs20ocnMmGSUMsx3uPFX3LhQxJ248W9Mp11o64F7OZxzL8k9bsioVKb5bWTm5hcWl7LLuZXVtfWN/OZWTQaRwKSKAxaIhoskYdQnVUUVI41QEMRdRuru4HLk1++JkDTwb9UwJG2Oej71KEZKS07eejiHLU8gHHPnomMfcie+6hwkHRse33XsJLZbR1A7aU+dxMkXzKKZAs4Sa0IKYIKKk/9sdQMcceIrzJCUTcsMVTtGQlHMSJJrRZKECA9QjzQ19REnsh2npyVwTytd6AVCl69gqv7eiBGXcshdPcmR6stpbyT+5zUj5Z21Y+qHkSI+Hj/kRQyqAI5ygl0qCFZsqAnCguq/QtxHOiil08zpEKzpk2dJzS5aJ8XSTalQLk3iyIIdsAv2gQVOQRlcgwqoAgwewTN4BW/Gk/FivBsf49GMMdnZBn9gfP0AgzGeow==</latexit>

w =
m2

B +m2
D⇤ � q2

2mB mD⇤

FNAL/MILC
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• 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 effective  theory (Caprini, Lellouch, Neubert -CLN), 
reducing the problem to four parameters and using all experimental information (HFLAV, in agreement with Belle II) 

3𝜎 smaller than the experimental avarege
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<latexit sha1_base64="NTPy1sj9uw9Ser7xKNNDZMdafVA="></latexit>

RK(⇤)

⌫⌫ = B(B ! K(⇤)⌫⌫̄)/B(B ! K(⇤)⌫⌫̄)SM

<latexit sha1_base64="FXiM4oP1+RROKa0lXBsat5sx3O0="></latexit>

RK
⌫⌫ < 3.6 (90% C.L.) ,

RK⇤

⌫⌫ < 2.7 (90% C.L.)

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

B(B± ! K±⌫⌫̄) = 2.40(67)⇥ 10�5

A new anomaly?NP in b → 𝑠 µµ: RK(∗) anomaly is not an issue (only P5’ )!

2.7 𝜎 larger than the SM 
exp

Buras et al.,1409.4557,
Altmannshofer et al., 0902.0160
Buras, 2209.03968
Bečirević et al, 2301.06990

SM

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

B(B± ! K±⌫⌫) = (4.44± 0.30)⇥ 10�6 ,

B(B± ! K±⇤⌫⌫) = (9.8± 1.4)⇥ 10�6 ,

Bečirević et al, 2301.06990

<latexit sha1_base64="acnZnWqlTySTN4gEJy9bnJhkZ+E="></latexit>

RK
⌫⌫ = 5.4± 1.5

Belle II, 2023 (2311.14647)

6



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

O
⌫i⌫j

L =
e2

(4⇡)2
(s̄L�µbL)(⌫̄i�

µ(1� �5)⌫j) ,

O
⌫i⌫j

R =
e2

(4⇡)2
(s̄R�µbR)(⌫̄i�

µ(1� �5)⌫j) ,

If SM neutrinos
the right-handed quark operator necessary!

Allwicher et al, 2309.02246, 
Bause et al.,  2309.00075

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

NP in b → s ν ν 

He et al., 2309.12741,  Altmannshofer et al. 2311.1469, Alonso-Alvarez et 
al. 2310.13043, Bolton, SF,  Kamenik, Novoa-Brunet 2403.13887,…

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) for vector 
state 
 mV ~	2 GeV

Invisible sector?
-
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Approach: LQs → SMEFT→  LEFT

| | | E
LEFT SMEFT UV

mτ, mb mt

• SU(3)c⊗U(1)em H, W, Z, t are integrated out (1908.05295, 
Dekens&Stoier)

• evolution  (RGE) running of Wilson coefficents

integrate out 
heavy field

NR-SMEFT operators
Del Aguila et al. 0806.0876
Fernando-Martinez et al.,  2304.06772.

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

Warsaw basis, Grzadkowski et al,  1008.4884 

Bečirević, SF, Košnik, Pavičić, 2404.16772

To analyze RD(*)    SMEFT operators
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Scalar and Vector Leptoquarks as NP meditaors

Scalar leptoquarks →	Yukawa-like  couplings 

Vector leptoquarks →	gauge bosons  (in GUTs their masses 
at GUT scale) Dorsner, SF, Greljo, Kamenik, Košnik, 1603.04993

¯̀PL,R q�

<latexit sha1_base64="YNC5R4qjsS3U/F1siLxtYSPHlIg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KCWRil0W3LhwEcU+oAlhMp22QycPZyZCCd258VfcuFDErb/gzr9x2mahrQcunDnnXubeEyScSWVZ38bS8srq2npho7i5tb2za+7tN2WcCkIbJOaxaAdYUs4i2lBMcdpOBMVhwGkrGF5O/NYDFZLF0Z0aJdQLcT9iPUaw0pJvHrkBFsilnCO37PjZdfl27JbRvX65zoD5ZsmqWFOgRWLnpAQ5HN/8crsxSUMaKcKxlB3bSpSXYaEY4XRcdFNJE0yGuE87mkY4pNLLpneM0YlWuqgXC12RQlP190SGQylHYaA7Q6wGct6biP95nVT1al7GoiRVNCKzj3opRypGk1BQlwlKFB9pgolgeldEBlhgonR0RR2CPX/yImmeVexq5fymWqrX8jgKcAjHcAo2XEAdrsCBBhB4hGd4hTfjyXgx3o2PWeuSkc8cwB8Ynz8Cnpd2</latexit>

¯̀�µ PL,R q V µ

<latexit sha1_base64="MijtJxNHkSt2XA84kU3imxxIszQ=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0EQCWFXIqYM2FhYRDEPyMbl7mSSDJnZXWdmhbDkH2z8FRsLRWxt7PwbJ49CEw/cy+Gce5m5J4g5U9pxvq3M0vLK6lp2PbexubW9Y+/u1VWUSEJrJOKRbAagKGchrWmmOW3GkoIIOG0Eg4ux33igUrEovNXDmLYF9ELWZQS0kXz7xAtAYo9yjr0eCAG+JxKvUPXTq8LNyCvge2xa/c6ovp13is4EeJG4M5JHM1R9+8vrRCQRNNSEg1It14l1OwWpGeF0lPMSRWMgA+jRlqEhCKra6eSmET4ySgd3I2kq1Hii/t5IQSg1FIGZFKD7at4bi/95rUR3y+2UhXGiaUimD3UTjnWExwHhDpOUaD40BIhk5q+Y9EEC0SbGnAnBnT95kdRPi26peHZdylfKsziy6AAdomPkonNUQZeoimqIoEf0jF7Rm/VkvVjv1sd0NGPNdvbRH1ifP0wInH8=</latexit>

Q = I3 +Y 

• In 1997, the H1 and ZEUS collaborations at HERA an 
excess of events, production of leptoquarks (electron-
proton system, H1 mass 200 GeV).

a) LHC Searches
b) Flavour Anomalies
c) Neutrino Mass Models

• In 21st century

• Grand Unified Theories (GUTs),  Jogesh Pati and Abdus Salam in 1974
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Goal of our study : whether or not any of the scalar leptoquarks, with a
minimalistic set of Yukawa couplings, fits the current experimental world average of RD and RD*

Scenarios in which the scalar leptoquark couples  to 𝜏 and either to c or to b quark.

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)

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

In ref. Angelescu et al., 2103.12504 all these could explain RD(*)  

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>

SM LQs

_

Scalar Leptoquarks in RD(*) 

~
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In SU(2)L   R2 is in a represention 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)

One of the Yukawa couplings should be complex 

Bečirević, SF,  Košnik,  Pavičić, 2404.16772

R2 is out of gamehigh pT  relevan- (Allwicher et al 2207.10756)

running from           mR2       → mb

R2 = (3, 2, 7/6)
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~R2
2/3 and  R2

-1/3~~

• It can couple to non-SM right-handed neutrino NR

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>

To explain RD(*) and  Belle II result for B→ 𝐾 𝜈 𝜈
this cannot be achieved with  this LQ! 
See also  Rosauro-Alcaraz and Santos Leal ,2401.17440 

minimal set of couplings 

is out of 
game!
R̃2

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

In the branching ratio NR  cannot 
interfere with SM neutrino
 

R2 = (3, 2, 1/6)~
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Being a weak singlet S1  has only one state with the electric charge 1/3.
It allows the the interactions with  quark, lepton both being weak doublets, or weak singlets

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

Minimal setting 

S1= (3,1,1/3)

S1   - survival of the fittest! 13



1)

2) through the box or penguin diagrams involving one S1 and one W-boson, a contribution 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) in                                                     only 3 % enhancement over  the SM  

14



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

No right-handed fermions  
(yR 

c𝜏 = 0)

S1 with V-A couplings only 

S1 (V-A) cannot 
survive!
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Conclusions

Leptoquarks

S1 leptoquark 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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Děkuji!
Thanks!
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Additional slides

v0µ = kµ/mD⇤

<latexit sha1_base64="GPzG0x20BzX+yORXLPk6MyCQaRg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyiuKgzpaIboaALlxXsA9phyKRpG5pkhiRTqEPxV9y4UMSt/+HOvzHTzkJbD1zu4Zx7yc0JIkaVdpxvK7e0vLK6ll8vbGxube/Yu3sNFcYSkzoOWShbAVKEUUHqmmpGWpEkiAeMNIPhTeo3R0QqGooHPY6Ix1Ff0B7FSBvJtw9GfofHJ/B6mPZz7ie3ZxPfLjolZwq4SNyMFEGGmm9/dbohjjkRGjOkVNt1Iu0lSGqKGZkUOrEiEcJD1CdtQwXiRHnJ9PoJPDZKF/ZCaUpoOFV/bySIKzXmgZnkSA/UvJeK/3ntWPeuvISKKNZE4NlDvZhBHcI0CtilkmDNxoYgLKm5FeIBkghrE1jBhODOf3mRNMolt1K6uK8Uq+Usjjw4BEfgFLjgElTBHaiBOsDgETyDV/BmPVkv1rv1MRvNWdnOPvgD6/MHRFqUaw==</latexit>

vµ = kµ/mB

<latexit sha1_base64="i7CUF0zPE6R+fRTRQmrrgSCXfMU=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFc1ZlS0Y1QdOOygn1AOwyZNNOGJpkhyRTLML/ixoUibv0Rd/6NmXYW2nrgcg/n3EtuThAzqrTjfFtr6xubW9ulnfLu3v7BoX1U6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTO5yvzslUtFIPOpZTDyORoKGFCNtJN+uTP0BT+DNJG8X3E9vM9+uOjVnDrhK3IJUQYGWb38NhhFOOBEaM6RU33Vi7aVIaooZycqDRJEY4Qkakb6hAnGivHR+ewbPjDKEYSRNCQ3n6u+NFHGlZjwwkxzpsVr2cvE/r5/o8NpLqYgTTQRePBQmDOoI5kHAIZUEazYzBGFJza0Qj5FEWJu4yiYEd/nLq6RTr7mN2uVDo9qsF3GUwAk4BefABVegCe5BC7QBBk/gGbyCNyuzXqx362MxumYVO8fgD6zPH3GglAQ=</latexit>

B→ 𝐷 ∗ form factors CLN approach , hep-ph/9712417

HFLAV, 2206.07501, Belle II in agreement
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Peguin contribution to b → 𝑠𝜈𝜈 𝑆1model

On shell renormalisation condition 

19
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