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BSM (=‘non-standard’) interactions

higher dimensional (dim>4) operators, e.g., four-Fermi interactions


Generated by integrating-out new (heavy) particles


Today, we consider interactions between quarks and leptons.
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1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GA
µνG

Aµν

QHG̃ H†H G̃A
µνG

Aµν

QHW H†H W I
µνW

Iµν

QHW̃ H†H W̃ I
µνW

Iµν

QHB H†H BµνB
µν

QHB̃ H†H B̃µνB
µν

QHWB H†τ IH W I
µνB

µν

QHW̃B H†τ IH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσ
µνer)τ

IHW I
µν

QeB (l̄pσ
µνer)HBµν

QuG (q̄pσ
µνTAur)H̃ GA

µν

QuW (q̄pσ
µνur)τ

IH̃ W I
µν

QuB (q̄pσ
µνur)H̃ Bµν

QdG (q̄pσ
µνTAdr)H GA

µν

QdW (q̄pσ
µνdr)τ

IH W I
µν

QdB (q̄pσ
µνdr)H Bµν

7 : ψ2H2D

Q(1)
Hl (H†i

←→
D µH)(l̄pγ

µlr)

Q(3)
Hl (H†i

←→
D I

µH)(l̄pτ
Iγµlr)

QHe (H†i
←→
D µH)(ēpγ

µer)

Q(1)
Hq (H†i

←→
D µH)(q̄pγ

µqr)

Q(3)
Hq (H†i

←→
D I

µH)(q̄pτ
Iγµqr)

QHu (H†i
←→
D µH)(ūpγ

µur)

QHd (H†i
←→
D µH)(d̄pγ

µdr)

QHud + h.c. i(H̃†DµH)(ūpγ
µdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγ
µlt)

Q(1)
qq (q̄pγµqr)(q̄sγ

µqt)

Q(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt)

Q(1)
lq (l̄pγµlr)(q̄sγ

µqt)

Q(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγ
µet)

Quu (ūpγµur)(ūsγ
µut)

Qdd (d̄pγµdr)(d̄sγ
µdt)

Qeu (ēpγµer)(ūsγ
µut)

Qed (ēpγµer)(d̄sγ
µdt)

Q(1)
ud (ūpγµur)(d̄sγ

µdt)

Q(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγ
µet)

Qlu (l̄pγµlr)(ūsγ
µut)

Qld (l̄pγµlr)(d̄sγ
µdt)

Qqe (q̄pγµqr)(ēsγ
µet)

Q(1)
qu (q̄pγµqr)(ūsγ

µut)

Q(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q(1)
quqd (q̄jpur)εjk(q̄

k
sdt)

Q(8)
quqd (q̄jpT

Aur)εjk(q̄
k
sT

Adt)

Q(1)
lequ (l̄jper)εjk(q̄

k
sut)

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 1. The 59 independent dimension-six operators built from Standard Model fields which
conserve baryon number, as given in ref. [2]. The operators are divided into eight classes: X3, H6,
etc. Operators with +h.c. in the table heading also have hermitian conjugates, as does the ψ2H2D
operator QHud. The subscripts p, r, s, t are flavor indices.
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Example:


Flavor-Conserving (FC) light (up, down) quarks


Ex. exotic neutrino-nucleaon scattering


→ “neutrino nonstandard interaction”


Flavor-violating quarks or FC heavy quarks


Quark flavor violation (rare meson decays)


→ Today’s topics

NSI’s induce rich phenomena
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Today’s topics

Several hints of BSM in rare B decays


• Quark flavor-violating interaction


      Ref. ME, Iguro, Kitahara, Takeuchi, Watanabe, JHEP 02(2022)106


• Quark flavor-conserving interaction


      Ref. ME, Mishima, Ueda, JHEP 05(2021)050


• Summary
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Quark-flavor violating
nonstandard interaction

Ref. ME, Iguro, Kitahara, Takeuchi, Watanabe, JHEP 02(2022)106
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Hints of BSM in B meson decays

Charged-current anomaly:


Theoretical progresses in SM prediction


Form factor: 1/mc2 correction, include all exp data


[Bordone et al.,’19; Iguro, Watanabe,’20]


Discrepancy between exp and SM


　 2019 R(D): 1.4σ,  R(D*): 2.5σ

⇒ 2022 R(D): 1.7σ,  R(D*): 3.4σ


　Combined significance is 4.2σ

          … hints of BSM, i.e., NSI
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Effective field theory

Charged-current anomaly:


Relevant effective Hamiltonian (below EWSB scale)


Operators are normalized by ~GF Vcb → dim[Ci]=0


LFUV (OV2)cbτν arises from dim-8 in SMEFT → ~v2/Λ2 in most BSM

Universal set, (OV2)cbτν = (OV2)cbμν = (OV2)cbeν, is generated by                             


by exchanging Z boson at tree-level (after taking Higgs VEV)

3

LEFT operator Tree-level SMEFT origin Dims.

Semileptonic operators

O
V,LR

⌫edu
: (⌫Lp�

µeLr)(dRs�µuRt) + h.c. QHud : i(H̃†DµH)(up�
µdr) + h.c. 6 ! 6

Q`2udH2 : (`pdrH)(H̃†uslt) + h.c. 6 ! 8

O
S,RR

ed
: (eLpeRr)(dLsdRt) Q(3)

`eqdH2 : (`perH)(q
s
dtH) 6 ! 8

O
S,RL

eu : (eRpeLr)(uLsuRt) Q(5)
`equH2 : (`perH)(H̃†q

s
ut) 6 ! 8

O
T,RR

ed
: (eLp�

µ⌫eRr)(dLs�µ⌫dRt) Q(4)
`eqdH2 : (`p�µ⌫erH)(q

s
�µ⌫dtH) 6 ! 8

Four-lepton operators

O
S,RR

ee : (eLpeRr)(eLseRt) Q(3)
`2e2H2 : (`perH)(`setH) 6 ! 8

Four-quark operators

O
V 1,LR

uddu
: (uLp�

µdLr)(dRs�µuRt) + h.c. QHud : i(H̃†DµH)(up�
µdr) + h.c. 6 ! 6

Q(5)
q2udH2 : (q

p
drH)(H̃†usqt) + h.c. 6 ! 8

O
V 8,LR

uddu
: (uLp�

µTAdLr)(dRs�µTAuRt) + h.c. Q(6)
q2udH2 : (q

p
TAdrH)(H̃†usT

Aqt) + h.c.

O
S1,RR

uu : (uLpuRr)(uLsuRt) Q(5)
q2u2H2 : (q

p
urH̃)(q

s
utH̃) 6 ! 8

O
S8,RR

uu : (uLpT
AuRr)(uLsT

AuRt) Q(6)
q2u2H2 : (q

p
TAurH̃)(q

s
TAutH̃)

O
S1,RR

dd
: (dLpdRr)(dLsdRt) Q(5)

q2d2H2 : (q
p
drH)(q

s
dtH) 6 ! 8

O
S8,RR

dd
: (dLpT

AdRr)(dLsT
AdRt) Q(6)

q2d2H2 : (q
p
TAdrH)(q

s
TAdtH)

TABLE I: Non-SMEFT four-fermion operators in LEFT and the dimension-8 SMEFT operators to which they are mapped
at tree level. In the ‘LEFT operator’ column, the subscripts p, r, s, t are weak-eigenstate indices; they are suppressed in the
operator labels. In the ‘Tree-level SMEFT origin’ column, ` and q denote left-handed SU(2)L doublets, while e, u and d denote
right-handed SU(2)L singlets. Here, H̃ = i�2H

⇤ denotes the conjugate of the Higgs doublet H.

level, one of which is the dimension-6 SMEFT operator
QHud. Naively this seems to imply that OV,LR

⌫⌧bc
is actually

a SMEFT operator after all. But there is a subtlety here:
QHud is a lepton-flavour-universal operator that gener-
ates equal e↵ective couplings for the operators OV,LR

⌫ebc
,

OV,LR

⌫µbc
and OV,LR

⌫⌧bc
. An e↵ective operator that generates

only OV,LR

⌫⌧bc
without the other two violates lepton-flavour

universality, and this can only come from the dimension-8
operator given in the Table. (A similar reasoning applies
also to OV 1,LR

uddu
and OV 8,LR

uddu
, where superscripts ‘1’ and

‘8’ give the colour transformation of the quark pairs.)
Furthermore, at the 1-loop level, OV,LR

⌫⌧bc
does not mix

with any other LEFT operators [26].
The five four-fermion operators given in Eq. (1) imply –

assuming only left-handed neutrinos – that the most gen-
eral LEFT e↵ective Hamiltonian describing b ! c ⌧�⌫̄
decay is

Heff =
4GFp

2
Vcb OLL

V
� CLL

V

⇤2
OLL

V
� CLR

V

⇤2
OLR

V
,

� CLL

S

⇤2
OLL

S
� CLR

S

⇤2
OLR

S
� CT

⇤2
OT . (3)

The first term is the SM contribution; the remaining five
terms are the various new-physics contributions. Within
LEFT, these are all dimension-6 operators and so, in
the absence of other information, for a given new-physics
scale ⇤, their dimensionless coe�cients (the Cs) are all
at most O(1). By contrast, the coe�cient CLR

V
is instead

proportional to v2/⇤2
h

if the new physics is described at

higher energies by SMEFT (since OLR

V
then really de-

scends from a Higgs-dependent interaction with dimen-
sion 8), and so is predicted to be small if ⇤h ⇠ ⇤.

The beauty of b ! c ⌧�⌫̄ decays is that, in principle,
they provide su�ciently many observables to measure
each of the couplings in Eq. (3) separately, thereby allow-
ing a test of the prediction that CLR

V
should be negligible

(assuming that the presence of new physics is confirmed).
If the e↵ective couplings do not follow the SMEFT pat-
tern, non-SMEFT new physics must be involved.

What is currently known about CLR

V
? At present sev-

eral observables have been measured that involve the de-
cay b ! c ⌧�⌫̄. These include

R(D(⇤)) ⌘ B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
, R(J/ ) ⌘ B(Bc ! J/ ⌧⌫)

B(Bc ! J/ µ⌫)
,

FL(D⇤) ⌘ �(B ! D⇤
L
⌧⌫)

�(B ! D⇤⌧⌫)
, P⌧ (D

⇤) ⌘ �+1/2 � ��1/2

�+1/2 + ��1/2
,(4)

where �� ⌘ �(B ! D⇤⌧�⌫). P⌧ (D⇤) measures the ⌧
polarization asymmetry while FL(D⇤) measures the lon-
gitudinal D⇤ polarization. These observables are use-
ful for distinguishing new-physics models with di↵erent
Lorentz structures and (interestingly) the measurements
of most of these observables seem to be in tension with
the predictions of the SM. Refs. [22, 23]) perform fits to
the data using the interactions of Eq. (3) (though with a
di↵erent operator normalization than is used here), but
with OLR

V
assumed not to be present (precisely because

it is a non-SMEFT operator).

The RD(⇤) discrepancy suggests violation of the lepton flavor universality (LFU) between t
and light leptons, and has prompted many attempts of the NP introducing new scalar and vector
mediators (see, e.g., Ref. [12] for the very recent review). In terms of the low-energy effective
Hamiltonian, their contributions are encoded as

Heff = 2
p

2GFVcb

h
(1+CV1)(cgµPLb)(tgµPLnt)+CV2(cgµPRb)(tgµPLnt)

+CS1(cPRb)(tPLnt)+CS2(cPLb)(tPLnt)

+CT (cs µnPLb)(tsµnPLnt)
i
+h.c. , (1)

with PL/R = (1⌥ g5)/2.#1#2 Here, the Wilson coefficients (WCs), CX , are normalized by the SM
contribution, Heff = 2

p
2GFVcb(cgµPLb)(tgµPLnt), corresponding to CX = 0 for X =V1,2,S1,2,T .

Note that the SM contribution is suppressed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element Vcb [19, 20], where Vcb = 0.041 [21] is set throughout this paper. One can see that a scale
of NP implied by the RD(⇤) anomaly is restricted as .O(10) TeV by the perturbative unitarity limit
on NP interactions [22].

The large hadron collider (LHC) experiment has a great potential to test such NP contribu-
tions. They can be probed, e.g., by resonant searches for new particles such as charged Higgs, W 0

(and related Z0), and leptoquark (LQ), and by non-resonant searches for the contact interactions of
Eq. (1). In addition to various flavor measurements, e.g., Bc ! tn , Lb ! Lctn , and polarization
observables in B!D(⇤)tn in the near future, which have been studied to check those contributions,
the collider searches provide independent information. Moreover, they are free from uncertainties
of the flavor observables especially inherent in B ! D(⇤) hadronic form factors.

In this paper, we examine non-resonant searches in light of the RD(⇤) anomaly. Even if new
particles are heavier than the LHC beam collision energy, their contributions could be detected
indirectly by exchanging these particles in t-channel propagators. The ATLAS and CMS collabo-
rations have performed non-resonant searches especially to probe W 0 boson (with assuming a decay
W 0 ! tn) in the sequential standard model. They have done a tn search, i.e., analyzed events with
a hadronic t jet and a large missing transverse momentum by using the Run 1 and 2 data [23–26].
The results are consistent with the SM background (BG) expectations, and one can use them to
set upper bounds on the NP interactions relevant to the RD(⇤) anomaly, or the operators in Eq. (1).
References [27–29] have studied such an interplay, i.e., the relation between the high-pT tail of the
tn events at the LHC and the RD(⇤) anomaly in new physics models.

Recently, it has been pointed out that sensitivities to the NP may be improved versus the
above non-resonant tn search by requiring an additional b-jet in the final state [30–32]. This can
be understood from the fact that the genuine tn + b final state is achieved by gq ! btn (q =

u,c) within the SM. Since this contribution is suppressed by |Vub(cb)|2 ⇠ O(10�5(�3)), the main
SM background comes from tn + j events with mis-identifying a light-flavored jet as b jet. This
is in contrast to the tn search, whose SM contributions, e.g., ud ! tn , are not suppressed by
the CKM factors or mis-identifications. In addition, the additional b quark allows us to study

#1The Wilson coefficients are also shown as CV1 =CL
V ,CV2 =CR

V ,CS1 =CR
S , and CS2 =CL

S [13].
#2In this paper, right-handed neutrinos are not considered (or equivalently assumed to be heavier than the B meson).

See Refs. [14–18] for models with light right-handed neutrinos in the context of the RD(⇤) anomaly.

– 2 –
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BSM energy scale is typically O(1-10)TeV

[Blanke,Crivellin,Kitahara,Moscati,Nierste,Nisandzic’19]8
Re[CS2=4CT]

Im
[C

S2
=

4C
T
]

CV1CV1

CS1

C
S2

C
S2

=
-4

C
T

C
S1

collider bound

in EFT approach

2D fit results

collider of H±



Search for new particle (effects) at LHC

ATLAS, CMS

Direct production


Indirect search


New study on pp→τν + b-jet


Compared to pp→τν:


Sig. suppressed by 3-body final state


Much smaller SM background

sensitivity is limited by

collision energy
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Benchmark model: leptoquark

Leptoquark is a spin 0 or 1 particle carrying both lepton and baryon #


Couple to lepton and quark:


Introduced in models unifying quarks and leptons, e.g., Pati-Salam model


Mass >~1TeV by LHC direct searches


R(D), R(D*) are explained by R2, S1, U1

quark

lepton

LQ

(SU(3), SU(2), U(1)) Spin Symbol Type F
(3,3, 1/3) 0 S3 LL (SL

1 ) �2
(3,2, 7/6) 0 R2 RL (SL

1/2), LR (SR

1/2) 0

(3,2, 1/6) 0 R̃2 RL (S̃L

1/2), LR (S̃L

1/2) 0

(3,1, 4/3) 0 S̃1 RR (S̃R

0 ) �2

(3,1, 1/3) 0 S1 LL (SL

0 ), RR (SR

0 ), RR (SR

0 ) �2

(3,1,�2/3) 0 S̄1 RR (S̄R

0 ) �2

(3,3, 2/3) 1 U3 LL (V L

1 ) 0
(3,2, 5/6) 1 V2 RL (V L

1/2), LR (V R

1/2) �2

(3,2,�1/6) 1 Ṽ2 RL (Ṽ L

1/2), LR (Ṽ R

1/2) �2

(3,1, 5/3) 1 Ũ1 RR (Ṽ R

0 ) 0

(3,1, 2/3) 1 U1 LL (V L

0 ), RR (V R

0 ), RR (V R

0 ) 0

(3,1,�1/3) 1 Ū1 RR (V̄ R

0 ) 0

Table 1: List of scalar and vector LQs. See text for details.

under the SM gauge group as the classification criterion. In the first column
of Table 1 we explicitly specify the SM transformation properties that can be
easily understood on purely group theoretical grounds as follows.

All quarks (leptons) are triplets (singlets) with regard to SU(3). This means
that all LQs should transform as 3-dimensional representations of SU(3) in
order for quark–lepton–LQ contraction(s) to be invariant under the SU(3) group
transformations. In group theoretical terms one uses a singlet (1) of SU(3) in
decomposition of the direct product 3 ⌦ 1 ⌦ 3 ⌘ 8 � 1 that corresponds to
quark–lepton–LQ contraction(s). The dimensionality of SU(3) representation
is thus the same for all LQs. They are all triplets of SU(3). One consequence
of this property is that some LQs can couple to a quark-quark pair while not a
single LQ can couple to a lepton–lepton pair.

The LQ dimensionality assignment under SU(2) is less trivial if compared
with the SU(3) case since both quarks and leptons are either singlets (1) or
doublets (2) of SU(2). Quark–lepton contractions can then be of triplet, dou-
blet, and singlet nature in SU(2) space since 2 ⌦ 2 ⌘ 3 � 1, 2 ⌦ 1 ⌘ 2, and
1 ⌦ 1 ⌘ 1. These representations need to be contracted with LQs that have
the same SU(2) dimensionality in order to create gauge invariant terms. LQs
can thus be triplets, doublets, and singlets of SU(2). The dimensionality under
SU(2) can accordingly be used to distinguish between different LQs. This cor-
responds to a subscript of the LQ symbol in the third column of Table 1. If LQ
multiplets have the same dimensionality under SU(2) but differ in hyper-charge
U(1) one needs to introduce additional markings — a tilde or a bar — above
the LQ symbol. For example, there are three scalar multiplets that are singlets
under SU(2). We accordingly denote them as S1, S̃1, and S̄1. This particular
notation was introduced in Ref. [9] for all LQs except for S̄1 and Ū1 states. The
only leptons that S̄1 and Ū1 can couple to are right-chiral neutrinos that are not
part of the SM field content. This is the reason why S̄1 and Ū1 were omitted
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Result: U1 (vector) LQ
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Figure 1. Expected sensitivities to the absolute value of CX (LLHC) (upper in each scenario) with
R
Ldt =

139 fb�1 (solid) and 3000 fb�1 (dashed) in the t±n (blue) and t±n +b (red) searches. In the lower plot of
each scenario, dC95%

X /C95%
X |t± is displayed for

R
Ldt = 3000 fb�1 with dC95%

X =C95%
X |t± �C95%

X |t� , where
C95%

X |t�(±) is the sensitivity to the WC with (without) selecting t�.
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Run-II

future

Sensitivity is improved by τν+b analysis

versus traditional τν search.


Sensitivity depends on LQ mass, i.e., 

EFT approx. is not always valid.


Because of SU(2) symmetry, LQ-s-τ int. 

is predicted due to LQ-c-ν int.


For U1, large LQ-c-ν coupling

region can be probed.

τ±ν (139fb-1)
τ±ν (3000fb-1)
τ±ν+b (139fb-1)
τ±ν+b (3000fb-1)
τ+τ- (ATLAS 139fb-1 )
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Figure 5. Expected sensitivities to the U1 LQ scenario as functions of the LQ couplings with the LQ
mass of 2TeV (left) and 4TeV (right). The black dashed lines show the results with selecting t�n . The
gray horizontal lines correspond to the current LHC bound recast from the ATLAS pp ! t+t� search. See
Fig. 4 for other color conventions.

In Ref. [71], the pp ! t+t� search by the ATLAS [72] has been used to constrain the present
two U1 LQ scenarios. Their definition of the LQ couplings are related to ours as hbt ⌘ gU b bt

L
and hst ⌘ gU b st

L by taking b bt
L = 1. Then, the upper limit on (gU ,MLQ) has been recast from the

ATLAS result at
R
Ldt = 139 fb�1, where b st

L � [0.10,0.25] ([0.12,0.26]) is fitted from relevant
flavor observables for single-U1 (U(2)-U1). Although it is unclear how to implement the sub-
leading contributions from bs/ss ! t+t� in their study, we naively translate their result into the
(hst ,hbt) plane as shown in the figure with gray lines. It is found that the t±n + b search is

– 23 –

detectable

probed

R(D), R(D*)
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(a) MS1 LQ = 1.5 TeV (b) MS1 LQ = 4.0 TeV

Figure 3. The S1 LQ scenario with MLQ = 1.5 TeV and 4.0 TeV on the (CV1 ,CS2) plane. The color
convention is the same as in Fig. 2. The magenta lines are the current bound from the experimental data withR
Ldt = 36 fb�1 by assuming MLQ = 2 TeV (left panel) and the EFT limit (right panel) [34]. In addition, the

cyan-shaded region is excluded by the B ! K⇤nn measurement at the 90% CL, and the red-shaded region is
excluded by DMs.

Note again that ± does not mean an uncertainty. Also, the phase fR for U(2)-U1 is almost irrelevant
for the present LHC study.

In Fig. 4, the NP sensitivities are shown in the t±n (t±n + b) search by the blue (red) lines.
The solid (dashed) lines correspond to

R
Ldt = 139 fb�1 (3000 fb�1). The vertical axis is a product

of the U1 couplings, h33
L h23

L ⌘ hbthcn , and the horizontal one is the LQ mass, MLQ. The region
favored by RD(⇤) at the 1s (2s ) level is also given in the green (yellow) color. Regarding the
U(2)-U1 scenario, the relative phase is fixed as fR = 0.42p .

In the figure, the results are shown for Rs/b ! 0 and Rs/b = 1 in the left and right panels,
respectively. The former corresponds to the single CV1 scenario, and hence, the NP sensitivity is
exactly the same as that given in the previous section. On the other hand, since h23

L = hst = hcn
in the U1 LQ model as aforementioned in Sec. 3.2, the latter indicates how hst 6= 0 contribution to
the signal production affects the NP sensitivity. For Rs/b = 1, it is found that the t±n search can
be competitive to that of t±n +b. We also show the sensitivities for larger Rs/b as = 2,4 and 4 in
the single-U1 and U(2)-U1 scenarios, respectively, at MLQ = 4 TeV for further comparison. It is
concluded from the figures that both scenarios can be tested at HL-LHC with

R
Ldt = 3000 fb�1.

Regarding the U(2)-U1 scenario, the present LHC data sample is large enough to probe the scenario
if the t±n +b analysis is performed. Also, it should be mentioned that the result depends on Rs/b

significantly. It is shown that the sensitivities are enhanced by larger Rs/b even in the EFT limit. Its
contribution will be investigated in detail later.

Figure 5 shows a dependence of the LHC sensitivity on the LQ couplings, h23
L (= hst = hcn)

– 21 –

Result: R2 and S1 LQ

Flavor constraint must be taken into account.


R2 model predicts CS2=4CT

Constraint from B(Bc→τν) [large uncert.]


All region can be probed by τν+b channel

if the current (Run-II) data are analyzed.


S1 model predicts (CV1, CS2=-4CT)


Robust constraint from ΔMs, B→K*νν
Most R(D*) region can be probed in future.

(a) MR2 LQ = 1.5 TeV
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(b) MR2 LQ = 2.5 TeV

Figure 2. The R2 LQ scenario with MLQ = 1.5 and 2.5 TeV. The regions outside the blue and red lines
are probed by the t±n and t±n + b searches, respectively, where the solid (dashed) lines correspond toR
Ldt = 139 fb�1 (3000 fb�1). The magenta line shows the current bound from the experimental data withR
Ldt = 36 fb�1 [34]. The (lighter) gray shaded regions are constrained by BR(Bc ! tn) > 0.6 (> 0.3).

The RD and RD⇤ anomalies are explained at 1s in the blue and green shaded regions, respectively, while the
combined fit at 1/2s is shown in orange/yellow.

where the measured values of RD and RD⇤ are fitted. Note that ± does not mean an uncertainty but
represents two solutions. Since the LHC study is almost insensitive to the phase of WCs, it is set
to be zero in the collider analysis.

Such large WCs are expected to be probed at the LHC.#7 In the single-R2(CV2) scenario, by
comparing Tables 7 and 8 with the background results in Fig. 1, it is found that the LHC sensitivity
of the t±n search is marginal at

R
Ldt = 139 fb�1 to test the RD(⇤) explanation depending on the

LQ mass, whereas that of the t±n +b search is enough to probe the parameter region in all ranges
of the LQ mass. We would like to stress that the scenario can be probed with use of the current data
samples at the LHC (139 fb�1) for t±n +b. On the other hand, in the single-R2(CS2) scenario, it is
also shown that the RD(⇤)-favored value of |CS2(LLHC)|⇡ 0.36 can be fully probed by the t±n +b
search at 139 fb�1, but not by t±n . Therefore, it is concluded that requiring an additional b-jet is
significant to test the LQ scenarios in light of the the RD(⇤) anomaly.

The combined summary plot for the LHC sensitivity and the allowed region from the flavor
observables is shown in Fig. 2 for the case of the single-R2(CS2) scenario with MLQ = 1.5 TeV and
2.5 TeV. The sensitivity at

R
Ldt = 139 fb�1 from the t±n and t±n +b channels are denoted by

solid blue and red lines, respectively. Their HL-LHC prospects at
R
Ldt = 3000 fb�1 are shown

#7Interference with the SM part is preferred to be small by a fit for the RD(⇤) anomaly in the R2 LQ model. Therefore,
resultant WCs have large imaginary components, and their absolute values tend to be large enough to be able to probed
at the LHC.
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Figure 2. The R2 LQ scenario with MLQ = 1.5 and 2.5 TeV. The regions outside the blue and red lines
are probed by the t±n and t±n + b searches, respectively, where the solid (dashed) lines correspond toR
Ldt = 139 fb�1 (3000 fb�1). The magenta line shows the current bound from the experimental data withR
Ldt = 36 fb�1 [34]. The (lighter) gray shaded regions are constrained by BR(Bc ! tn) > 0.6 (> 0.3).

The RD and RD⇤ anomalies are explained at 1s in the blue and green shaded regions, respectively, while the
combined fit at 1/2s is shown in orange/yellow.

where the measured values of RD and RD⇤ are fitted. Note that ± does not mean an uncertainty but
represents two solutions. Since the LHC study is almost insensitive to the phase of WCs, it is set
to be zero in the collider analysis.

Such large WCs are expected to be probed at the LHC.#7 In the single-R2(CV2) scenario, by
comparing Tables 7 and 8 with the background results in Fig. 1, it is found that the LHC sensitivity
of the t±n search is marginal at

R
Ldt = 139 fb�1 to test the RD(⇤) explanation depending on the

LQ mass, whereas that of the t±n +b search is enough to probe the parameter region in all ranges
of the LQ mass. We would like to stress that the scenario can be probed with use of the current data
samples at the LHC (139 fb�1) for t±n +b. On the other hand, in the single-R2(CS2) scenario, it is
also shown that the RD(⇤)-favored value of |CS2(LLHC)|⇡ 0.36 can be fully probed by the t±n +b
search at 139 fb�1, but not by t±n . Therefore, it is concluded that requiring an additional b-jet is
significant to test the LQ scenarios in light of the the RD(⇤) anomaly.

The combined summary plot for the LHC sensitivity and the allowed region from the flavor
observables is shown in Fig. 2 for the case of the single-R2(CS2) scenario with MLQ = 1.5 TeV and
2.5 TeV. The sensitivity at

R
Ldt = 139 fb�1 from the t±n and t±n +b channels are denoted by

solid blue and red lines, respectively. Their HL-LHC prospects at
R
Ldt = 3000 fb�1 are shown

#7Interference with the SM part is preferred to be small by a fit for the RD(⇤) anomaly in the R2 LQ model. Therefore,
resultant WCs have large imaginary components, and their absolute values tend to be large enough to be able to probed
at the LHC.
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Figure 3. The S1 LQ scenario with MLQ = 1.5 TeV and 4.0 TeV on the (CV1 ,CS2) plane. The color
convention is the same as in Fig. 2. The magenta lines are the current bound from the experimental data withR
Ldt = 36 fb�1 by assuming MLQ = 2 TeV (left panel) and the EFT limit (right panel) [34]. In addition, the

cyan-shaded region is excluded by the B ! K⇤nn measurement at the 90% CL, and the red-shaded region is
excluded by DMs.

Note again that ± does not mean an uncertainty. Also, the phase fR for U(2)-U1 is almost irrelevant
for the present LHC study.

In Fig. 4, the NP sensitivities are shown in the t±n (t±n + b) search by the blue (red) lines.
The solid (dashed) lines correspond to

R
Ldt = 139 fb�1 (3000 fb�1). The vertical axis is a product

of the U1 couplings, h33
L h23

L ⌘ hbthcn , and the horizontal one is the LQ mass, MLQ. The region
favored by RD(⇤) at the 1s (2s ) level is also given in the green (yellow) color. Regarding the
U(2)-U1 scenario, the relative phase is fixed as fR = 0.42p .

In the figure, the results are shown for Rs/b ! 0 and Rs/b = 1 in the left and right panels,
respectively. The former corresponds to the single CV1 scenario, and hence, the NP sensitivity is
exactly the same as that given in the previous section. On the other hand, since h23

L = hst = hcn
in the U1 LQ model as aforementioned in Sec. 3.2, the latter indicates how hst 6= 0 contribution to
the signal production affects the NP sensitivity. For Rs/b = 1, it is found that the t±n search can
be competitive to that of t±n +b. We also show the sensitivities for larger Rs/b as = 2,4 and 4 in
the single-U1 and U(2)-U1 scenarios, respectively, at MLQ = 4 TeV for further comparison. It is
concluded from the figures that both scenarios can be tested at HL-LHC with

R
Ldt = 3000 fb�1.

Regarding the U(2)-U1 scenario, the present LHC data sample is large enough to probe the scenario
if the t±n +b analysis is performed. Also, it should be mentioned that the result depends on Rs/b

significantly. It is shown that the sensitivities are enhanced by larger Rs/b even in the EFT limit. Its
contribution will be investigated in detail later.

Figure 5 shows a dependence of the LHC sensitivity on the LQ couplings, h23
L (= hst = hcn)
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pp→τν+b channel is powerful to probe

BSM responsible for R(D), R(D*)

detectable

12

cf. Blanke et.al. applied to charged Higgs model.

Run-II

future



Quark-flavor conserving
nonstandard interaction

Ref. ME, Mishima, Ueda, JHEP 05(2021)050

13

contribution to quark flavor violations



Why flavor-conserving int. induce flavor violations?

In general, CKM matrix in W boson loop triggers flavor violations.
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New physics

SMEFT

LEFT

>~1TeV

~100GeV W, Z, h, t decoupled

new particles decoupled

EW radiative correction

Energy scale

Renormalization group

evolution

Matching condition

14



Traditional study

Renormalization group evolution (especially of Yukawa matrix)

                                               [e.g., Coy,Frigerio,Mescia,Sumensari’20]


→ Need finite terms (EW threshold corrections) for low-scale BSM.


Approximation of quark (&lepton) mass → 0 in calculating matching cond.


Quark (&lepton) mass (m) ≪ BSM scale (M)


Valid when the amplitudes are expanded by m/M (→0)


→ Can we apply this approximation at the begging of calculation?
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Figure 1: Feynman diagrams for the EW one-loop corrections. Additionally, there are

diagrams where the Nambu–Goldstone (NG) boson G±, instead of W±, is exchanged. The

vertices with a cross in a circle indicate SMEFT operators. In (a), the vertices are provided

either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).
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Figure 1: Feynman diagrams for the EW one-loop corrections. Additionally, there are

diagrams where the Nambu–Goldstone (NG) boson G±, instead of W±, is exchanged. The

vertices with a cross in a circle indicate SMEFT operators. In (a), the vertices are provided

either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).
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self-energy

vertex correction

EW radiative corrections
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On-shell condition of fermion propagator (with flavor-changing corrections)


Fermion wave function (i≠j)


  c.f. analogous to diagonalization of mass matrix


Because fermion masses appear in denominator, m→0 approx. in advance

is not valid for calculating flavor-changing self-energy corrections.

Self-energy correction
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Sij(/p) =
/p+mi

p2 �mi
�ij +

/p+mi

p2 �mi
(�⌃ij)

/p+mj

p2 �mj
+ · · · → simple pole only at p2=mi2

3 EW one-loop corrections

In this section, we calculate building blocks of the EW one-loop matching formulae, par-

ticularly paying attention to the contributions which change the quark flavors by the CKM

matrix. There are five types ofW -boson loop diagrams; i) self-energy corrections [Fig. 1(a)],

ii) vertex corrections to right-handed up-type quarks [Fig. 1(b,c)], iii) those to left-handed

quarks/leptons [Fig. 1(b–e)], iv) box contributions [Fig. 1(f)], and v) penguin contribu-

tions mediated by photon or Z boson [Fig. 1(g–i)]. We adopt the dimensional regulariza-

tion scheme in the R⇠ gauge by means of the FeynArts [21] and FormCalc [22] packages,

where the SMEFT operators are implemented via Feynrules [23].#5 Besides, we apply

the on-shell renormalization condition.#6 In the calculations, all the quark masses are kept

non-zero especially for dealing with the quark-flavor mixings. Then, the external quark

masses as well as those of leptons are approximated to be zero afterwards, because they

are much smaller than the NP scale.

3.1 Self-energy corrections

The wave-function renormalization must be taken into account to study the quark-flavor

transitions as well as the gauge independence. In general, the inverse fermion propagator

is expressed as

S�1
ij

= (/p�mi)�ij � ⌃ij(p). (3.1)

Here, ⌃ij is the unrenormalized self-energy amplitude, which is represented as

⌃ij(p) = /p[PL⌃
L

ij
(p2) + PR⌃

R

ij
(p2)] + PL⌃

DL

ij
(p2) + PR⌃

DR

ij
(p2). (3.2)

We denote a Dirac fermion in the mass eigenstates basis by fi with a flavor index, i = 1, 2, 3.

The unrenormalized fields are written in terms of the renormalized ones as

f (0)
L,R,i

= (ZL,R

ij
)1/2fL,R,j =

✓
�ij +

1

2
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)1/2f̄L,R,j =

✓
�ij +

1

2
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L,R

ij

◆
f̄L,R,j. (3.4)

To determine the renormalization constants, we impose the on-shell conditions and

follow the prescription which has been developed for a chiral theory in the presence of

fermion mixings [13, 14, 24–27]. In particular, those for i = j are obtained as

�ZL

ii
= ⌃L

ii
(m2

i
) + A+D + ↵i, (3.5)

#5In the analysis of four-Fermi operators, spurious fields are introduced to split them into renormalizable
interactions to avoid a fermion chain problem (see the manual of FeynArts).
#6The tadpole contributions are chosen to be zero.
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where mi is a mass of the external fermion i, and ⌃0
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(m2
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) = @⌃ii(p2)/@p2|p2=m

2
i
. Also, ↵i

is a free parameter, which cannot be fixed by the on-shell condition and does not a↵ect

physical observables, satisfying
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We choose ↵i = 0 in the following analysis. On the other hand, the flavor o↵-diagonal

components (i 6= j) are obtained as
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Let us show the results of the above renormalization constants for the down-type quarks

explicitly. The EW one-loop diagram is given in Fig. 1(a). During the calculation, all the

fermion masses expect for those of the neutrinos are kept non-zero particularly to deal with

the quark-flavor mixings. We expand the results by a ratio of the external quark masses,

mi/mj for i < j, and focus on the leading contribution. Then, the external quark masses

as well as the lepton ones are approximated to zero. When both of the W -boson vertices

in the diagram are provided by the SM, the result becomes

1

2
�ZL

ij
=

↵�ij

m0

⇡s2
W


Kij(xm0 , µ)� ⌅1(xm0)� 1

2
⌅0(µ)

�
, (3.16)

1

2
�Z

L

ij
=

↵�ij

m0

⇡s2
W


Kij(xm0 , µ)� ⌅1(xm0)� 1

2
⌅0(µ)

�
, (3.17)

1

2
�ZR

ij
= 0,

1

2
�Z

R

ij
= 0, (3.18)

6

3 EW one-loop corrections

In this section, we calculate building blocks of the EW one-loop matching formulae, par-

ticularly paying attention to the contributions which change the quark flavors by the CKM

matrix. There are five types ofW -boson loop diagrams; i) self-energy corrections [Fig. 1(a)],

ii) vertex corrections to right-handed up-type quarks [Fig. 1(b,c)], iii) those to left-handed

quarks/leptons [Fig. 1(b–e)], iv) box contributions [Fig. 1(f)], and v) penguin contribu-

tions mediated by photon or Z boson [Fig. 1(g–i)]. We adopt the dimensional regulariza-

tion scheme in the R⇠ gauge by means of the FeynArts [21] and FormCalc [22] packages,

where the SMEFT operators are implemented via Feynrules [23].#5 Besides, we apply

the on-shell renormalization condition.#6 In the calculations, all the quark masses are kept

non-zero especially for dealing with the quark-flavor mixings. Then, the external quark

masses as well as those of leptons are approximated to be zero afterwards, because they

are much smaller than the NP scale.

3.1 Self-energy corrections

The wave-function renormalization must be taken into account to study the quark-flavor

transitions as well as the gauge independence. In general, the inverse fermion propagator

is expressed as

S�1
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= (/p�mi)�ij � ⌃ij(p). (3.1)

Here, ⌃ij is the unrenormalized self-energy amplitude, which is represented as
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We denote a Dirac fermion in the mass eigenstates basis by fi with a flavor index, i = 1, 2, 3.

The unrenormalized fields are written in terms of the renormalized ones as
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To determine the renormalization constants, we impose the on-shell conditions and

follow the prescription which has been developed for a chiral theory in the presence of

fermion mixings [13, 14, 24–27]. In particular, those for i = j are obtained as

�ZL
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= ⌃L
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(m2

i
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#5In the analysis of four-Fermi operators, spurious fields are introduced to split them into renormalizable
interactions to avoid a fermion chain problem (see the manual of FeynArts).
#6The tadpole contributions are chosen to be zero.

4

etc.

Radiative correction
(mi: fermion mass)
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Self-energy correction

EW 1-loop correction (mi ≪ mj for i<j)


Left-handed quarks receive EW corrections.


Result depends on flavor (i,j) structure.


→ Apply to explicit decay process
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Figure 1: Feynman diagrams for the EW one-loop corrections. Additionally, there are

diagrams where the Nambu–Goldstone (NG) boson G±, instead of W±, is exchanged. The

vertices with a cross in a circle indicate SMEFT operators. In (a), the vertices are provided

either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).
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Let us show the results of the above renormalization constants for the down-type quarks

explicitly. The EW one-loop diagram is given in Fig. 1(a). During the calculation, all the

fermion masses expect for those of the neutrinos are kept non-zero particularly to deal with

the quark-flavor mixings. We expand the results by a ratio of the external quark masses,

mi/mj for i < j, and focus on the leading contribution. Then, the external quark masses

as well as the lepton ones are approximated to zero. When both of the W -boson vertices

in the diagram are provided by the SM, the result becomes
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summed over m’

where the results are summed over the flavor indexm0. Here, �ij

m0 = V ⇤
m0iVm0j, xi = m2
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/M2

W
,

and µ is the renormalization scale. Note that an identity
P

m0 �
ij

m0 f = �ijf is satisfied due

to the CKM unitarity as long as f is independent of xm. From Eqs. (3.5)–(3.8) and (3.12)–

(3.15), the loop functions depend on the flavor indices i, j as
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It is noticed that they satisfy an identity,

K1(x, µ) +K2(x, µ) = 2K0(x, µ). (3.23)

On the other hand, the functions involving the gauge parameter ⇠W are given by
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Here, the terms independent of x as well as those with ⇠W are assembled in ⌅0(µ).

In order to show the gauge-parameter cancellation in the next section, we also need the

renormalization constants for the charged leptons. From Fig. 1(a) involving the neutrino

instead of the up-type quark, they become
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which are obtained from Eqs. (3.16)–(3.18) with xm ! 0 and V ! 1.

It is pedagogical to show explicitly how the e↵ective operators are corrected by the

wave-function renormalizations. Suppose an e↵ective operator is given by

Le↵ = Cijkl(ei�µPIej)(dk�
µPJdl), (3.28)
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⌅0(µ)

�
, (3.26)

1

2
�ZeR

ii
= 0,

1

2
�Z

eR

ii
= 0, (3.27)

which are obtained from Eqs. (3.16)–(3.18) with xm ! 0 and V ! 1.

It is pedagogical to show explicitly how the e↵ective operators are corrected by the

wave-function renormalizations. Suppose an e↵ective operator is given by

Le↵ = Cijkl(ei�µPIej)(dk�
µPJdl), (3.28)

7

K0,1,2: loop functions,  Ξ0,1: gauge-dependent functions (Rξ gauge)
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Hints of BSM in B meson decays

Neutral-current anomaly:


New LHCb (’20) result of R(K) confirms

deviation between exp and SM.


Significance: 3.1σ in R(K), ~2σ deviations in R(K*)


Angular distribution (P5’) of B→K*μμ also shows


strong tension with SM (>3σ), though potentially


large hadronic uncertainty exists.


→ hints of BSM, i.e., NSI
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b ! sµ+µ�
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RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
0! K

⇤0
`
+
`
� and B

0! K
⇤0

J/ (! `
+
`
�) decays

RK⇤0 =
B(B0! K
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µ
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+
µ
�))

�
B(B0! K

⇤0
e
+
e
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B(B0! K
⇤0

J/ (! e
+
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�))

,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2
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Effective field theory

Relevant effective Hamiltonian (below EWSB scale)


SM prediction


C9(SM)=4.1, C10(SM)=-4.3


BSM scale


Λ(tree) ~ O(10)TeV


Λ(loop) ~ O(1)TeV ← FC NSI
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DµH)(q

i
�µqj), (2.8)

(O(3)
Hq
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 !
DI

µ
H)(q

i
�µ⌧ Iqj), (2.9)

(OHu)ij = (H†i
 !
DµH)(uRi�

µuRj), (2.10)

where the derivative is

H† !D I

µ
H = H†⌧ IDµH � (DµH)†⌧ IH, (2.11)

and ⌧ I is the SU(2)L generator with flavor indices i, j, k, l. Since it is straightforward to

extend the following analysis for the case of general di ! dj`` transitions, we do not specify

the fermion flavors here and hereafter.

The Higgs field gets a vacuum expectation value, v = (
p
2GF )�1/2 ' 246GeV. Below

the EWSB scale, the LEFT Hamiltonian is defined as#4

He↵ = �4GFp
2

[C9Q9 + C10Q10] , (2.12)

where the operators are
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16⇡2
(di�µPLdj)(ek�

µel), (2.13)

(Q10)ijkl =
e2

16⇡2
(di�µPLdj)(ek�

µ�5el), (2.14)

where the fields are regarded as Dirac fermions in the mass eigenstate basis. Let us also

define the following operators to use in the following sections,

(QL)ijkl = (di�µPLdj)(ek�
µPLel), (2.15)

(QR)ijkl = (di�µPLdj)(ek�
µPRel), (2.16)

(QZ)ijkl = (�1 + 2s2
W
)(QL)ijkl + 2s2

W
(QR)ijkl, (2.17)

where sW is the sine of the Weinberg angle. At the tree level, the matching conditions

between the SMEFT and LEFT operators are obtained as (see, e.g., Ref. [7])
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where ↵ is the fine structure constant. Note that the Wilson coe�cients in both sides are

evaluated at the EWSB scale.
#4Note that the normalization is the same as Ref. [7], but is di↵erent from many of the literature such

as Ref. [3]
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where ↵ is the fine structure constant. Note that the Wilson coe�cients in both sides are
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7. Testing the standard model with (semi-) leptonic heavy flavour decays
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Figure 7.10.: Results of a fit to b ! s`` data, assuming New Physics to be present in C9 and C10. The
results are shown as two-dimensional likelihood contours. Figures updated from [582].

Another interesting possibility is given by imposing the condition �C9 = ��C 0
9 and �C10 = �C 0

10,
which describes New Physics that couples an axial quark current to a vectorial lepton current and vice-
versa, so that combinations of the currents are then linearly dependent. This leads to a significantly
better fit (cf. Table 7.3) and lifts the tension between angular and LFUV observables, as can be seen
in the bottom left plot of Fig. 7.11.

Finally, we consider a scenario in which New Physics is only present in C9 and C 0
9. This corresponds

to a case in which New Physics couples to left- and right-handed quarks di↵erently, but only vectorially
to charged leptons. Here, the fit leads to an excellent agreement between the observables and the overall
data (cf. Table 7.3), which can be seen in the bottom right plot of Fig. 7.11.

As an alternative, and as pointed out in [583, 584], one can consider New Physics contributions

to Cbsee

i
Wilson coe�cients. Again imposing SU(2)L invariance, we consider �Cbsµµ

9 = ��Cbsµµ

10
vs. �Cbsee

9 = ��Cbsee

10 which leads to a reasonable description of the data. However, as previously
discussed, the angular observables cannot be well accommodated (cf. left plot in Fig. 7.9 and related
discussion).

A somewhat di↵erent idea, that was first proposed in [585], relies on introducing a lepton flavour

universal contribution to C9, in addition to �Cbsµµ

9 = ��Cbsµµ

10 . Thus, the relevant New Physics
contributions to the Wilson coe�cients are given by

CbsµµNP
9 = �Cbsµµ

9 + �Cuniv
9 , �Cbsµµ

10 = ��Cbsµµ

9 , �Cbsee

9 = �Cuniv
9 . (7.49)

As can be seen in Table 7.3, a fit of this scenario leads to an excellent description of the data, which
is also shown in the right plot of Fig. 7.12. A universal contribution to C9 further dismisses the need
for a �Cbsee

9 = ��Cbsee

10 New Physics contribution (cf. Table 7.3).

In principle, the universal contribution can also be envisaged in Cbs⌧⌧

9 . Should this be the case, it
could be mimicked by underestimated or unknown long distance charm-loop e↵ects, a possibility that
was recently studied in [586], in which a lepton flavour universal contribution to C9 is treated as a
nuisance parameter in the fit. Furthermore, the “look elsewhere e↵ect” (LEE) is taken into account
in the fit, leading to a global significance of the b ! sµµ anomalies (LFUV, angular observables and
di↵erential branching fractions) amounting to 4.3 � [586].

However, a more interesting possibility was pointed out in [587]: the universal contribution might
arise via RGE from a large Cbs⌧⌧

9 at the electroweak scale (or New Physics matching scale). Since
tree-level matching of SMEFT preserves SU(2)L, and can thus naturally lead to �C9 = ��C10, a
large �Cbs⌧⌧

9 at the electroweak scale could then be connected to the charged current R
D(⇤) anomalies

- a possibility we will explore in the next section.

136

SM

R(K)

R(K*)

angular

global

[Kriewald,Hati,Orloff,Teixeira’19]

ACDMN Complete fit: 246 observables LFUV + radiative + Bs ! µ+µ�

1D Hyp. Best fit PullSM (�) p-value Best fit PullSM (�) p-value

CNP
9µ �1.06+0.15

�0.14 7.0 39.5% �0.82+0.22
�0.24 4.0 36.0%

CNP
9µ = �CNP

10µ �0.44+0.07
�0.08 6.2 22.8% �0.37+0.08

�0.09 4.6 68.0%

Table 1: Analysis of the ACDMN group as of Moriond 2021: most preferred 1D patterns
of NP in b ! sµ+µ�. For a complete set of 1D patterns, see Ref. [49]. The p-value of
the SM hypothesis is 1.1% (corresponding to a discrepancy with the data of 2.5�) for the
complete fit and 1.4% for the LFUV fit.

AS Complete fit: 130 observables LFUV + Bs ! µ+µ�

1D Hyp. Best fit PullSM (�) Best fit PullSM (�)

CNP
9µ �0.80± 0.14 5.7 �0.74+0.20

�0.21 4.1
CNP
9µ = �CNP

10µ �0.41± 0.07 5.9 �0.35± 0.08 4.6

Table 2: Analysis of the AS group as of Moriond 2021: most preferred 1D patterns of NP in
b ! sµ+µ�, see Ref. [50], v2 [Apr.2021]. The number of observables is taken from Ref. [51].
Note: a revised Ref. [50], v3 [Sept.2021] finds very similar results: CNP

9µ = �0.73 ± 0.15

(PullSM = 5.2�) and CNP
9µ = �CNP

10µ = �0.39 ± 0.07 (5.6�) for the complete fit, and
unchanged results for the LFUV fit.

HMMN Complete fit: 173 observables only RK(⇤)+ Bd,s ! µ+µ�

1D Hyp. Best fit PullSM (�) Best fit PullSM (�)

CNP
9µ �0.95± 0.12 7.6 �0.77± 0.21 4.0

CNP
9µ = �CNP

10µ �0.49± 0.08 6.7 �0.38± 0.09 4.6

Table 3: Analysis of the HMMN group as of Moriond 2021: most preferred 1D patterns
of NP in b ! sµ+µ�. For a complete set of 1D patterns, see Ref. [52].

ACDMN analysis, but we note that AS and HMMN also perform 2D fits.
A number of 2D hypothesis are examined in Ref. [49]. Here we discuss two of them:

a) Adding CNP
10µ to CNP

9µ slightly decreases the PullSM in the complete fit (Table 4). That
is, the addition of this NP WC does not provide a better description of the data.
Still, it is clear that a small contribution to CNP

10µ (or to C0NP
10µ or a scalar operator)

is required to explain the small (⇠ 2�) deficit with respect to the SM observed in
B(Bs ! µ+µ�). On the other hand, the recent experimental update by LHCb is
closer to the SM value, and this has slightly reduced its significance: in the 2D
[CNP

9µ , CNP
10µ] plot, CNP

10µ is now consistent with zero at 1�.

b) If instead a RH current with the structure C0NP
9µ = �C0NP

10µ is added to C9µ (hypothesis
5 in notation of [38]), a better description of the data is found: this is the scenario
with the largest PullSM (7.4�), see Table 4. The same result is obtained if only
C0NP
10µ is added. The reason is that the RH current counterbalances the e↵ect of a

Ndof .

11

[Capdevila,Descotes-Genon,Matias,Novoa-Brunet’19]



where the summation overm0 is implicit. In the last equation, the identity in Eq. (3.23) was

used to simplify the loop functions. Consequently, although the results of the loop function

in the general case (4.10) depend on the flavor indices i, j, those in the flavor-universal case

(4.13) become insensitive to them.#11 Since I1(x, µ) is proportional to x, it is dominated

by the top-quark contribution, m0 = 3. Then, the result becomes consistent with those in

Ref. [9], where the flavor-universal case was studied. Let us stress again that the result,

however, di↵ers from it when the SMEFT operator is not flavor-universal.

4.3 (C(1)
`q
)ijkl

The analysis on (C(1)
`q

)ijkl is very similar to that of (Cqe)ijkl. The left-handed quarks (and

leptons) are expanded as

Le↵ = (C(1)
`q

)ijkl(`i�µ`j)(qk�
µql)

= (C(1)
`q

)ijkl(ei�µPLej)
⇥
Vm0kV

⇤
n0l(um0�µPLun0) + (dk�

µPLdl)
⇤
+ . . . , (4.14)

where the terms including the neutrinos are omitted. From Eqs. (3.16), (3.17), and (3.39),

we obtain

�Le↵ =
↵

⇡s2
W

�k
0
k

m0 �ll
0

n0
⇥
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⇤
(C(1)
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+
1

2
�Z

L

k0k(C
(1)
`q

)ijkl(QL)k0lij +
1

2
�ZL

ll0(C
(1)
`q
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=
↵

⇡s2
W

�k
0
k
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0

n0
⇥
J2(xm0 , xn0) +Kk0k(xm0 , µ) +Kll0(xn0 , µ)

⇤
(C(1)

`q
)ijkl(QL)k0l0ij. (4.15)

This is obviously gauge invariant. Note that the radiative corrections to the leptons (neu-

trinos) are canceled similarly to the case of (C`u)ijkl. Thus, the matching formulae become

(C9)
EW
ijkl

= �(C10)
EW
ijkl

=
v2

s2
W

�ii
0

m0�
j
0
j

n0

h
J2(xm0 , xn0) +Kii0(xm0 , µ) +Kj0j(xn0 , µ)

i
(C(1)

`q
)kli0j0

=
v2

s2
W

�ii
0

m0�
j
0
j

n0 (C
(1)
`q

)kli0j0 ⇥

8
>>>>>>>>>><

>>>>>>>>>>:

I2(xm0 , xn0 , µ), (i0 = i, j0 = j)

[J2(xm0 , xn0) +K1(xm0 , µ)] , (i0 < i, j0 = j)

[J2(xm0 , xn0) +K2(xm0 , µ)] , (i0 > i, j0 = j)

[J2(xm0 , xn0) +K1(xn0 , µ)] , (i0 = i, j0 < j)

[J2(xm0 , xn0) +K2(xn0 , µ)] , (i0 = i, j0 > j)

J2(xm0 , xn0). (i0 6= i, j0 6= j)

(4.16)

#11This mechanism is similar to the case of the EW corrections to the SM gauge interactions.
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Flavor-conserving interaction induces flavor violation
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Figure 1: Feynman diagrams for the EW one-loop corrections. Additionally, there are

diagrams where the Nambu–Goldstone (NG) boson G±, instead of W±, is exchanged. The

vertices with a cross in a circle indicate SMEFT operators. In (a), the vertices are provided

either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).
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either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).
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+
1

2
�Z

L

i0i(Cqe)ijkl(QR)i0jkl +
1

2
�ZL

jj0(Cqe)ijkl(QR)ij0kl

=
↵

⇡s2
W

�i
0
i

m0�
jj

0

n0

⇥
J2(xm0 , xn0) +Ki0i(xm0 , µ) +Kjj0(xn0 , µ)

⇤
(Cqe)ijkl(QR)i0j0kl. (4.8)

In the second equality, we used
P

m
�ij

m
f = �ijf for f being independent of xm. It is found

that all the gauge parameters via ⌅0,1 are canceled out completely.

By matching the result onto the LEFT, one obtains

(C9)
EW
ijkl

= (C10)
EW
ijkl

=
v2

s2
W

�ii
0

m0�
j
0
j

n0

h
J2(xm0 , xn0) +Kii0(xm0 , µ) +Kj0j(xn0 , µ)

i
(Cqe)i0j0kl. (4.9)

The result is summed over the primed indices, as understood from the previous section. As

shown in Eq. (3.19), Kij(x, µ) and Kij(x, µ) depend on the flavor structure. The results

are explicitly shown as

(C9)
EW
ijkl

= (C10)
EW
ijkl

=
v2

s2
W

�ii
0

m0�
j
0
j

n0 (Cqe)i0j0kl ⇥

8
>>>>>>>>>><

>>>>>>>>>>:

I2(xm0 , xn0 , µ), (i0 = i, j0 = j)

[J2(xm0 , xn0) +K1(xm0 , µ)] , (i0 < i, j0 = j)

[J2(xm0 , xn0) +K2(xm0 , µ)] , (i0 > i, j0 = j)

[J2(xm0 , xn0) +K1(xn0 , µ)] , (i0 = i, j0 < j)

[J2(xm0 , xn0) +K2(xn0 , µ)] , (i0 = i, j0 > j)

J2(xm0 , xn0), (i0 6= i, j0 6= j)

(4.10)

where the loop function is defined as

I2(x, y, µ) = J2(x, y) +K0(x, µ) +K0(y, µ), (4.11)

which satisfies I2(x, x, µ) = �I1(x, µ).

In order to compare the result with the literature, let us specify the operator to the

quark-flavor universal case,

(Cqe)ijkl = (Cqe)kl�ij. (4.12)

Since an identity
P

i0,j0 �
ii
0

m0�
j
0
j

n0 �i0j0 = �ij

m0�m0n0 holds due to the CKM unitarity, the above

result is simplified as

(C9)
EW
ijkl

= (C10)
EW
ijkl

=
v2

s2
W

�ij

m0

h
J2(xm0 , xm0) +Kij(xm0 , µ) +Kij(xm0 , µ)

i
(Cqe)kl

= � v2

s2
W

�ij

m0I1(xm0 , µ)(Cqe)kl, (4.13)
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where the summation overm0 is implicit. In the last equation, the identity in Eq. (3.23) was

used to simplify the loop functions. Consequently, although the results of the loop function

in the general case (4.10) depend on the flavor indices i, j, those in the flavor-universal case

(4.13) become insensitive to them.#11 Since I1(x, µ) is proportional to x, it is dominated

by the top-quark contribution, m0 = 3. Then, the result becomes consistent with those in

Ref. [9], where the flavor-universal case was studied. Let us stress again that the result,

however, di↵ers from it when the SMEFT operator is not flavor-universal.

4.3 (C(1)
`q
)ijkl

The analysis on (C(1)
`q

)ijkl is very similar to that of (Cqe)ijkl. The left-handed quarks (and

leptons) are expanded as

Le↵ = (C(1)
`q

)ijkl(`i�µ`j)(qk�
µql)

= (C(1)
`q

)ijkl(ei�µPLej)
⇥
Vm0kV

⇤
n0l(um0�µPLun0) + (dk�

µPLdl)
⇤
+ . . . , (4.14)

where the terms including the neutrinos are omitted. From Eqs. (3.16), (3.17), and (3.39),

we obtain
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↵

⇡s2
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⇤
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+
1

2
�Z

L
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)ijkl(QL)k0lij +
1

2
�ZL

ll0(C
(1)
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)ijkl(QL)kl0ij

=
↵

⇡s2
W

�k
0
k
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0
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⇥
J2(xm0 , xn0) +Kk0k(xm0 , µ) +Kll0(xn0 , µ)

⇤
(C(1)

`q
)ijkl(QL)k0l0ij. (4.15)

This is obviously gauge invariant. Note that the radiative corrections to the leptons (neu-

trinos) are canceled similarly to the case of (C`u)ijkl. Thus, the matching formulae become

(C9)
EW
ijkl

= �(C10)
EW
ijkl

=
v2

s2
W

�ii
0

m0�
j
0
j

n0

h
J2(xm0 , xn0) +Kii0(xm0 , µ) +Kj0j(xn0 , µ)

i
(C(1)
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)kli0j0

=
v2

s2
W

�ii
0

m0�
j
0
j

n0 (C
(1)
`q

)kli0j0 ⇥

8
>>>>>>>>>><

>>>>>>>>>>:

I2(xm0 , xn0 , µ), (i0 = i, j0 = j)

[J2(xm0 , xn0) +K1(xm0 , µ)] , (i0 < i, j0 = j)

[J2(xm0 , xn0) +K2(xm0 , µ)] , (i0 > i, j0 = j)

[J2(xm0 , xn0) +K1(xn0 , µ)] , (i0 = i, j0 < j)

[J2(xm0 , xn0) +K2(xn0 , µ)] , (i0 = i, j0 > j)

J2(xm0 , xn0). (i0 6= i, j0 6= j)

(4.16)

#11This mechanism is similar to the case of the EW corrections to the SM gauge interactions.

14

Including vertex correction

EW loop

Depend on flavor (i,j) structure

through self-energy corrections
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Flavor-conserving interaction induces flavor violation

@

Imply BSM scale ~TeV (Note: RG evolutions have not been included)

Flavor violations are induced from flavor-conserving interactions.


Pay attention to treatment of quark masses.


Neutral-current B anomaly implies BSM in ~TeV scale.

ACDMN Complete fit: 246 observables LFUV + radiative + Bs ! µ+µ�

1D Hyp. Best fit PullSM (�) p-value Best fit PullSM (�) p-value

CNP
9µ �1.06+0.15

�0.14 7.0 39.5% �0.82+0.22
�0.24 4.0 36.0%

CNP
9µ = �CNP

10µ �0.44+0.07
�0.08 6.2 22.8% �0.37+0.08

�0.09 4.6 68.0%

Table 1: Analysis of the ACDMN group as of Moriond 2021: most preferred 1D patterns
of NP in b ! sµ+µ�. For a complete set of 1D patterns, see Ref. [49]. The p-value of
the SM hypothesis is 1.1% (corresponding to a discrepancy with the data of 2.5�) for the
complete fit and 1.4% for the LFUV fit.

AS Complete fit: 130 observables LFUV + Bs ! µ+µ�

1D Hyp. Best fit PullSM (�) Best fit PullSM (�)

CNP
9µ �0.80± 0.14 5.7 �0.74+0.20

�0.21 4.1
CNP
9µ = �CNP

10µ �0.41± 0.07 5.9 �0.35± 0.08 4.6

Table 2: Analysis of the AS group as of Moriond 2021: most preferred 1D patterns of NP in
b ! sµ+µ�, see Ref. [50], v2 [Apr.2021]. The number of observables is taken from Ref. [51].
Note: a revised Ref. [50], v3 [Sept.2021] finds very similar results: CNP

9µ = �0.73 ± 0.15

(PullSM = 5.2�) and CNP
9µ = �CNP

10µ = �0.39 ± 0.07 (5.6�) for the complete fit, and
unchanged results for the LFUV fit.

HMMN Complete fit: 173 observables only RK(⇤)+ Bd,s ! µ+µ�

1D Hyp. Best fit PullSM (�) Best fit PullSM (�)

CNP
9µ �0.95± 0.12 7.6 �0.77± 0.21 4.0

CNP
9µ = �CNP

10µ �0.49± 0.08 6.7 �0.38± 0.09 4.6

Table 3: Analysis of the HMMN group as of Moriond 2021: most preferred 1D patterns
of NP in b ! sµ+µ�. For a complete set of 1D patterns, see Ref. [52].

ACDMN analysis, but we note that AS and HMMN also perform 2D fits.
A number of 2D hypothesis are examined in Ref. [49]. Here we discuss two of them:

a) Adding CNP
10µ to CNP

9µ slightly decreases the PullSM in the complete fit (Table 4). That
is, the addition of this NP WC does not provide a better description of the data.
Still, it is clear that a small contribution to CNP

10µ (or to C0NP
10µ or a scalar operator)

is required to explain the small (⇠ 2�) deficit with respect to the SM observed in
B(Bs ! µ+µ�). On the other hand, the recent experimental update by LHCb is
closer to the SM value, and this has slightly reduced its significance: in the 2D
[CNP

9µ , CNP
10µ] plot, CNP

10µ is now consistent with zero at 1�.

b) If instead a RH current with the structure C0NP
9µ = �C0NP

10µ is added to C9µ (hypothesis
5 in notation of [38]), a better description of the data is found: this is the scenario
with the largest PullSM (7.4�), see Table 4. The same result is obtained if only
C0NP
10µ is added. The reason is that the RH current counterbalances the e↵ect of a

Ndof .
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(C(1)
`q )2233 =

c(1)`q

(1TeV)2
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c(1)`q = �1.9+0.3
�0.4



Summary

23

We considered NSI between leptons and quarks, particularly

quark flavor-violating (FV) and flavor-conserving (FC) interactions.


In light of charged-current B anomaly (b→cτν), pp→τν + b-jet 

search is powerful to probe FV interactions at LHC. 


FC interactions can induce quark-flavor violations.


In the analysis, we have to pay attention to the quark masses.


In light of neutral-current B anomaly (b→sμμ), BSM w/ FC interactions 

are implied to exist in ~TeV scale, which could be a target of LHC.


The NSI between leptons and quarks are expected to be probed in future.
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7. Testing the standard model with (semi-) leptonic heavy flavour decays

exception of �C9, which is preferred at O(1). The inherent New Physics scale which is implied by
�C9 ' O(1) (cf. related discussion in Section 1.3) is given by

⇤NP '
✓

4GFp
2

|VtbVts|
e2

(4⇡)2
|�Cbsµµ

9 |
◆�1/2

' 35 TeV , (7.48)

one order of magnitude larger than the charged current anomalies. In particular, �C10 and �C 0
10 are

preferred to be rather small, since sizeable values lead to large contributions to Bs ! µ+µ�. Sizeable

values for �C(0)
10 are only viable if �C10 ' �C 0

10, which leads to a cancellation of the contributions
in the Bs ! µ+µ� decay rate (cf. Eq. (7.29)). This can lso be confirmed by the results previously
displayed in Fig. 7.7 (right plot).

A sizeable New Physics contribution to C9 is in fact preferred by both the LFUV observables R
K(⇤)

and the angular observables. However, accommodating RK⇤ < RK is not possible and the small
experimental value pushes towards more negative values of C9. This can be seen in the left plot
of Fig. 7.9, in which we present for non-vanishing values of Cbsµµ

9 the improvement of agreement
with data with respect to the SM prediction in terms of ��2 = �2

SM � �2
NP. The minimum of the

purple line indicate the best fit point which is shown in Table 7.3, while the other coloured lines
correspond to subsets of the likelihood, as indicated by the plot legend. The dotted lines correspond
to the n � confidence region as derived from the (d-dimensional) cumulative distribution function of a
�2-distributed random variable.
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Figure 7.9.: Profile likelihoods for two di↵erent New Physics hypotheses, fitted to the data indicated
by the plot legends. The profile likelihoods are cast as ���2 = �2 log(LNP/LSM, thus
indicating the improvement of the presence of New Physics with respect to the SM predic-
tion. Left: Profile likelihoods assuming New Physics to be present in C9. Right: Profile
likelihoods assuming New Physics to be present as �C9 = ��C10.

Clearly, a New Physics contribution only to C9 is hard (if not impossible) to achieve in what concerns
model building. Naturally, the question then arises concerning which other coe�cient should receive

New Physics contributions (while having already ruled out contributions to C(0)
S,P

and C(0)
7 ).

If the underlying New Physics preserves SU(2)L, one is led to7 �C9 = ��C10, replicating the
V � A structure of the SM (cf. Eqs. (7.24) and (7.27)). As shown in Table 7.3, this restriction gives
a reasonable fit to the data, with an improvement of 5.5 � over the SM. However, this turns out to be
worse than only considering C9, since Bs ! µ+µ� data enforces small values for C10, as previously
discussed. Furthermore, as can be seen in the right plot of Fig. 7.9, the data on the angular observables
pushes towards �C9 = ��C10 ' �1.5, while the LFUV observables are best accommodated for

7In fact, the tree-level matching conditions of the SMEFT at the electroweak scale, up to higher order corrections, also
lead to the preservation of SU(2)L and therefore to �C9 = ��C10. However, in practice this relation is spoiled due
to RG running e↵ects.
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Figure 1: Feynman diagrams for the EW one-loop corrections. Additionally, there are

diagrams where the Nambu–Goldstone (NG) boson G±, instead of W±, is exchanged. The

vertices with a cross in a circle indicate SMEFT operators. In (a), the vertices are provided

either by the SMEFT or the SM. For (f–h), the SMEFT vertex can also be assigned to the

lower quark line. Similarly, the NG boson can be attached to the lower quark instead of

the upper one in (i).

5

EW corrections to quarks

EW corrections to leptons

(necessary for gauge inv.)

corrections to OHu,q

self-energy
b→sll

EW radiative corrections


