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Leptoquarks and semileptonic decays
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Scalar leptoquarks are a popular 
explanation of flavour anomalies. 

 or  for  

  ,    

 for low-  deficit in several  
  ,           
decay distributions. 

S1 R2

R(D(*)) =
B(B → D(*)τν)
B(B → D(*)ℓν)

ℓ = e, μ,

S3 q2

b → sℓ+ℓ− ℓ = e, μ,

Spin 0,  
SU(2) singlet

spin 0,  
SU(2) doublet

Spin 0,  
SU(2) triplet
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BSM mass reach

 The firm establishment of a flavour anomaly helps for the design of a  
     future hadron collider and could establish a “no-lose” situation for FCC-hh.
⇒

FCC-hh fans                   flavour physics 
 
flavour physicists             FCC-ee:   Z bosons are a perfect b factory!1013

Flavour physics probes virtual effects of new heavy particles coupling to quarks, with 
a mass reach of  
        a few TeV in the case of  or  for  and 
        a few tens of TeV in the case of  for .

S1 R2 b → cτν̄
S3 b → sℓ+ℓ−
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New developments in   

Renormalisation group analysis of leptoquark solutions 

Leptoquarks at colliders 

Summary and outlook 

b → cτν
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Outline
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New developments in  b → cτν
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Spring 2024: 
Significance of deviation from SM:  
                     3.1.σ, 
for the form factors used by HFLAV. 
 
  

R(Hc) ≡
B(Hb → Hcτν)
B(Hb → Hcℓν)

Different measurements (from four 
experiments) agree within normal 
statistical fluctuations.  

New developments in b → cτν
With 2024 LHCb measurement of :R(D+)
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 form factorsB → D*
2022: Iguro, Kitahara and Watanabe employed Heavy Quark Effective 
    Theory (HQET) and a systematic expansion of form factors in  and 
    performed a fit to all available data (including  shapes) in  
    with light leptons .               arXiv:2210.10751 

2023:  new data on the fraction  of longitudinally polarized  in 
 and the forward-backward asymmetries  and    

                                              Belle, 2301.07529; Belle II, talk by Chaoyi Lyu at ALPS, March 2023 

The HQET form factors excellently describe these data, while other form 
factor calculations do not.      Fedele,Blanke,Crivellin,Iguro,UN,Simula,Vittorio, arXiv:2305.15457 

                                                                   

1/mb
q2 B → D*ℓν

ℓ = e, μ

FD*,light
L D*

B → D*ℓν Ae
FB Aμ

FB
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 with best form factorsR(D(*))

+ HFLAV 2023

+ Bernlochner, et al. 
+ Iguro, Watanabe
+ Bordone, et al.

HFLAV 2023
HFLAV 2024

HFLAV 2022
HFLAV 2019

Figure 1. The world average of the latest RD and RDú experimental results by HFLAV 2024 (1, 2, 3‡

red-solid contours). The former world averages are also shown: the HFLAV 2023, 2022 and 2019
averages by long-dashed, dashed and dotted contours, respectively. On the other hand, the several
SM predictions are shown by crosses [14,29–32] (see also Table 2).

most striking observable to disentangle the leptoquark (LQ) scenarios that can explain the
anomalies, the experimental result does not exist so far.

Furthermore, the Dú-longitudinal polarization in the electron and muon modes have
been measured very precisely by the full Belle data set F D

ú
,e

L,Belle
= 0.485±0.017stat ±0.005sys

and F D
ú
,µ

L,Belle
= 0.518 ± 0.017stat ± 0.005sys [63], and also the first Belle II data F D

ú
,e

L,BelleII
=

0.520 ± 0.005stat ± 0.005sys and F D
ú
,µ

L,BelleII
= 0.527 ± 0.005stat ± 0.005sys [64]. We obtain the

naive averaged value,

F D
ú
,e

L
= 0.515 ± 0.007 ,

F D
ú
,µ

L
= 0.526 ± 0.007 .

(1.8)

They are also consistent with the SM predictions, F D
ú
,¸

L, SM
(¸ = e, µ) = 0.534 ± 0.002 [30, 65]

(to be exact, there is a 2.7‡ level tension in F D
ú
,e

L
).

Besides, the first direct measurement of the LFU test for the inclusive mode, RX ©
B(B æ X·‹· )/B(B æ X¸‹¸), has been performed by the Belle II collaboration. Here, X

indicates any hadronic final states coming from b æ cl‹ and b æ ul‹ processes. A robust
correlation is expected between RX and R

D(ú) because the inclusive mode is dominated by
the exclusive D and Dú modes. Recently, the Belle II collaboration reported the preliminary
result, RX = 0.228 ± 0.016stat ± 0.036syst [66,67]. This result is not only consistent with the

5

difference in HFLAV and HQET form 
factors matters!

2024 deviation from SM prediction: 
                    4.3σ
using also new Belle/LHCb 
average  
          
 
Good fits (pulls ) for all 
tree-level BSM scenarios, 
including charged-Higgs 
exchange. 
      Iguro, Kitahara, Watanabe,  2405.06062

FD*,τ
L = 0.49 ± 0.05

≥ 4.0σ
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Reference RD RD→ P D
ω →P D

→
ω F D

→
L

R
J/ω R!c R”(3S)

Bernlochner, et al. [29] 0.288(4) 0.249(3) – – – – – –

Iguro, Watanabe [30] 0.290(3) 0.248(1) 0.331(4) 0.497(7) 0.464(3) – – –

Bordone, et al. [31, 32] 0.298(3) 0.250(3) 0.321(3) 0.492(13) 0.467(9) – – –

HFLAV2024 [14] 0.298(4) 0.254(5) – – – – – –

Refs. [33–35] – – – – – 0.258(4) 0.324(4) 0.9948

Data 0.342(26) 0.287(12) – 0.38 +0.53

→0.55
0.49(5) 0.61(18) 0.271(72) 0.968(16)

Table 2. Summary of the SM predictions for the B ↑ D(→)ωε and related observables. The current
averaged values of the experimental measurements are also written in the last row. See the main
text for explanations of di!erences between the SM predictions.

average since it obtains the distinct RSM

D→ . This study has considered the heavy quark
e!ective theory (HQET) corrections up to O(ϑs, ”QCD/mb, ”2

QCD
/m2

c), and utilized the
approximate SU(3)F relation to the Bs ↑ D(↑)

s form factors that have been determined by
the HPQCD lattice result [45]. Reference [30] also takes the same HQET form factor as
above but includes the B ↑ D(↑)ϖε di!erential angular distribution data for the fit, which is
distinct from the former study. For comparison, we also refer to the recent study of Ref. [29]
that has included the B ↑ D↑ lattice study by Fermilab–MILC (FM) [42]. In this work, we
will employ the work of Ref. [30] for the form factor evaluations as explained later.

A further concern for the SM evaluation is long-distance QED corrections to B ↑
D(↑)ϖε, which remains an open question. They depend on the lepton mass as being of
O[ϑ ln(mε/mB)] and hence it could provide a few percent corrections to violation of the
LFU in the semileptonic processes [46–49]. This will be crucial in the future when the
LHCb and Belle II experiments reach such an accuracy.

In Fig. 1, we show the latest average of the RD–RD→ along with the several recent
SM predictions. A general consensus from the figure is that the deviation of the ex-
perimental data from the SM expectations still remains. For instance, applying the
SM prediction from {HFLAV2024 [14], Bernlochner et al. [29], Iguro-Watanabe [30],
Bordone et al. [31, 32]}, one can see {3.3ϱ, 4.2ϱ, 4.4ϱ, 3.9ϱ} deviations corresponding to
p-value = {8.9 ↓ 10→4, 2.3 ↓ 10→5, 1.1 ↓ 10→5, 1.2 ↓ 10→4} (#ς2 = {14.0, 21.4, 22.8, 18.1} for
two degrees of freedom), respectively.

In addition to these deviations in the LFU measurements, ω - and D↑-polarization observ-
ables in B ↑ D(↑)ωε also provide us important and nontrivial information. This is because
these observables can potentially help us to pin down the NP structure that causes these
deviations [50–67]. We refer to the ω longitudinal-polarization asymmetry in B ↑ D(↑)ωε

and the fraction of the D↑-longitudinal mode in B ↑ D↑ωε as P D
(→)

ω and F D
→

L
, respectively.

4

From Iguro, Kitahara, Watanabe,  2405.06062:

! ?

?
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 from Belle II in 2025R(D(*))
 2025 Belle II, semileptonic  
 tag: slight increase of the 
 global significance 
              Belle II coll., 2504.11220

11

IX. CONCLUSIONS

We report measurements of the ratios R(D+) and
R(D→+) and test the predictions of lepton-flavor-
universality of the SM. For this we analyzed a 365 fb↑1

data sample, recorded by the Belle II experiment from
2019–2022. Signal events are selected by first recon-
structing the companion B meson in semileptonic modes
using a hierarchical approach. The signal side is ana-
lyzed using a multi-class multivariate approach, combin-
ing the discriminating power of five variables. The se-
lected events are analyzed using a likelihood fit and we
determine

R(D+) = 0.418 ± 0.074 (stat) ± 0.051 (syst) ,

R(D→+) = 0.306 ± 0.034 (stat) ± 0.018 (syst) ,

consistent with the SM expectation within 1.7 standard
deviations. Figure 7 shows the 2D confidence intervals
(CI) and compares this result with the SM expectation
and the Belle II measurements Refs. [23, 24], which an-
alyzed an orthogonal data set. Further we present the
world average from Ref. [25] and find our results to be
consistent with it within 0.6 standard deviations. The
uncertainties on the measurements of the ratios are dom-
inated by statistical uncertainties and the largest system-
atic uncertainty is the limited simulated sample size used
to determine e!ciencies, train the multi-class classifica-
tion algorithm, and determine template shapes.
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Renormalisation group analysis 
of leptoquark solutions 
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Leptoquark-quark-lepton couplings
Couplings of several SU(2) triplet leptoquarks : 
        

Sa
3

ℒS3
= yℓ

3 ij Q̄C, l
L, iϵ

lm(τkSℓ, k
3 )mnLn

L, j + h.c.

 labels the LQ 
i: quark generation index 
j: lepton generation index 

ℓ = e, μ, τ
ϵ = ( 0 1

−1 0) Pauli matrices

bL

Sℓ
3

ℓL

sL

ℓL

Consider lepton number conservation   to suppress LFV processes like

 conversion.

yℓ
3 ij ∝ δℓj

μ → e
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bL

S3

µ
L

sL

µ
L

 The deficit in  for low  can  
  be cured with three copies , ,  of 
  SU(2) triplet leptoquarks with masses  
  below  TeV.  

 The enhancement of  can be  
  explained with an SU(2) singlet leptoquark 
   with mass below  TeV. We consider 
   three copies , , .

b → sℓ+ℓ− q2

Se
3 Sμ

3 Sτ
3

𝒪(50)

b → cτν

Sτ
1 𝒪(5)

Se
1 Sμ

1 Sτ
1

13

Leptoquark solutions to flavour anomalies

Sμ
3

bL

S1

νL

cL,R

τL,R

Sτ
1
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Mass gap
Flavour anomalies are usually explained by postulating a new particle with mass 
in the TeV range ad-hoc.  The other particles of a reasonable UV completion are 
heavier. 
Leptoquarks: Motivation in models with quark-lepton unification, such as SU(4)  
models à la Pati-Salam. Heavy gluons (which are vector-like leptoquarks) must 
have masses above 1000 TeV to comply with bounds on .  

Mass gap between the LQ masses as and the scale of the UV completion:  
           study low-energy properties of LQ couplings without knowing  
               details of the UV model with renormalisation group (RG) equations. 

Prototype example: Probing SM gauge unification at GUT scale only involves 
SM RG equations. GUT masses only enter next-to-leading order corrections. 

c

B(KL → μe)

⇒
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Infrared fixed-point

RG beta functions are known for generic BSM theories.  
                                                    Machacek, Vaughn, 1983, 1984 
 
At fixed points of the RG equations the beta functions are zero.  
Quasi-fixed point: The beta functions of the LQ couplings  are zero, while 
the beta function of the SM couplings are not.   

Infrared fixed point:  at the low scale as probed in flavour or collider 
experiments is predicted. 

ya
3 ij

ya
3 ij
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bL

Sℓ
3

ℓL

sL

ℓL

16

Infrared fixed-point for scenarioSℓ
3

Result for  leptoquarks:                     Marco Fedele, UN, Felix Wüst, JHEP 11 (2023) 131.                                         Sℓ
3

 Infrared fixed-point solutions:  

 
and two more pairs found by permutations of .  
Partial lepton-flavour universality (LFU) as an emerging feature! The third 
generation comes with opposite sign for . Prediction for !  

 LFU needs three copies of , with just two  find opposite signs. 

Moving on to the generalized case where the S
⌧

3
LQ is included as well, the solutions

following requirements i) and ii) are:

y
e

3 21
y
e

3 31
y
µ

3 22
y
µ

3 32
y
⌧

3 23
y
⌧

3 33

0.760 0.189 0.191 0.759 0.639 �0.452

0.189 0.760 0.759 0.191 0.639 �0.452

Also these solutions are qualitatively similar to the ones studied in the previous sec-

tions, when all three copies of S3 were allowed. Indeed, each family of solutions is charac-

terized by the same sign ambiguity, with the sign for both S
e

3
and S

µ

3
couplings products

having to be the same, respectively, and opposite for S⌧

3
one. Moreover, requirement ii) is

again dynamically fulfilled and masses of the order MS
e
3
⇠ M

S
µ
3
⇠ 10TeV are predicted.

We therefore find that, in order to obtain this feature, the additional presence of singlet

or doublet LQs in the theory is not required. It is worth to mention that, if one would

employ a di↵erent version of requirement ii) requesting, e.g., universality among electrons

and taus, those two sectors would be the ones having couplings with the same product,

with the product of muon ones being di↵erent and opposite in sign.

6 Conclusions

In this paper, we studied the implications of RGE e↵ects to LQ couplings to fermions in

selected BSM scenarios. A popular way to address the recent discrepancies observed in

several observables in the decays b ! c⌧ ⌫̄ and b ! s`
+
`
� with ` = e, µ consists of extending

the SM sectors by means of scalar LQs. In particular, the minimal subset of required

new fields includes the presence of triplet LQs S
e

3
and S

µ

3
, coupled with equal strength

to electrons and muons, respectively, and of either the singlet LQ S
⌧

1
or the doublet LQ

R
⌧

2
coupled to taus. Indeed, the former pair of LQs are required to explain anomalies in

b ! sµ
+
µ
� without violating the reanalysed results of the LFUV ratios R

K(⇤) ⇠ 1, while

the latter LQ is necessary to address anomalies in the b ! c⌧ ⌫̄ sector.

While these new fields are expected to live at scales between a few and a few tens of

TeV, nothing forbids a priori the presence of a large mass gap between MLQ and MQLU,

the scale where the LQs are generated within a theory of quark-lepton unification. The

presence of this large scale separation therefore implies the possibility that the pattern of

values of the LQ Yukawa couplings observed at the B meson decay scale (when employing

this kind of SM extensions to address the anomalous data) has a dynamical origin. In

particular, the possibility of such an explanation of the LFU pattern inferred for the S
e

3

and S
µ

3
couplings from R

K(⇤) ⇠ 1 is tantalizing. To this end, we studied the IR FP solutions

for the LQs couplings beta functions and inspected their phenomenology using low-energy

flavour data.

We found interesting phenomenological solutions in several scenarios. In particular,

every time that the SM is extended by three triplet LQs coupled each to a specific lepton,

namely S
e

3
, Sµ

3
and S

⌧

3
, we find IR fixed point solutions for which the product of Se

3
couplings

is equal to the one relative to S
µ

3
couplings, so that electron-muon universality can arise

– 22 –

(e, μ, τ)

Cℓℓ
9,10 b → sτ+τ−

Sℓ
3 Sℓ

3
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Infrared fixed-point for  scenario(Sℓ
1 , Sℓ

3 )

106 109 1012 1015
0.5

1.0

1.5

2.0

2.5

3.0

106 109 1012 1015
0.1

0.2

0.3

0.4

0.5

Figure 3. Scenario of Eq. (5.2): Left panel: running of the couplings (ye3 21 and y
µ
3 32) from the

high-scale to the low-scale; the FP solution is given in dashed red. Right panel: running of the
couplings (ye3 31 and y

µ
3 22) from the high-scale to the low-scale; the FP solution is given in dashed

red.

Imposing now the expected size for the NP parameters ratio given at Eq. (3.13), one

obtains that the FP solutions imply a scale for the LQ masses to be MS
e
3
⇠ M

S
µ
3
⇠ 10TeV.

Moreover, with these values for the LQ couplings and mass, the expected impact to the

b ! s⌫⌫̄ transitions ratio R
⌫⌫̄

K(⇤) defined at Eq. (2.6) reads R
⌫⌫̄

K(⇤) ' 1.1, namely a 10%

increase with respect to the SM case and therefore potentially detectable at Belle II [48].

It is interesting to notice that the emergence of an electron-muon universality implies

a strong and precise prediction for the tau couplings, whose product is characterized by

an opposite sign w.r.t. the light leptons. In particular, both FP solutions predict an

enhancement in the tau sector (opposite to the suppression implied by present b ! s data

in light leptons) corresponding to C
⌧

9
(µb) = �C

⌧

10
(µb) ⇠ 0.8, if one assumes MS

e
3
⇠ M

S
µ
3
⇠

MS
⌧
3
.

The situation is di↵erent in the b ! c sector: indeed, the FP solution for the S
⌧

1

coupling yield y
⌧

1 33
x
⌧

1 23
' �0.3, where the freedom on the coupling signs allows us to choose

x
⌧

1 23
' �1; however, when confronting this value with Eq. (3.6), in order to address the

anomalies in b ! c transitions S⌧

1
would be required to have a mass equal toMS

⌧
1
⇠ 0.8TeV,

value which has already been excluded by direct searches at LHC.2 This implies that, if one

would like to address the current experimental situation in this sector as well, the low-scale

value for x
⌧

1 23
has to be taken well above the FP solution, namely equal to x

⌧

1 23
⇠ 1. In

turn, this implies the emergence of a Landau pole at a scale around µ ⇠ 1011GeV, as can

be observed in Fig. 4.

To conclude we have obtained that, when extending the SM sector with the 6 scalar

LQs S
e

1
, Sµ

1
, S⌧

1
, Se

3
, Sµ

3
and S

⌧

3
, thanks to the IR FP behaviours of their couplings it is

possible to explain the observed pattern of anomalies in b ! s`` transitions by introducing

S
e

3
and S

µ

3
LQs with masses at the ⇠ 10TeV scale and arbitrary high-scale couplings; on

the other hand, in order to address the experimental picture in b ! c⌧ ⌫̄ transitions as

2The NP contribution to Ce,µ
VL

coming from non-vanishing couplings of Se
1 and Sµ

1 are strongly con-

strained, see e.g. Ref. [28] and references therein. In order to suppress such undesirable e↵ects, the masses

of these two LQs are considered to be sensitively heavier than the scale of MS⌧
1
.

– 18 –

Bizarre: s-e coupling converges to b-  coupling and b-e coupling converges  
             to s-  coupling!

μ
μ

yμ
3 32

ye
3 21

ye
3 31

ye
3 22



Ulrich NiersteMITP, Flavour for New Physics, 19 June 2025,  Leptoquarks: emerging LFU… and flavour-collider connection            18

Infrared fixed-point  scenario(Sℓ
1 , Sℓ

3 )
The infrared fixed point for the  coupling is smaller that the coupling 
inferred from   data (for  masses allowed by collider searches). 
Landau pole: 

Sτ
1

b → cτν̄ Sτ
1

105 107 109 1011 1013 1015
0

1

2

3

4

Figure 4. Emergence of a Landau pole in the running of the coupling x⌧
1 23, when a value compatible

with b ! c⌧ ⌫̄ data is assumed at the low-scale. The FP solution is given in dashed red.

well, a value above the FP solution is required for one of the couplings, inducing an upper

limit to the LQU scale equal to MLQU . 1011GeV, which is far below the GUT scale and

corroborates ideas of multi-step unification [64].

5.2 The (R2,S3) Extension

We move on to the study of the SM extended by one doublet LQ, R⌧

2
, and two copies

of the triplet one, Se

3
and S

µ

3
. Once again, the triplet LQs are employed to obtain the

desired low-energy e↵ect in b ! s`
+
`
� transitions by means of non-vanishing values for

the couplings y
e

3 31
, y

e

3 21
, y

µ

3 32
and y

µ

3 22
. On the other hand, following now Sec. 3.1.2,

we adopt the doublet LQ in order to explain the b ! c⌧ ⌫̄ decays phenomenology, which

require the presence of the y
⌧

2 23
and x

⌧

2 33
, with their product being imaginary as detailed

in requirement iii). We therefore allow the two R
⌧

2
couplings to be complex.

The minimal set of non-vanishing couplings required by our analysis is therefore:

y
⌧

2 =

0

B@
0 0 0

0 0 y
⌧

2 23

0 0 0

1

CA , x
⌧

2 =

0

B@
0 0 0

0 0 0

0 0 x
⌧

2 33

1

CA ,

y
e

3 =

0

B@
0 0 0

y
e

3 21
0 0

y
e

3 31
0 0

1

CA , y
µ

3
=

0

B@
0 0 0

0 y
µ

3 22
0

0 y
µ

3 32
0

1

CA .

(5.3)

In a similar fashion to the previous scenario, we look now for the simultaneous zeros

of the couplings beta functions, as given in Sec. 4.3. In this case, two families of solutions

are found to be complying with requirements i) and iii) listed above, identified by which

of the two R
⌧

2
couplings is purely imaginary, namely:

y
⌧

2 23
x
⌧

2 33
y
e

3 21
y
e

3 31
y
µ

3 22
y
µ

3 32

1.094 i 0.783 0.654 0.472 0.654 �0.472

1.094 0.783 i 0.654 0.472 0.654 �0.472
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 upper bound on scale of  
     quark-lepton unification: 
 
              

⇒

MQLU ≲ 1011 GeV
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 Leptoquarks at colliders



MITP, Flavour for New Physics, 19 June 2025,  Leptoquarks: emerging LFU… and flavour-collider connection            Ulrich Nierste

  QCD corrections to pair production at Tevatron and LHC: 
   M. Krämer, T. Plehn, M. Spira, P.M. Zerwas,  Phys. Rev. Lett. 79, 341 (1997), Phys.Rev.D 71 (2005) 057503;   
  QCD and QED corrections to resonant production:  
                  A. Greljo, N. Selimovic, JHEP 03 (2021) 279. 

  NNLO resummation of soft gluon radiation in pair production  
                   C. Borschensky, B. Fuks, A. Kulesza, D. Schwartländer, JHEP 02 (2022) 157. 
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Radiative corrections…
…to collider processes with leptoquarks (LQ):

But if we invoke  quark-lepton-LQ couplings to explain B anomalies, 
radiative corrections with these couplings might be sizeable as well.  

𝒪(1)
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Radiative corrections…
…linking low-energy to collider observables.  
                                               Innes Bigaran, Rodolfo Capdevilla, UN, 2408.06501 

Focus: universal radiative corrections linking couplings  
                   with , 
            probed at low and high energy to each other.  
 
Define two renormalisation schemes with couplings   and , 

defined such that radiative corrections vanish for zero LQ momentum  or for 
on-shell  LQ, .  

yXY
n jk X, Y = L, R

yXY,low
n jk yXY,high

n jk
q

q2 = M2
LQ

https://arxiv.org/abs/2408.06501
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Coupling renormalisation

Example: coupling of LQ  to charm and tau, . S1 yLL,RR
1 23

bL

⌫⌧L

S1 S1

cL,R

⌧L,R

bL
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S1
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bL
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bL
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�yLL
1 33

S1
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bL

⌫⌧L

S1
�yLL⇤

1 23 , �y
RR⇤
1 23

cL,R

⌧L,R

Figure 3. Radiative corrections to b ! c⌧⌫. The fermion self-energy diagrams are not shown.
yLL,low
1 33 , yLL,low

1 23 , and yRR,low
1 23 are defined by choosing the coupling counterterm in the last two

diagram to cancel the loop corrections.IB: Removed negative sign from self-energy,

with Vij referring to entries of the the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

To begin, we aim to calculate radiative corrections to LQ-fermion couplings responsible

for the transitions b ! s`+`� and b ! c⌧⌫. Fig. 2 shows these corrections schematically for

the case of S1 coupling to left-handed b quark and ⌧ neutrino, yLL
1 33

. Here the left diagram

illustrates self-energy diagrams of the LQ involving quark-lepton loops. In processes that

correspond to on-shell production of the LQ, this self-energy is probed at p2 = M2

S1
; in the

low-energy observables one is e↵ectively probing the self-energy at p2 = 0. The fermion

self-energies (e.g. second-to-left diagram) have no p2 dependence. The proper vertex

diagrams (third from the left) will also depend explicitly on p2. We will now address how

this energy-dependence may be utilised to define corrections to the LQ-fermion vertices.

First consider the loop corrected vertex for an on-shell LQ (i.e. with p2 = M2

S1
) and

define an e↵ective high-energy coupling by cancelling the correction by a finite counterterm

(rightmost diagram in Fig. 2). This coupling is the one probed in collider searches and used

in the corresponding event simulations. It can further be directly combined with QCD (or

other gauge) corrections, which are calculated in the usual way by adopting the MS scheme

for the gauge coupling, matching to e↵ective field theories of four-fermion interactions and

utilising RGE techniques, as detailed earlier. In an analogous way we define the low-energy

coupling such that the radiative corrections to processes in Fig. 1 vanish – see Fig. 3 for

the S1 contribution to b ! c⌧⌫. For the illustrated case of yLL
1 33

, the conversion factor

LL
1 33

⌘ yLL,high
1 33

/yLL,low
1 33

will depend on the S1 self-energies evaluated at p2 = M2

S1
and

p2 = 0, as well as the di↵erence of the proper vertex functions at p2 = M2

S1
and p2 = 0.

The fermion self-energies do not contribute to LL
1 33

as they are not p2 dependent.

Likewise yLL,low
1 33

is found from the diagrams in Fig. 3. Note that one can associate all

corrections with either of the two vertices (with the LQ self-energy in the first diagram

shared between them) and therefore their cancellation by the finite piece of the countert-
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other gauge) corrections, which are calculated in the usual way by adopting the MS scheme

for the gauge coupling, matching to e↵ective field theories of four-fermion interactions and
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. Here the left diagram

illustrates self-energy diagrams of the LQ involving quark-lepton loops. In processes that

correspond to on-shell production of the LQ, this self-energy is probed at p2 = M2

S1
; in the

low-energy observables one is e↵ectively probing the self-energy at p2 = 0. The fermion

self-energies (e.g. second-to-left diagram) have no p2 dependence. The proper vertex

diagrams (third from the left) will also depend explicitly on p2. We will now address how

this energy-dependence may be utilised to define corrections to the LQ-fermion vertices.

First consider the loop corrected vertex for an on-shell LQ (i.e. with p2 = M2

S1
) and

define an e↵ective high-energy coupling by cancelling the correction by a finite counterterm

(rightmost diagram in Fig. 2). This coupling is the one probed in collider searches and used

in the corresponding event simulations. It can further be directly combined with QCD (or

other gauge) corrections, which are calculated in the usual way by adopting the MS scheme

for the gauge coupling, matching to e↵ective field theories of four-fermion interactions and

utilising RGE techniques, as detailed earlier. In an analogous way we define the low-energy

coupling such that the radiative corrections to processes in Fig. 1 vanish – see Fig. 3 for

the S1 contribution to b ! c⌧⌫. For the illustrated case of yLL
1 33
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= 0 
q → q → q →

For  this condition on the counterterm is imposed for .  data 
constrain  as a function of .  

Likewise  is defined by imposing this for .

yLL,RR, low
1 23 q = 0 b → cτν̄

yLL,RR, low
1 23 × yLL,RR, low

1 33* MS1

yLL,RR, high
1 23 q2 = M2

S1

+ + + fermion wave f. ren. 
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Couplings at low and high energy

  captures the process-independent part of the radiative corrections 

entering collider-physics observables of  , if  is taken from flavour data.  
 
If only one LQ species is present, there are no vertex corrections. For these need 
both  and : 

κLL
1 jk ≡

yLL,high
1 jk

yLL,low
1 jk

S1 yLL low
1 jk

S1 R2

 
If only one LQ species is present, only  
the LQ self-energy contributes to .κLL

1 jk

S1 S1

LL

QL

qp

QL

LL

S1
R2

eR

uR

q
p

pQ

pL

uR

eR

S1
R2

LL

QL

q
p

pQ

pL

Figure 4. Demonstrative topologies for the calculation of one loop vertex correction to the S1 LQ
propagator (left) and the S1 couplings yLL

1 (middle) and yRR
1 (right).

in dimensional regularization with D = 4� 2✏ and

B0(p
2;m2

1,m
2

2) ⌘ µ2✏
Z

dDq

i⇡D/2

1

(q2 �m2

1
+ i0+)[(q + p)2 �m2

2
+ i0+]

. (2.11)

Here µ is the renormalization scale. One finds

B0(p
2; 0, 0) =

1

✏
+ 2� �E + i⇡ � ln

p2

µ2
+ O(✏) (2.12)

Therefore

⌃S1(p
2) =

P
3

l,n=1

⇥
2|yLL

1 ln|
2 + |yRR

1 ln|
2
⇤

16⇡2
p2


1

✏
+ 2� �E + ln(4⇡) + i⇡ � ln

p2

µ2

�
(2.13)

where �E is the Euler-Mascheroni constant. The self-energy contribution to LL
1 33

is there-

fore

LL,self
1 33

=
1

2

@

@p2
Re⌃S1(p

2)

����
p2=M2

S1

�
1

2

Re⌃S1(M
2

S1
)

M2

S1

= �

P
3

l,n=1

⇥
2|yLL

1 ln|
2 + |yRR

1 ln|
2
⇤

32⇡2
. (2.14)

and contributes universally to all S1 couplings.

2.3 Vertex corrections

In models which include additional LQs along with S1, vertex corrections can involve an R2

exchange. There are no such corrections with S3 exchanged between the external fermion

lines.

The one-loop vertex diagram reads

DV jk(p
2) =

3X

l,n=1

yLR⇤
2 jl y

RR
1nly

RL
2nk ✏

ab (4⇡)�D/2
·

µ2✏
Z

dDq

i⇡D/2

ūj [q/ (q/ + p/ )]PLvk
(q2 + i0+)[(q + p)2 + i0+][(q+pQ)2 �M2

R2
+ i0+]

(2.15)

– 8 –
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  The  factors are close to one, if all  are . Example for  

    LQ with mass 2 TeV and with couplings   :  
               . 

 Perturbation theory seems to work for . Collider searches first 
exclude the parameter region with small LQ mass and large couplings. 
Example for a 2 TeV  LQ with couplings : 
                 . 

      couplings in collider processes weaker than in flavour physics.

κXY
n jk yXY

n jk ≤ 𝒪(1)
S1 (yRR

1 23, yLL
1 33) = (2.6, − 0.41)

κLL
1 jk = κRR

1 jk = 0.98
yXY

n jk = 𝒪(5)

R2 (yLR
2 33, yRL

2 23) ≈ (0.5, − 0.82 ± 6.86 i)
κLR

2 jk = κRL
2 jk = 0.85

κXY
n jk < 1 ⇒

24

Couplings at low and high energy
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 The vertex correction in scenarios with both  and  involves different 
couplings than the tree-level coupling, e.g.

S1 R2

25

Vertex corrections
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Figure 4. Demonstrative topologies for the calculation of one loop vertex correction to the S1 LQ
propagator (left) and the S1 couplings yLL

1 (middle) and yRR
1 (right).
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and contributes universally to all S1 couplings.

2.3 Vertex corrections

In models which include additional LQs along with S1, vertex corrections can involve an R2

exchange. There are no such corrections with S3 exchanged between the external fermion

lines.

The one-loop vertex diagram reads

DV jk(p
2) =

3X

l,n=1

yLR⇤
2 jl y

RR
1nly

RL
2nk ✏

ab (4⇡)�D/2
·

µ2✏
Z

dDq

i⇡D/2

ūj [q/ (q/ + p/ )]PLvk
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+ i0+]

(2.15)

– 8 –

 coupling  

can be important if  is small. 
 
The vertex loop function with real part 

    

is smaller than expected:  
    ,         where  .

S1−QL−LL ∝ yRR
1 jk × yRL

2 jl × yLR*
2 mk

yLL
1 ml

fκ(x) =
1
x [Li2(−x) + ln x [ln(1 + x) − x] + x]

−1.17 ≤ fκ ≤ 0.23 x = M2
S1

/M2
R2
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          Summary
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  Current flavour anomalies probe BSM physics with particle masses in 
   the multi-TeV range.   
     instrumental to justify and design future hadron colliders  
Leptoquarks (LQs) with  masses can give imprints on low-energy 
observables (e.g. in B physics) and are searched for at LHC.  

embedding LQs into a theory of quark-lepton unification requires a mass gap. 
RG evolution for triplet LQ  reveals infrared fixed-points for two out of three 
coefficients , e.g. .   

        Two-generation lepton-flavour universality emerges dynamically.  
Collider bounds probe LQ couplings at high momentum transfer differing from 
low-energy couplings by a scaling factor .  

⇒
𝒪(TeV)

Sℓℓ
3

Cℓℓ
9 Cee

9 = Cμμ
9

⇒

κXY
n jk < 1

27

Summary
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Backup slides
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 form factorsB → D*
Compare 
  BGL (Boyd, Grinstein, Lebed 1995):  
      global fit by Gambino, Jung, Schacht in 2019 to all available calculations        
      and data in  with light leptons . Phys. Lett. B 795 (2019) 386  
  HQET (using expansions in ): 
      global fit by Iguro, Kitahara and Watanabe in 2022 to all available 
      calculations and  data (including  shapes) in  with light    
      leptons .                                                                 arXiv:2210.10751 

Fermilab/MILC (2021):  
      first lattice calculation employing .  
                                                      Eur. Phys. J. C 82 (2022) 1141, Eur.Phys.J.C 83, 21 (2023).                                                                    

B → D*ℓν ℓ = e, μ
ΛQCD/mc,b

q2 B → D*ℓν
ℓ = e, μ

q2 ≠ q2
max
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 form factorsB → D*
DM (Dispersive Matrix approach, Rome lattice group):  
  uses Fermilab/MILC data and Rome calculation of susceptibility ,  
  employs analyticity and unitarity constraints to derive two-sided bounds on 
  form factors.     
                           G. Martinelli, S. Simula, and L. Vittorio, Phys. Rev. D 104 (2021) 094512,        
                                                                               Eur. Phys. J. C 82 (2022) 1083, JHEP 08 (2022) 022. 
                            G. Martinelli, M. Naviglio, S. Simula, and L. Vittorio, Phys. Rev. D 106 (2022) 093002.  

With DM method find  compatible with Standard Model prediction and 
furthermore  from  consistent with  from inclusive  

 decays.

χ

R(D*)
|Vcb | B → D*ℓν |Vcb |

B → Xcℓν
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 form factors vs new physicsB → D*

0.24 0.25 0.26 0.27 0.28 0.29 0.30

●

●

●

●

}compatible with Standard Model

with DM method one finds the same  
as with other methods,        arXiv:2205.13952

R(D)
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Predictions for  and FD*,light
L Ae,μ

FB

0.44 0.46 0.48 0.50 0.52 0.54

●

●

●

●

0.44 0.46 0.48 0.50 0.52 0.54

●

●

●

●

0.20 0.22 0.24 0.26 0.28

●

●

●

●

0.20 0.22 0.24 0.26 0.28

●

●

●

●

SM predictions with {HQET or BGL 
F/M or DM } describe }{  B → D*ℓν

R(D*) data.
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 flavour anomalies overviewb → s

°6 °5 °4 °3 °2 °1 0 1 2 3 4 5 6
Pull in æ
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P 0
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P 0
5(B

0 ! K§0µ+µ°) [4.0, 6.0]
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from Patrick Koppenburg’s web page https://www.nikhef.nl/~pkoppenb/anomalies.html 

https://www.nikhef.nl/~pkoppenb/anomalies.html

