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An Era of Anomalies

• A growing list of “anomalies”. 

• Could be due to 
• statistical fluctuations (e.g. 750 GeV diphoton)
• systematics or background uncertainties (e.g. KOTO)
• experimental error (e.g. OPERA)
• unknown issues (e.g. DAMA?), or 
• genuine new physics signal?

• A good driver of scientific creativity (not just 
’ambulance-chasing’).   
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(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272
8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/�̅� excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

https://github.com/hepcomm/hepmist


Outline

• B-anomalies: RD(*) and RK(*) (see also Friday plenary talks by S. Stone and D. Robinson)

• Complementary high-pT LHC tests
• Common NP explanation

• Muon g-2: Recent update
• Tests at LHC and future colliders
• Connection to B-anomalies? (see also parallel talks by A. Thapa and F. Xu)

• Connection to neutrino mass  (see also Monday plenary talk by K.S. Babu)
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Muon Anomalous Magnetic Moment
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2 55. Muon anomalous magnetic moment
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Figure 55.1: Representative diagrams contributing to aSMµ . From left to right:
first order QED (Schwinger term), lowest-order weak, lowest-order hadronic.

The QED part includes all photonic and leptonic (e, µ, τ) loops starting with the classic
α/2π Schwinger contribution. It has been computed through 5 loops [11]

aQED
µ =

α

2π
+ 0.765 857 425(17)
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with little change in the coefficients since our last update of this review. Employing
α−1 = 137.035 999 046(27), obtained from the precise measurements of h/mCs [12], the
Rydberg constant, and mCs/me leads to [11]

aQED
µ = 116 584 718.92(0.03)× 10−11 , (55.6)

where the small error results mainly from the uncertainty in α.

Loop contributions involving heavy W±, Z or Higgs particles are collectively labeled
as aEWµ . They are suppressed by at least a factor of (α/π) · (m2

µ/m
2
W ) " 4 × 10−9. At

1-loop order [13]

aEWµ [1-loop] =
Gµm2
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= 194.8× 10−11 , (55.7)

for sin2θW ≡ 1−M2
W /M2

Z " 0.223, and where Gµ " 1.166× 10−5 GeV−2 is the Fermi
coupling constant. Two-loop corrections are relatively large and negative [14]. For a
Higgs boson mass of 125 GeV it amounts to aEWµ [2-loop] = −41.2(1.0) × 10−11 [14],
where the uncertainty stems from quark triangle loops. The 3-loop leading logarithms are
negligible, O(10−12) [14,15]. A recent full 2-loop numerical evaluation of the electroweak
correction [16] reproduces the total 1+2-loop contribution when adjusted for appropriate
light quark masses

aEWµ = 153.6(1.0)× 10−11 . (55.8)

Hadronic (quark and gluon) loop contributions to aSMµ give rise to its main theoretical
uncertainties. At present, those effects are not precisely calculable from first principles,
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Recent development:

muon, aµ © (g ≠ 2)µ/2, which presently amounts to a 3.7‡ tension with the SM [1, 2]1,

�aµ © aexp
µ

≠ aSM
µ

= (2.79 ± 0.76) ◊ 10≠9 . (1)

The ongoing Muon g-2 experiment at Fermilab [4] is expected to provide a new measurement

of aµ with the uncertainty reduced by a factor of four, and the future J-PARC experiment

forecasts similar precision [5], both of which should clarify the status of this disagreement.

To add to the puzzle, an anomaly has emerged in the electron sector due to a) an improved

measurement of fine-structure constant, –em, using Caesium atoms [6], from which the value

of (g ≠ 2)e may be extracted, and b) an updated theoretical calculation [7]. This yields a

discrepancy in the electron anomalous magnetic moment of

�aCs
e

© aexp (Cs)
e

≠ aSM
e

= (≠8.7 ± 3.6) ◊ 10≠13 , (2)

which constitutes a 2.4‡ tension with the SM [8]. Notably, this has the opposite sign to

the muon anomaly, Eq. (1). Recently, however, a new measurement of the fine-structure

constant using Rubidium atoms gave [9]

�aRb
e

© aexp (Rb)
e

≠ aSM
e

= (4.8 ± 3.0) ◊ 10≠13 . (3)

This is a milder anomaly, the discrepancy between experiment and SM being only 1.6‡,

and it is in the same direction as the muon anomaly. Remarkably, the Caesium [6] and

Rubidium measurements of –em disagree by more than 5‡, therefore it is di�cult to obtain

a consistent picture of aexp
e

.

Given this uncertain status quo, in this paper we choose to focus our attention on the

earlier Caesium result, Eq. (2).2 The presence of dual anomalies in the electron and muon

sectors motivates exploration of new physics models that could simultaneously explain both.

Moreover, the relative size and sign of these anomalies poses an interesting theoretical chal-

lenge.

1 We note that the existence of this anomaly has recently been questioned by a new lattice QCD calculation
of the leading-order hadronic vacuum polarisation contribution to a

SM
µ [3].

2 If, by contrast, one were to consider only the Rubidium result, the smallness of the �a
Rb
e discrepancy is

such that it does not seriously demand a new physics solution. In that case, a model would need only
to explain the (g ≠ 2)µ anomaly, and there already exist many such examples in the literature, see Refs.
[10–15] for some Z

Õ examples.
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Parker, Yu, Zhong, Estey, Mueller, 
1812.04130 (Science)

Morel, Yao, Clade, Guellati-Khelifa, 
Nature 588, 61 (2020)

Muon g ≠ 2 Anomaly

[Fermilab talk by A. El-Khadra]

aexp

µ = 116592061(41) ◊ 10≠11 [2104.03281 (PRL
Õ
21)]

aSM

µ = 116591810(43) ◊ 10≠11 [2006.04822 (Phys.Rep.Õ20)]

If a change in HVP brought aSM

µ closer to aexp

µ , problems will arise in the global EW
fit. [Crivellin, Hoferichter, Manzari, Montull, 2003.04886 (PRL ’20)]]

(Related?) Unresolved issues in the electron g ≠ 2 sector. [Parker, Yu, Zhong, Estey, Mueller,

1812.04130 (Science ’19); Morel, Yao, Clade, Guellati-Khelifa (Nature ’20)] 4
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• If a change in HVP brought 
SM value close to expt, 
problems might arise in 
global EW fit. 

Crivellin, Hoferichter, Manzari, 
Montull, 2003.04886 [PRL]

• (Related) unresolved issues 
in the electron g-2 sector:

muon, aµ © (g ≠ 2)µ/2, which presently amounts to a 3.7‡ tension with the SM [1, 2]1,

�aµ © aexp
µ

≠ aSM
µ

= (2.79 ± 0.76) ◊ 10≠9 . (1)

The ongoing Muon g-2 experiment at Fermilab [4] is expected to provide a new measurement

of aµ with the uncertainty reduced by a factor of four, and the future J-PARC experiment

forecasts similar precision [5], both of which should clarify the status of this disagreement.

To add to the puzzle, an anomaly has emerged in the electron sector due to a) an improved

measurement of fine-structure constant, –em, using Caesium atoms [6], from which the value

of (g ≠ 2)e may be extracted, and b) an updated theoretical calculation [7]. This yields a

discrepancy in the electron anomalous magnetic moment of

�aCs
e

© aexp (Cs)
e

≠ aSM
e

= (≠8.7 ± 3.6) ◊ 10≠13 , (2)

which constitutes a 2.4‡ tension with the SM [8]. Notably, this has the opposite sign to

the muon anomaly, Eq. (1). Recently, however, a new measurement of the fine-structure

constant using Rubidium atoms gave [9]

�aRb
e

© aexp (Rb)
e

≠ aSM
e

= (4.8 ± 3.0) ◊ 10≠13 . (3)

This is a milder anomaly, the discrepancy between experiment and SM being only 1.6‡,

and it is in the same direction as the muon anomaly. Remarkably, the Caesium [6] and

Rubidium measurements of –em disagree by more than 5‡, therefore it is di�cult to obtain

a consistent picture of aexp
e

.

Given this uncertain status quo, in this paper we choose to focus our attention on the

earlier Caesium result, Eq. (2).2 The presence of dual anomalies in the electron and muon

sectors motivates exploration of new physics models that could simultaneously explain both.

Moreover, the relative size and sign of these anomalies poses an interesting theoretical chal-

lenge.

1 We note that the existence of this anomaly has recently been questioned by a new lattice QCD calculation
of the leading-order hadronic vacuum polarisation contribution to a

SM
µ [3].

2 If, by contrast, one were to consider only the Rubidium result, the smallness of the �a
Rb
e discrepancy is

such that it does not seriously demand a new physics solution. In that case, a model would need only
to explain the (g ≠ 2)µ anomaly, and there already exist many such examples in the literature, see Refs.
[10–15] for some Z

Õ examples.
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More updates expected soon!



RD(ú) Anomaly

RD(ú) = BR(B æ D(ú)·‹)
BR(B æ D(ú)¸‹)

(with ¸ = e, µ)
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[Altmannshofer, BD, Soni, Sui, 2002.12910 (PRD ’20)]

Flavor Changing Charged Current – happens at tree-level in the SM (only
CKM-suppressed).
All experimental measurements to date are consistently above the SM prediction.
3.3‡ net discrepancy.
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RD(*) Anomaly
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Flavor-changing 
charged current: 

happens at tree-level 
in the SM.

All experimental measurements to date are 
consistently above the SM prediction.
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A. Explanation of RD and RD⇤

In Ref. [53] we had identified BSM contributions to
b ! c⌧⌫ transitions in the RPV setup, which can arise
at the tree level from sbottom exchange [cf. Fig. 2(a)].
The sbottom exchange leads to contributions to the de-
cay amplitude that have the same chirality structure as
the SM contribution and thus modify RD and RD⇤ in
a universal way. Here we note that in the presence of
the LLE couplings, also diagrams with light sleptons, in
particular a light left-handed stau, can contribute to the
decays [cf. Fig. 2(b)]. However, in the scenarios we will
consider below, the left-handed stau will be fairly heavy
(specifically, we set m⌧̃L = 10 TeV in the benchmark
scenarios of Section IV) and the corresponding contribu-
tions will be negligible. We will therefore focus only on
the sbottom contribution from the diagram in Fig. 2(a).

It is important to note that RD and RD⇤ measured by

BaBar and Belle correspond to ratios of the tauonic decay
modes to an average of the muonic and electronic modes,
while the LHCb measurements are ratios of tauonic to
muonic modes. Using the notation from Ref. [139], we
find in our setup

RLHCb

D

RSM

D

=
RLHCb

D⇤

RSM

D⇤
=

|�c
31
|2 + |�c

32
|2 + |1 +�c

33
|2

|�c
21
|2 + |1 +�c

22
|2 + |�c

23
|2 ,

(23)
where

�c
ll0 =

v2

4m2

ebR

�0
l033

✓
�0
l33 + �0

l23
Vcs

Vcb
+ �0

l13
Vcd

Vcb

◆
, (24)

v = 246 GeV is the Higgs VEV and Vij are the CKM
matrix elements.

In the case of the B-factories, we instead have

RB-fac.

D

RSM

D

=
RB-fac.

D⇤

RSM

D⇤
=

|�c
31
|2 + |�c

32
|2 + |1 +�c

33
|2

⇠e(|1 +�c
11
|2 + |�c

12
|2 + |�c

13
|2) + (1� ⇠e)(|�c

21
|2 + |1 +�c

22
|2 + |�c

23
|2) , (25)

where ⇠e parameterizes the relative weight of the elec-
tronic and muonic decay modes in the RD(⇤) measure-
ments at the B-factories. We note that ⇠e can in prin-
ciple be di↵erent for each experimental analysis but we
expect ⇠e ⇠ 50% (see e.g. [149]). We explicitly checked
that varying ⇠e has no significant impact on our results.
This is due to the fact that µ� e universality in b ! c`⌫
decays is observed with high accuracy. Translating the
results from Ref. [150] into our RPV scenario, we have

|1 +�c
11
|2 + |�c

12
|2 + |�c

13
|2

|�c
21
|2 + |1 +�c

22
|2 + |�c

23
|2 = 1.022± 0.024 . (26)

Therefore, it is an excellent approximation to combine
the LHCb and B-factory results as done in Section IIA 1.
In that case we find5

RD

RSM

D

=
RD⇤

RSM

D⇤
= 1.15± 0.04 , (27)

both for the LHCb and the B-factory expressions
[cf. Eqs. (23) and (25)].

1. Implications of the observed q2 distribution and of the
D⇤ polarization

Recently, Ref. [151] in an interesting study have in-
cluded q2 (where q is the 4-momentum carried by the

5 The parameter space explaining the RD(⇤) data automatically
explains the RJ/ data, because the underlying transition is the
same b ! c`⌫. Therefore, we do not discuss the RJ/ fits sepa-
rately.

leptonic pair) and also the longitudinal polarization of
the D⇤ in addition to the integrated rates in order to dis-
criminate against models. To analyze the data in a model
independent manner they allow all possible current struc-
tures in the weak Hamiltonian subject only to the con-
straint that only left-handed neutrinos are involved in
the interaction; thus,

Hb!c`⌫
e↵

=
4GFp

2
Vcb

⇥
(1 + CVL)OVL + CVROVR

+ CSROSR + CSLOSL + CTOT

⇤
+H.c.

(28)

with the operators

OVL,R = (c̄ �µbL,R)
�
¯̀
L�µ⌫`L

�
,

OSL,R = (c̄bL,R)
�
¯̀
R⌫`L

�
,

OT = (c̄�µ⌫bL)
�
¯̀
R�µ⌫⌫`L

�
, (29)

and weighted by the corresponding Wilson coe�cients
Ci. In this representation, the operator OVL is of
special significance as it encapsulates the SM interac-
tion. In their study of the existing experimental data,
Ref. [151] find that the simplest solution to the charge-
current anomaly is with a small non-vanishing value of
CVL ⇡ 0.08, with all other C’s equal to zero.

This has the important consequence that the polar-
ization of the D⇤ or for that matter of the ⌧ will not
be di↵erent from the SM. Recently Belle collaboration
reported, for the longitudinal polarization of the D⇤[152]

FL(D
⇤) = 0.60± 0.08(stat)± 0.04(sys) , (30)

No such deviations in charmed meson decays:

5

Experiment Tag method ⌧ decay mode RD RD⇤ RJ/ 

Babar (2012) [1] hadronic `⌫⌫ 0.440± 0.058± 0.042 0.332± 0.024± 0.0.018

Belle (2015) [2] hadronic `⌫⌫ 0.375± 0.064± 0.026 0.293± 0.038± 0.015

LHCb (2015) [5] hadronic `⌫⌫ - 0.336± 0.027± 0.030

Belle (2016) [2] semileptonic `⌫⌫ - 0.302± 0.030± 0.011

Belle (2017) [3] hadronic ⇡(⇢)⌫ - 0.270± 0.035± 0.027

LHCb (2017) [6] hadronic 3⇡⌫ - 0.291± 0.019± 0.029

Belle (2019) [4] semileptonic `⌫⌫ 0.307± 0.037± 0.016 0.283± 0.018± 0.014

LHCb (2016) [67] hadronic `⌫⌫ - - 0.71± 0.17± 0.18

SM - - 0.299± 0.011 [63] 0.260± 0.008 [64] 0.26± 0.02 [68]

TABLE II. All experimental results announced to date on RD, RD⇤ and RJ/ versus the predictions of those in the SM.

Recent results for RK⇤ and RK by Belle have sizable
uncertainties and are compatible with both the SM pre-
dictions and the LHCb results. For the 1.1GeV2 < q2 <
6GeV2 bin, Belle finds [9, 10]

RK = 0.99+0.27
�0.23 ± 0.06 , (11)

RK⇤ = 0.96+0.45
�0.29 ± 0.11 . (12)

In the right plot of Fig. 1 we show the combination of the
LHCb and Belle results for RK(⇤) in the 1.1GeV2 < q2 <
6GeV2 bin compared to the SM prediction. Combining
the Belle and LHCb results, we get a net pull of 3.4� in
RK(⇤) as shown in Table I.

Unlike the charged-current semileptonic decays, in the
case of FCNC decays B ! K(⇤)`+`�, there are hardly
any nagging theoretical issues. So long as the lepton pair
invariant mass is larger than about 500 MeV, the SM
prediction for the ratio is rather clean and unambiguous.
The reservation one may have is only about light lep-
ton invariant mass, say below 500 MeV. Then there is
a concern that the electron pair may receive appreciably
di↵erent radiative corrections from the muon pair [11].

The primary concerns about µ � e universality vio-
lation in FCNC is experimental. Of course the e↵ects
are only a few �. Moreover, it is only one experiment,
i.e. LHCb, and an independent confirmation by Belle II
would be highly desirable. Also, if it is genuine LFUV it
ought to show up irrespective of hadronic final states in
B-decays. Thus one should see the corresponding b ! s
FCNC decays materializing into baryonic and other final
states, such as ⇤b ! ⇤`+`�. It also should not depend
on the spectator quark. Thus charged and neutral B and
also Bs decays ought to exhibit similar signs of LFUV.
In particular, LHCb already seems to have indications
that the observed rate for Bs ! �µ+µ� is seemingly
below “SM” expectations [78] but the absolute rate cal-
culations may su↵er from some long-distance (non-local)

contaminations, so a direct test of µ� e universality via
a measurement of Bs ! �e+e� would be very valuable.
Let us briefly add that we are primarily focusing on the

LFUV anomalies as they are theoretically cleaner and for
now we are choosing not to include some other possible
indications of deviations from the SM, such as angular
observables or absolute rate for B ! K(⇤)µ+µ� [62, 79–
83]) and also rate for Bs ! �µ+µ� [78] as in these cases
there can be non-perturbative contributions from non-
local e↵ects especially in the region of low q2 that are
not under full theoretical control.
Before closing this subsection, it is worth pointing

out here that the hints of LFUV are only seen in the
semileptonic B-decays. Analogous semileptonic decays of
charmed mesons do not show any such deviations from
the SM. For instance, BESIII has recently reported a
measurement of the ratio of BRs in the D+-decay [84],
viz.

BR(D+ ! !µ+⌫µ)

BR(D+ ! !e+⌫e)
= 1.05± 0.14 , (13)

which agrees with the SM prediction (0.93�0.96) [85, 86]
within uncertainties. This further justifies our approach
of linking the B-anomalies to BSM physics treating the
third family as special.

B. Muon g � 2

Another interesting observable that has since long time
been hinting towards BSM physics is the anomalous mag-
netic moment of the muon. The existing BNL experimen-
tal result [59] for the (g � 2)µ reads [51]

aexpµ = (11, 659, 209.1± 5.4 (stat)± 3.3 (sys))⇥ 10�10 .
(14)

BESIII, 2002.10578 [PRD]
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Figure 1: Theory predictions for RK and RK⇤ in the presence of various non-standard

Wilson coe�cients (left: new physics in muons; right: new physics in elec-

trons). The colored bands correspond to the 1� and 2� theory uncertainties.

Circle, square, and diamond markers correspond to Wilson coe�cient mag-

nitudes of 0.5, 1.0, and 1.5. Colored markers correspond to positive, white

markers to negative values. Also shown are the current experimental results

(thin error bars) and the expected experimental precision after run 3 of the

LHC (bold error bars).

physics and their correlated uncertainties can be described by a covariance matrix that

needs to be determined only once. The covariance matrix of the branching ratios can

then be expressed in a straight forward way in terms of the covariance matrix of the

polynomial coe�cients and the Wilson coe�cients.

The CP averaged angular observables Si, the CP asymmetries Ai, and the LFU ratios

can be written in terms of ratios of second order polynomials, while the P
0
i observables

involve also irrational functions. In those cases we obtain an approximation of the

covariance matrix for the observables by expanding the functions to second order in the

Wilson coe�cients and then following the same procedure as for the branching ratios.

We find that this procedure gives reliable estimates as long as the absolute values of the

new physics Wilson coe�cients are somewhat smaller than the corresponding relevant

SM coe�cients. In principle, the accuracy of the approximation could be systematically

improved by expanding to higher orders.
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I. INTRODUCTION

In the standard model (SM), the rare decays of B mesons induced by flavour-changing neutral-

current (FCNC) transition b! s`` at the quark level are suppressed by the GIM mechanism [6]. Therefore

they provide an ideal laboratory to indirectly probe new physics (NP) beyond the SM. Interestingly, the

measurements of several observables yield results in tension with the SM expectations (see Refs. [7, 8] for

recent reviews).

Recently, the LHCb Collaboration reported the most precise measurement of RK = �(B! Kµµ)/�(B!
Kee) in the bin [1.1, 6] GeV2 [9]

RK = 0.846+0.042+0.013
�0.039�0.012, (1)

showing that the significance of deviation from the SM prediction is at the 3.1� confidence level. Compared

to the 2014 measurement [10], the tension with respect to the SM prediction has significantly increased. At

the same time, a new result for the Bs ! µ+µ� branching fraction,

BR(B0
s
! µ+µ�) = (3.09+0.46+0.15

�0.43�0.11) ⇥ 10�9, (2)

is also published by the LHCb Collaboration [11]. In Ref. [3], together with the theoretical prediction of

Ref. [12] including the double-logarithmic QED and QCD corrections, the CMS measurement [13], and the

ATLAS measurement [14], the following ratio is obtained

R =
BR(B0

s
! µ+µ�)exp

BR(B0
s ! µ+µ�)SM

= 0.78(9). (3)

For the ease of comparing experimental measurements with theoretical predictions, we collect all the rele-

vant results in Table I. In 2020, the LHCb Collaboration reported angular analyses of the B
0 ! K

⇤0µ+µ�

TABLE I. Experimental data and SM predictions for the binned observables RK and RK⇤ . The theoretical uncertainties

are estimated using the approach described in Refs. [5, 15, 16].

Observables LHCb [9, 17] Belle [18, 19] SM

RK [1, 6] GeV2 � 1.03+0.28
�0.24 ± 0.01 1.0004+0.0008

�0.0007

RK [1.1, 6] GeV2 0.846+0.042+0.013
�0.039�0.012 � 1.0004+0.0008

�0.0007

RK⇤ [0.045, 1.1] GeV2 0.66+0.11
�0.07 ± 0.03 0.52+0.36

�0.26 ± 0.06 0.920+0.007
�0.006

RK⇤ [1.1, 6] GeV2 0.69+0.11
�0.07 ± 0.05 0.96+0.45

�0.29 ± 0.11 0.996+0.002
�0.002

RK⇤ [15, 19] GeV2 � 1.18+0.52
�0.32 ± 0.11 0.998+0.001

�0.001
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10�9 [14] that was based on results from ATLAS, CMS, and LHCb [15–17]. Compared

to the previous measurement by LHCb, BR(Bs ! µ
+
µ
�) = (3.0 ± 0.6+0.3

�0.2) ⇥ 10�9 [15],

the new update finds nearly the same central value. While the LHCb result is com-

patible with the SM prediction within 1�, the previous world average was below the

SM prediction by more than 2�. Here, we provide an update of the world average of

the Bs ! µ
+
µ
� branching ratio and the correlated B

0 ! µ
+
µ
� branching ratio, tak-

ing into account the new LHCb results. A Gaussian approximation to our combined

two-dimensional likelihood is given by

BR(Bs ! µ
+
µ
�)exp = (2.93 ± 0.35) ⇥ 10�9

, (4)

BR(B0 ! µ
+
µ
�)exp = (0.56 ± 0.70) ⇥ 10�10

, (5)

with an error correlation coe�cient ⇢ = �0.27. We find a one-dimensional pull with the

SM predictions of 2.3�. Details on how the combination and the discrepancy with the

SM are obtained are given in the appendix A.

The main goal of this paper is to interpret the impact of the new experimental results in

a model independent way, using the well established e↵ective Hamiltonian approach. We

parameterize new physics contributions by Wilson coe�cients of dimension 6 interactions

evaluated at the renormalization scale µ = 4.8 GeV

He↵ = HSM
e↵ � 4GFp

2
VtbV

⇤
ts

e
2

16⇡2

X

`=e,µ

X

i=9,10,S,P

�
C

bs``
i O

bs``
i + C

0bs``
i O

0bs``
i

�
+ h.c. . (6)

We consider the following set of semi-leptonic operators

O
bs``
9 = (s̄�µPLb)(¯̀�µ

`) , O
0bs``
9 = (s̄�µPRb)(¯̀�µ

`) , (7)

O
bs``
10 = (s̄�µPLb)(¯̀�µ

�5`) , O
0bs``
10 = (s̄�µPRb)(¯̀�µ

�5`) , (8)

O
bs``
S = mb(s̄PRb)(¯̀̀ ) , O

0bs``
S = mb(s̄PLb)(¯̀̀ ) , (9)

O
bs``
P = mb(s̄PRb)(¯̀�5`) , O

0bs``
P = mb(s̄PLb)(¯̀�5`) . (10)

We do not consider semi-leptonic tensor operators, because they are not generated at di-

mension 6 in the Standard Model E↵ective Field Theory (SMEFT). Similarly, in the case

of the scalar operators, we will impose the following relations among the corresponding

Wilson coe�cients C
bs``
S = �C

bs``
P and C

0 bs``
S = C

0 bs``
P , as they hold at dimension 6 in

the SMEFT [18]. We also do not consider semi-tauonic operators or 4-quark operators,

as they a↵ect the observables we consider only at the loop level [19, 20].

A critical aspect of global fits is the treatment of theory uncertainties. In our previous

studies [6, 21–23] we have evaluated theory uncertainties and their correlations for the

3
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b ! sµµ LFU, Bs ! µµ all rare B decays

Wilson coe�cient best fit pull best fit pull best fit pull

C
bsµµ
9 �0.87+0.19

�0.18 4.3� �0.74+0.20
�0.21 4.1� �0.80+0.14

�0.14 5.7�

C
bsµµ
10 +0.49+0.24

�0.25 1.9� +0.60+0.14
�0.14 4.7� +0.55+0.12

�0.12 4.8�

C
0bsµµ
9 +0.39+0.27

�0.26 1.5� �0.32+0.16
�0.17 2.0� �0.14+0.13

�0.13 1.0�

C
0bsµµ
10 �0.10+0.17

�0.16 0.6� +0.06+0.12
�0.12 0.5� +0.04+0.10

�0.10 0.4�

C
bsµµ
9 = C

bsµµ
10 �0.34+0.16

�0.16 2.1� +0.43+0.18
�0.18 2.4� �0.01+0.12

�0.12 0.1�

C
bsµµ
9 = �C

bsµµ
10 �0.60+0.13

�0.12 4.3� �0.35+0.08
�0.08 4.6� �0.41+0.07

�0.07 5.9�

C
bsee
9 +0.74+0.20

�0.19 4.1� +0.75+0.20
�0.19 4.1�

C
bsee
10 �0.67+0.17

�0.18 4.2� �0.66+0.17
�0.17 4.3�

C
0bse
9 +0.36+0.18

�0.17 2.1� +0.40+0.19
�0.18 2.3�

C
0bsee
10 �0.31+0.16

�0.16 2.0� �0.30+0.15
�0.16 2.0�

C
bsee
9 = C

bsee
10 �1.39+0.26

�0.26 4.0� �1.28+0.24
�0.23 4.1�

C
bsee
9 = �C

bsee
10 +0.37+0.10

�0.10 4.2� +0.37+0.10
�0.10 4.3�

⇣
C

bsµµ
S = �C

bsµµ
P

⌘
⇥ GeV �0.004+0.002

�0.002 2.1� �0.002+0.002
�0.002 1.3�

⇣
C

0bsµµ
S = C

0bsµµ
P

⌘
⇥ GeV �0.004+0.002

�0.002 2.1� �0.002+0.002
�0.002 1.3�

Table 1: Best-fit values with corresponding 1� ranges as well as pulls in sigma between

the best-fit point and the SM point for scenarios with NP in a single real Wilson

coe�cient. Column “b ! sµµ”: fit including only the b ! sµµ observables

(branching ratios and angular observables). Column “LFU, Bs ! µµ”: fit

including only the neutral current LFU observables (RK(⇤) , DP 0
4,5

) and BR(Bs !
µ
+
µ
�). In column “all rare B decays”, we show the results of the combined

fit. For the scalar Wilson coe�cients, the SM-like solution is shown, while a

sign-flipped solution is also allowed [39].
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Possible New Physics Solutions
• A popular choice: Leptoquarks.
• Single scalar LQ solution. Bauer, Neubert, 1511.01900 [PRL]

• Now disfavored by global fits. 
Angelescu, Becirevic, Faroughy, Jaffredo, Sumensari, 2103.12504

• Single vector LQ  still a viable option, but must be 
embedded into some UV-completion.

Crivellin, Greub, Mueller, Saturnino, 1807.02068 [PRL];
Fornal, Gadam, Grinstein, 1812.01603 [PRD];
Cornella, Fuentes-Martin, Isidori, 1903.11517 [JHEP];
BD, Mohanta, Patra, Sahoo, 2004.09464 [PRD];
Iguro, Kawamura, Okawa, Omura, 2103.11889.

• Or invoke more than one scalar LQ. 
Chen, Nomura, Okada, 1703.03251 [PLB]; 
Bigaran, Gargalionis, Volkas, 1906.01870 [JHEP]; 
Saad, 2005.04352 [PRD]; 
Babu, BD, Jana, Thapa, 2009.01771 [JHEP].
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Now disfavored by global fits (including b æ sµ+µ≠ observables, as well as LHC
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Vector LQ must be embedded into some UV-completion =∆ Loses minimality.
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Chiral Enhancement for Muon g-2
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Figure 4: Chirally-enhanced contribution from the R2 LQ to the muon anomalous mag-
netic moment.
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Figure 5: Feynman diagrams for the LQ contribution to h ! µ
+
µ
� (and also ⌧

+
⌧
�) in

our model.

introducing couplings of the type f↵e would lead to a chirally-enhanced contribution to the
decay µ ! e�, which is highly constrained. One can attempt to explain both anomalies by
simply avoiding chirally-enhanced `i ! `j� decays by adopting a redefinition of V ?

f
0 ⌘ f

0

in Eq. (2.6). However, one introduces VCKM in the down sector leading to strong constraints
arising from processes such as KL ! e

±
µ
⌥, KL ! `

+
`
�, and K � K̄ mixing.

A logical option to explain �ae would be to choose the Yukawa coupling f21 to be of
O(1), and rely on the charm-quark loop (proportional to f21f

0
21

), while being consistent
with all the flavor constraints and R

D(⇤) . However, it turns out that the required values of
the Yukawa couplings in this case have been excluded by the latest LHC dilepton constraints
on LQ Yukawa couplings and masses from the non-resonant t-channel process pp ! `

+
`
�.

These constraints are discussed later in Section 6, and are summarized in Fig. 8. Therefore,
simultaneous explanation of the electron and muon anomalous magnetic moments, together
with R

D(?) , is not possible in our setup. Thus, we focus on the parameter space required to
explain �aµ, but not �ae, as the former is the more persistent and significant discrepancy.
In particular, we set f↵e = f

0
↵e = 0 in Eq. (2.53) to avoid any �ae contribution for our

numerical fits discussed in Section 7.

4.2 Modified Higgs Decays to Lepton Pairs

The same R2 LQ interactions that lead to the chirally-enhanced mt/mµ contribution to
the muon g � 2 in Fig. 4 will also induce a loop-level correction to the decay of the SM
Higgs boson h ! µ

+
µ
�. The Feynman diagrams are shown in Fig. 5. In addition to these

diagrams which modify the Yukawa couplings directly, one should also take into account
correction to the muon mass arising from the R2 interactions. The relevant diagram is
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numerical fits discussed in Section 7.

4.2 Modified Higgs Decays to Lepton Pairs

The same R2 LQ interactions that lead to the chirally-enhanced mt/mµ contribution to
the muon g � 2 in Fig. 4 will also induce a loop-level correction to the decay of the SM
Higgs boson h ! µ

+
µ
�. The Feynman diagrams are shown in Fig. 5. In addition to these

diagrams which modify the Yukawa couplings directly, one should also take into account
correction to the muon mass arising from the R2 interactions. The relevant diagram is
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Collider µµ+µ� µ⌧+⌧�

HL-LHC [126] 9.2% 3.8%
HE-LHC [126] 3.4% 2.2%

ILC (1000) [127] 12.4% 1.1%
CLIC (3000) [128] 11.6% 1.8%

CEPC [129] 17.8% 2.6%
FCC-hh [130] 0.82% 0.88%

Table I: Expected relative precision of the Higgs signal strengths for future colliders. The
numbers shown here are for the kappa-0 scenario of Ref. [125].

in Fig. 6 by the horizontal dotted lines. Thus, our predictions for the modified h ! µ
+
µ
�

signal strength can be tested at the HL-LHC, HE-LHC, as well as at the FCC-hh colliders.

Figure 6: Branching ratios of Higgs to dimuon (blue) and ditau (red) decays with respect
to the SM predictions in our model as a function of the quartic coupling parameter (�HR�
�
0
HR

). The horizontal dotted (dot-dashed) lines show the sensitivities of future colliders
for the µ

+
µ
� (⌧+⌧�) channel. The shaded regions in yellow and blue are excluded by

perturbativity plus electroweak precision data, and by perturbativity plus boundedness of
the potential constraints, respectively.

It is also worth pointing out that the Yukawa textures needed to simultaneously explain
B-anomalies, muon g � 2, and neutrino mass require the f33 entry to be nonzero, leading
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There is no acceptable fit to R
K(⇤) with C9 = C10. Thus, taking the product of couplings

f
0
2↵

and f
0
3↵

to be zero (or very small), one can suppress R2 contribution to R
K(?) . On the

other hand, a loop-level contribution to b ! s`
+
`
� transition can in principle accommodate

R
K(?) , but not simultaneously with R

D(?) , due to the stringent limits from ⌧ ! µ� [116].
In our numerical fit, therefore, the R2 contribution will not play a role in explaining R

K(?) .

4 Muon Anomalous Magnetic Moment and Related Processes

Virtual corrections due to the LQ states can modify the electromagnetic interactions of
charged leptons. The contribution from scalar LQ to anomalous magnetic moments has
been extensively studied [117–119]. In particular, the !

5/3 component of the R2 LQ can
explain the muon (or electron) anomalous magnetic moment, as it couples to both left-
handed and right-handed fermions, see Eq. (2.6). The new contribution to the anomalous
magnetic moment arising from !

5/3 LQ can be written as [117, 120]:

�a` = � 3
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Re[fq` (V
?
f
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i
(4.1)

where Qq = 2/3 and QS = 5/3 are respectively the electric charges of the up-type quark
and the LQ propagating inside the loop, as shown in Fig. 4.6 Here xq = m

2
q/m

2

R2
and

we have ignored terms proportional to m
2

`
/m

2

R2
in the loop integral. The loop functions

appearing in Eq. (4.1) are:

F2(xq) =
1

6(1� xq)
4

�
1� 6xq + 3x

2

q + 2x
3

q � 6x
2

q lnxQ

�
, (4.2)

F3(xq) =
1

(1� xq)
3

�
1� x

2

q + 2xq lnxq

�
, (4.3)

F5(xq) =
1

6(1� xQ)
4

�
2 + 3xq � 6x

2

q + x
3

q + 6xq lnxq

�
, (4.4)

F6(xq) =
1

(1� xq)
3

�
�3 + 4xq � x

2

q � 2 lnxq

�
. (4.5)

Note that the first term in Eq. (4.1) is the LQ contribution to the anomalous magnetic
moment without chiral enhancement, whereas the second term is the chirally-enhanced
one, which in our case will be proportional to the top-quark mass.

4.1 Difficulty with Explaining �ae

A discrepancy has also been reported in the anomalous magnetic moment of the electron,
denoted as �ae, with a somewhat lower significance of 2.4� [121]. The signs of �ae and �aµ

are opposite. We have investigated whether �ae can also also explained in our framework,
but found that the model does not admit a simultaneous explanation of both anomalies, as

6
The last term in Eq. (4.1) appears with a negative sign, as f and f 0

in the Lagrangian have opposite

signs, see Eq. (2.6).
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Crivellin, Mueller, Saturnino, 2008.02643
Connection with Higgs decay to dileptons 

obtained from Fig. 5 by removing the Higgs boson line. The significance of the LQ diagrams
in modifying h ! µ

+
µ
� decay has been noted recently in Ref. [122]. We have carried out

this calculation independently, and found full agreement with the results of Ref. [122]. It
is sufficient to compute the coefficient of the d = 6 operator ( µL µR)H(H

†
H) which is

finite, as any loop correction to the d = 4 operator ( µL µR)H will only renormalize the
SM operator. The modification to the branching ratio BR(h ! µ

+
µ
�) is found to be

µµ+µ� ⌘ BR(h ! µ
+
µ
�
)

BR(h ! µ+µ�)SM

=

�����1�
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. (4.6)

The loop function F(x, y) can be expanded to first order in y = m
2
t /m

2

R2
(so that the

coefficient of the d = 6 operator is picked out), and also to the required order in x = m
2

h
/m

2
t .

Although m
2

h
/m

2
t ⇠ 1, the actual expansion parameter is some factor k times this ratio,

with k ⇠ 1/10, leading to a rapidly converging series. The function F(x, y) to third order
in m

2

h
/m

2
t is found to be

F(x, y) = �8 +
13

3
x� 1

5
x
2 � 1

70
x
3
+ 2(x� 4) log y . (4.7)

For our benchmark fits (see Eqs. (7.3) and (7.4)) with mR2 = 0.9TeV, the model predictions
for µµ+µ� as a function of the quartic coupling combination (�HR��0

HR
) is shown in Fig. 6.

These predictions are essentially the same for the two benchmark points, so we present our
results for Fit I (cf. Eq. (7.3)) in Fig. 6.

The coupling �
0
HR

is responsible for the mass splitting between the !
2/3 and !

5/3

components of the R2 LQ (cf. Eqs. (2.13) and (2.19))), which yields a positive contribution
to the electroweak ⇢-parameter:

�⇢ ' NcGF

8
p
2⇡2

(�m)
2
, (4.8)

where Nc = 3 for color-triplets like R2. Using the current global-fit result for ⇢0 = 1.00038±
0.00020 [1] (with ⇢0 = 1 in the SM) and allowing for 3� uncertainty, we obtain an upper
bound on the mass splitting �m  55.9 GeV, which yields a corresponding bound on
|�0

HR
|  1.66. As discussed in Sec. 2.2.1, a necessary condition for the Higgs potential

to be bounded from below (cf. Eq. (2.45)) is that for negative values of (�HR � �
0
HR

), its
magnitude should be below about 1.25. This assumes (somewhat conservatively) that the
magnitudes of all quartic couplings lie below 3.0 to satisfy perturbativity. Using the same
constraint, we would then have �1.25  (�HR��

0
HR

)  4.66 as the preferred range, which
is what we shall choose for our numerical study.

Our model prediction for µµ+µ� is shown in Fig. 6 by the solid blue line. We see that
the deviation from the SM predictions in this branching is typically at the (2-6)% level.
This is fully consistent with the current LHC measurements: µ

ATLAS

µ+µ� = 1.2 ± 0.6 [123]
and µ

CMS

µ+µ� = 1.19
+0.41

�0.39
(stat.)

+0.17

�0.16
(syst.) [124]. For comparison, we quote in Table I the

future collider sensitivities for µµ+µ� from Ref. [125], and the relevant ones are also shown
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Depends on quartic couplings 

Eq. (2.2) can now be written in terms of mass eigenstate fermions (except for neutrinos
which are still flavor eigenstates) and the redefined Yukawa couplings as

LY = u
cT
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T
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+ H.c. (2.6)

Here we have dropped the superscript 0 in the labeling of mass eigenstates. In the discus-
sions that follow, the quark and lepton fields are to be identified as mass eigenstates. Note
that the Yukawa coupling matrices f

0 and y, which respectively appear in the d � e
c and

d � e couplings, also appear in the u � e
c and u � e couplings, along with the generalized

CKM matrix V . Any texture adopted for f 0 and y should therefor be consistent with flavor
violation in both down-type and up-type quark sectors. The flavor indices i and j in fij

(and similarly for f
0 and y) refer to the quark flavor and the lepton flavor respectively.

We shall make use of these interactions in explaining the B-anomalies, �aµ and radiative
neutrino masses.

2.2 Scalar Sector

The most general renormalizable Higgs potential involving H, R2, S3 and � is given by:
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Here {i, j} are SU(2)L indices, {↵,�} are SU(3)c indices, ⌧a are the Pauli matrices, and Ta,
T
0
a (with a = 1, 2, 3) are the normalized generators of SU(2) in the triplet and quadruplet

representations, respectively.3 Color-singlet contractions not shown explicitly are to be
assumed among two colored fields within the same bracket. For example, the �

0
RS

term
has the color contraction (R

†↵
2
⌧aR2↵)(S

†�
3
TaS3�). Here S3ij

and �
ijk are the completely

symmetric rank-2 and rank-3 tensors of SU(2), with their components related to those
given in Eq. (2.1) as:

S311 = ⇢
4/3

3
, S312 =

⇢
1/3

3p
2
, S322 = ⇢

�2/3

3
,

3
This potential differs considerably from the one given in Ref. [46], which is missing many terms.
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Leptoquark solution to muon g-2 
can be tested in precision Higgs data 
at LHC and future colliders.

Babu, BD, Jana, Thapa, 2009.01771 [JHEP]
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µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
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key prediction of the SM.
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owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
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in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
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new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �

2
SM = 24.4 for 5

degrees of freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��

2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
9 and C

0 µ
9 (bottom), assuming the

remaining coe�cients to be SM-like.
The fit prefers NP in the Wilson coe�cients corre-

sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e

K
=

B(B ! Kµ+µ�)exp
B(B ! Ke+e�)exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5 di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e

K
and the P 0

5 anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e

K
and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in

Eqs. (1.1)–(1.3) points toward relatively light new degrees of freedom, that could well be

within the reach (or already excluded) by direct searches at the LHC.

In this paper we present an attempt to build a simplified coherent dynamical model

able to explain, at least in part, these violations of LFU. The guiding principle of our

construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange

of one set (or more sets) of massive vector bosons that transform as a SU(2)L triplet, and

that are coupled to both quark and lepton currents. This hypothesis allows us to establish

a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D
⇤
⌧⌫)/B(B ! D

⇤
`⌫)exp = 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)exp = 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D
⇤
⌧⌫)/B(B ! D

⇤
`⌫)SM = 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !

D`⌫)SM = 0.31± 0.02 [7]. The SM expectation of Rµ/e

K
is |(Rµ/e

K
)SM � 1| < 1% [8] while, by construction,

R
⌧/`

D⇤ = R
⌧/`

D
= 1 within the SM.
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → !+!− processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′!!), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → s!+!− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → !+!−
39

(! = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → !+!− and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → s!! anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → !+!− and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67

123
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1

A , CDµ
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0

@
Cdµ 0 0

0 Csµ C
⇤
bsµ

0 Cbsµ Cbµ

1

A . (46)

c
(1)
QL ⇠ g

2
⇤ (47)

c
(1)
QL ⇠ g

2
⇤ (48)

B ! K
(⇤)
⌫⌧ ⌫̄⌧ (49)

pp ! µ
+
µ
�

(50)

pp ! ⌧
+
⌧
�

(51)

10
�9 . |y| . 10

�6
(52)

|y| . 10
�9

(53)

|y| & 10
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ZZ = 1 (55)

✏ZeL 6= ✏ZµL (56)

✏ZeR = ✏ZµR = 0 (57)

 ⌘ (ZZ , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR)
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L() =

Y
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Y
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exp (�µbin,cat) (µbin,cat)
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bin,cat

N
exp
bin,cat!

(59)

µbin,cat = (N
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T
Xbin,cat) (60)
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0
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0
R, d

0
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0
R) (62)

Yd / �q (63)

6

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)
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We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧

+
⌧
� signature at high energy hadron colliders. Several representative

standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+

⌧
� searches pose a serious challenge to NP explanations of

the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧

+
⌧
� constraints as well as caveats in

interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘
�(B ! D

(⇤)
⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)SM , (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)SM , (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced
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to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3
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s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-
dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �

2
SM = 24.4 for 5

degrees of freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��

2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
9 and C

0 µ
9 (bottom), assuming the

remaining coe�cients to be SM-like.
The fit prefers NP in the Wilson coe�cients corre-

sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e

K
=

B(B ! Kµ+µ�)exp
B(B ! Ke+e�)exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5 di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e

K
and the P 0

5 anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e

K
and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in

Eqs. (1.1)–(1.3) points toward relatively light new degrees of freedom, that could well be

within the reach (or already excluded) by direct searches at the LHC.

In this paper we present an attempt to build a simplified coherent dynamical model

able to explain, at least in part, these violations of LFU. The guiding principle of our

construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange

of one set (or more sets) of massive vector bosons that transform as a SU(2)L triplet, and

that are coupled to both quark and lepton currents. This hypothesis allows us to establish

a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D
⇤
⌧⌫)/B(B ! D

⇤
`⌫)exp = 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)exp = 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D
⇤
⌧⌫)/B(B ! D

⇤
`⌫)SM = 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !

D`⌫)SM = 0.31± 0.02 [7]. The SM expectation of Rµ/e

K
is |(Rµ/e

K
)SM � 1| < 1% [8] while, by construction,

R
⌧/`

D⇤ = R
⌧/`

D
= 1 within the SM.
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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ŝ . MX (88)

8

•We fit this spectrum

 8

2

c

 15

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

[tree-level]

b

ν

τ
Le↵ � �

CT

v2
�
q
ij(Q̄i�µ�

a
Qj)(L̄3�

µ
�
a
L3) (28)

Le↵ ⇠
2

(3.5TeV)2
(c̄L�µbL)(⌧̄L�

µ
⌫L) (29)

Le↵ ⇠
1

(32TeV)2
(s̄L�µbL)(µ̄L�

µ
µL) (30)

Le↵ � �
Cb⌧

v2
(Q̄3�µ�

a
Q3)(L̄3�

µ
�
a
L3) (31)

CT (Q̄�µ�
a
Q)(L̄�

µ
�
a
L) + CS(Q̄�µQ)(L̄�

µ
L) (32)

(CS + CT ) d̄L�µdL ēL�
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We see that, similar to the scenario with S3, this model cannot accommodate the deviation
in RD(⇤) because the term proportional to |xb⌧

L |2 is negative, while the others are tightly
constrained by other flavor physics observables, such as B(B ! K⌫⌫̄).

Similarly to U1, the U3 model is generally nonrenormalizable. Nevertheless, under
certain circumstances, loops involving U3 can be calculated. More precisely, if the 3 ⇥ 3
matrix xL from Eq. (32) is unitary, UV-divergences appearing in loop-induced FCNCs
mediated by U3 are canceled through the GIM mechanism. However, the price to pay for
having a unitary coupling matrix is that LQ couplings to first generation SM fermions, such
as e, d, or u, can no longer be avoided. In turn, the presence of such couplings is in strong
conflict with LFV bounds from µ�e conversion in Au nuclei and from B(KL ! µe), which
exclude the U3 scenario with unitary xL as a viable explanation of the b ! s anomalies,
see discussion in Ref. [18].

4 High-pT phenomenology

4.1 Direct limits on pair-produced LQs

An e�cient way to set limits on LQs is to directly search for them at hadron colliders. At
the LHC one of the most significant example of such a processes is the pair production
gg (qq̄) ! LQ†LQ, shown in Fig. 3 (a). In both ATLAS and CMS the searches for this
process in di↵erent decay channels into second and/or third generation quarks and lep-
tons, LQ†LQ ! qq̄`¯̀, qq̄⌫⌫̄, have been made. The results of these searches lead to model
independent bounds on both the mass and branching fractions of the LQ.

In Table 1 we list the most recent lower limits on the masses of second/third genera-
tion scalar and vector LQs relevant to this work, for benchmark branching ratios set to
�=1 (0.5). These limits assume the following: (i) pair production is dominated by QCD in-
teractions, and (ii) for vector LQs (V µ) the LQ-gluon interaction term, L � �gsV µGµ⌫V ⌫ ,
is taken with  = 1. The first assumption is in general true for LQ-fermion couplings of
order ⇠ 1 or smaller [48]. In this regime, contributions to qq̄ ! LQ†LQ with a t-channel
lepton (where the amplitude is proportional to the squared LQ-fermion coupling) are sub-

LQ

LQ

LQ

!

!̄

q

q̄

g

g

(a) (b)

Figure 3: (a) Representative Feynman diagram for LQ pair production via QCD interactions.

(b) Feynman diagram for LQ t-channel exchange in pp ! `¯̀production at the LHC. The dashed

propagator represents either a scalar or vector LQ state.
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Figure 7: Summary of the updated direct limits from LQ pair-production searches at the
LHC for different quark-lepton decay channels of the R2 LQ. The branching ratio for a
specific decay channel of the LQ as indicated in the figure is varied from 0 to 1, while the
other decay channels not specified compensate for the missing branching ratios to add up
to one. These limits are independent of the LQ Yukawa coupling.

Model Fit
Branching ratio

!
2/3

!
5/3

⌫j b⌧ bµ ⌫t t⌧ µj ⌧j tµ

Fit I 41.8% 54.1% 4% 0.04% 54.1% 4% 37.8% 4%

Fit II 41.3% 54% 4% 0.04% 54.1% 4% 37.8% 4%

Table III: Branching ratios for different decay modes of the R2 LQ corresponding to the
fits presented in Eqs. (7.3) and (7.4).

we consider them to be almost degenerate in our analysis. Given the branching ratios in
Table. III, the bb̄⌧

+
⌧
� final state gives the most stringent constraint on the R2 LQ mass,

which is required to be larger than 859 GeV, as can be seen from Fig. 7.
As for the S3 LQ relevant for R

K(?) anomaly, it can in principle decay to all quark and
lepton flavors, due to the CKM-rotations involved in Eq. (2.6). However, the dominant
decay modes of the S3 LQ corresponding to the Yukawa ansatz in Eqs. (7.3) and (7.4) are

⇢
4/3 ! s̄µ

+
,

⇢
1/3 ! c̄µ

+
, s̄⌫̄ ,

⇢
�2/3 ! c̄⌫̄ .

(6.2)

In addition, for mR2 ,m� < mS3 , the S3 LQ can decay to the R2 LQ and the quadruplet
scalar �, mediated by the trilinear coupling µ in Eq. (2.7) that is responsible for neutrino
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Figure 8: Summary of the new indirect constraints on the Yukawa couplings of the R2

LQ as a function of its mass from a recent non-resonant dilepton search at the LHC.

7 Numerical Fit

In this section, we present our numerical results for the model parameter space that explains
the anomalies in R

D(?) , R
K(?) , and �aµ within their 1� measured values, while being

consistent with all the low-energy and LHC constraints discussed above. It is beyond the
scope of this work to explore the entire parameter space of the theory; instead we implement
all the constraints and find a few benchmark points to explain the anomalies. First of all,
we fix the R2 LQ mass at 900 GeV to satisfy the LHC bound obtained from pair-produced
!
2/3 decaying to bb̄⌧

+
⌧
� (cf. Fig. 7 and Table III). Note that mR2 needs to be around

1 TeV to explain R
D(?) ; making it larger would require larger f

0
33

and f23 coupling values
beyond O(1). For example, with f

0
33

= Imf23 = 1.5 and f22 = 0.45 (to be consistent with
the flavor constraints), the maximum mR2 we can have is 1.4 TeV. We also fix the S3 LQ
mass at 2 TeV for our R

K(?) analysis, but it can be scaled up to much higher values without
requiring either of the Yukawa couplings y22 or y32 in Eq. (3.25) to exceed O(1) values.

7.1 Fit to R
D(?)

In Fig. 9, we show the allowed parameter space to explain R
D(?) at 1� (orange shaded) and

2� (light blue shaded) CL in the most relevant Yukawa coupling plane Im(f23)� |f 0
33
| for a

fixed R2 LQ mass at 900 GeV. We have also fixed f22 = 0.29, which is the maximum allowed
value from the dilepton constraint (see Fig. 8). Note that a nonzero f22 is required by the
neutrino oscillation fit for the textures we have (see Section 7.2), and a larger f22 helps
widen the R

D(?) region. In our numerical analysis to generate Fig. 9, we have made use of
the Flavio package [103]. As already noted in Section 3.1 (cf. Fig. 3), the f23 coupling

– 31 –

Figure 9: 1� (light red) and 2� (light blue) allowed range for R
D(?) in the relevant

Yukawa coupling plane, with the R2 LQ mass at 900 GeV and with a fixed f22 = 0.29.
The horizontal purple band is from the Z ! ⌧⌧ constraint. The curved green band and
cyan bands respectively represent exclusion from LQ pair production in pp ! bb⌧⌧ and
pp ! jj⌫⌫ channels at LHC. The vertical yellow band corresponds to the exclusion from
LFV decay ⌧ ! µ�. The dark purple shaded box represents the 1� allowed region for
R

D(?) that is consistent with all the constraints in this model.

needs to be complex to get a good fit to R
D(?) . Thus, while doing the minimization to get

neutrino oscillation fit, we choose the f23 coupling purely imaginary, as shown in Fig. 9.
The dark purple shaded area highlighted in Fig. 9 represents the allowed region that is

consistent with all the constraints in our model. The rest of the colored regions are excluded
by various constraints discussed in the previous sections. The horizontal purple band is from
Z ! ⌧⌧ constraint (cf. Eq. 5.8). The green and cyan shaded regions respectively represent
LHC exclusion from LQ pair-production in b⌧ and j⌫ decay modes (cf. Fig. 7). The vertical
yellow shaded region corresponds to the exclusion from LFV decay ⌧ ! µ� (cf. Table II).
In the next subsection, we will choose both f

0
33

and f23 values from within the allowed
region shown in Fig. 9.

7.2 Neutrino Fit

In this section, we explicitly show that the neutrino oscillation data can be explained in our
model, while being consistent with the B-anomalies and (g�2)µ, as well as satisfying all the
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Babu, BD, Jana, Thapa, 2009.01771 [JHEP]; see also parallel talk by A. Thapa

Non-resonant dilepton searches at LHC severely restrict 
the allowed LQ parameter space for B-anomalies.

Eq. (2.2) can now be written in terms of mass eigenstate fermions (except for neutrinos
which are still flavor eigenstates) and the redefined Yukawa couplings as

LY = u
cT
Cf⌫!

2/3 � u
cT
Cfe!

5/3
+ u

T
C(V

?
f
0
)e
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p
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T
Cye⇢

4/3
+ H.c. (2.6)

Here we have dropped the superscript 0 in the labeling of mass eigenstates. In the discus-
sions that follow, the quark and lepton fields are to be identified as mass eigenstates. Note
that the Yukawa coupling matrices f

0 and y, which respectively appear in the d � e
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d � e couplings, also appear in the u � e
c and u � e couplings, along with the generalized

CKM matrix V . Any texture adopted for f 0 and y should therefor be consistent with flavor
violation in both down-type and up-type quark sectors. The flavor indices i and j in fij

(and similarly for f
0 and y) refer to the quark flavor and the lepton flavor respectively.
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Here {i, j} are SU(2)L indices, {↵,�} are SU(3)c indices, ⌧a are the Pauli matrices, and Ta,
T
0
a (with a = 1, 2, 3) are the normalized generators of SU(2) in the triplet and quadruplet

representations, respectively.3 Color-singlet contractions not shown explicitly are to be
assumed among two colored fields within the same bracket. For example, the �

0
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term
has the color contraction (R
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†�
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TaS3�). Here S3ij

and �
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symmetric rank-2 and rank-3 tensors of SU(2), with their components related to those
given in Eq. (2.1) as:
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3
This potential differs considerably from the one given in Ref. [46], which is missing many terms.
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removing certain particle from the model would still result in nonzero neutrino masses [60,
61]. Our approach here is similar in spirit to Ref. [62], which address all three anomalies,
viz., R

D(?) , RK(?) and �aµ, in the context of radiative neutrino masses; but unlike Ref. [62]
we do not introduce new vector-like fermions into the model. In the model proposed here
there is a close-knit connection between the R

D(?) and R
K(?) anomalies, �aµ and neutrino

mass. In particular, neutrino mass generation requires all particles that play a role in
explaining these anomalies. Removing any new particle from the model would render the
neutrino to be massless. For other models of radiative neutrino mass using LQ scalars, see
Refs. [63–68].

The rest of the paper is organized as follows. In Section 2 we present the basic features
of the model, including the Yukawa Lagrangian (cf. Section 2.1), scalar potential (cf. Sec-
tion 2.2), radiative neutrino mass generation mechanism (cf. Section 2.3) and a desired
texture for the Yukawa coupling matrices (cf. Section 2.4) consistent with flavor constraints
that can explain the flavor anomalies. In Section 3 we discuss how the LQ scalars present
in the model explain the R

D(?) and R
K(?) flavor anomalies. In Section 4 we show how the

R2 LQ explains the �aµ anomaly. In this section, we also point out the difficulty in simul-
taneously explaining the electron g�2 (cf. Section 4.1), as well as the model predictions for
related processes, namely, Higgs decay to lepton pairs (cf. Section 4.2) and muon electric
dipole moment (cf. Section 4.3). Section 5 summarizes the low-energy constraints on the
LQ couplings and masses. Section 6 analyzes the LHC constraints on the LQs. In Section 7
we present our numerical results for two benchmark fits to the neutrino oscillation data that
simultaneously explain R

D(?) , RK(?) and (g�2)µ anomalies, while being consistent with all
the low-energy and LHC constraints. Section 8 further analyzes the collider phenomenology
of the model relevant for the �

++ scalar, and makes testable predictions for HL-LHC and
future hadron colliders. Our conclusions are given in Section 9.

2 The Model

The model proposed here aims to explain the B-physics anomalies R
D(?) and R

K(?) , as well
as the muon (g � 2) anomaly �aµ, and at the same time induce small neutrino masses as
radiative corrections. To this end, we choose the gauge symmetry and the fermionic content
of the model to be identical to the SM, while the scalar sector is extended to include three
new states, apart from the SM Higgs doublet H:
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⇣
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. (2.1)

Here the numbers within brackets represent the transformation properties under the SM
gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The superscripts on various fields denote their
respective electric charge Q defined as Q = I3 + Y , with I3 being the third-component of
SU(2)L-isospin. The R2 and S3 LQs are introduced to explain R

D(?) and R
K(?) anomalies

respectively. The R2 LQ also explains �aµ through a chirally-enhanced operator it induces,
which is proportional to the top quark mass. The SU(2)L-quadruplet � field mixes !

2/3
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Figure 2: Feynman diagrams for the dominant LQ contributions to the b ! c⌧
�
⌫̄ (left)

and b ! sµ
�
µ
+ (right) transitions.

processes such as B ! K⌫⌫̄. It is also worth mentioning that one can induce Wilson
coefficient g`

V
of Eq. (3.15) proportional to y3`y

?

33
, in conjunction with CKM mixing. How-

ever, for ` = 3, this contribution has an opposite sign compared to the SM, and therefore
would require the new contribution to be twice as large as the SM one, bringing it to the
non-perturbative regime. For ` = 1 or 2, there is no interference with the SM term, which
would again require large non-perturbative values from the S3 contribution. Thus we shall
ignore these S3-induced contributions to R

D(?) . In Section 7.1, we have shown two best
fit values of the Yukawa coupling matrices. For these choices of Yukawa couplings, shown
in Eqs. (7.3) and (7.4), we get negligible contribution to g

`

V
= �5 ⇥ 10

�5 for Fit I and
g
`

V
= 6⇥ 10

�6 for Fit II from the S3 LQ, whereas the allowed 1� range to explain R
D(?) is

[0.072, 0.11]. Therefore, we will only focus on the R2 contribution to R
D(?) induced through

the Wilson coefficients g`
S

and g
`

T
. RD and RD? induced through the Wilson coefficients g`s

and g
`

T
at µR = mb with ⌫⌧ in the final state are approximately given by [102]

RD ' R
SM

D

�
1 + 1.54Re[g

⌧

S ] + 1.09 |g⌧S |2 + 1.04Re[g
⌧

T ] + 0.75 |g⌧T |2
�
, (3.16)

RD? ' R
SM

D?

�
1� 0.13Re[g

⌧

S ] + 0.05 |g⌧S |2 � 5.0Re[g
⌧

T ] + 16.27 |g⌧T |2
�
, (3.17)

where the numerical coefficients arise from the relevant form factors. These expressions
are applicable for ⌫e,µ final states as well, but by setting the Re[g⌧

S
] and Re[g⌧

T
] terms in

Eqs. (3.16) and (3.17) to zero. This is because the new physics and the SM contributions
interfere only when ⌫` = ⌫⌧ .

The required values for the Wilson coefficient to get a simultaneous fit for both RD and
RD? is depicted in Fig. 3. We make use of Flavio package [103] that has NNLO QCD and
NLO electroweak corrections coded in it, in generating Fig. 3. The left panel shows the 1�

allowed range of RD (light blue band) and R
?

D
(light coral band) in the complex plane of g⌧

S

with g
e,µ

S
= 0, i.e., with f23 6= 0 and f21 = f22 = 0 in Eq. (3.10). The intersection between

the two bands, highlighted by the purple shaded regions, represents the allowed region that
satisfies both anomalies. From this plot, we find that Im(g

⌧

S
) must be nonzero, as first

noted in Ref. [104], while Re(g
⌧

S
) should be nearly zero to fit R

D(?) . From Eqs. (3.16) and
(3.17) it is clear that any nonzero Re[g⌧s ] would pull RD and R

⇤
D

in opposite directions,
in contradiction with experimental values (cf. Eqs. (3.2) and (3.3)), which is what forces
Re(g

⌧

S
) ' 0. In the right panel, we set Re(g

⌧

S
) = 0, i.e., we set g

⌧

S
(or, equivalently, the f23

coupling) to be purely imaginary, and switch on the f22 coupling as well, as is the case with
our texture in Eq. (2.53). Again, the 1� allowed ranges for RD and RD? are shown by the
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B-anomalies in RPV-SUSY

Can naturally accommodate RD(ú) (b æ c·‹) via LQD interactions. [Deshpande, He

(EPJC ’17); Altmannshofer, BD, Soni (PRD ’17); Trifinopoulos (EPJC ’18); Hu, Li, Muramatsu, Yang (PRD ’19)]

LLQD = ⁄Õ
ijk

#
Â‹iLd̄kRdjL + ÂdjLd̄kR‹iL + Âdú

kR ‹̄c
iLdjL ≠ ÂeiLd̄kRujL ≠ ÂujLd̄kReiL ≠ Âdú

kRēc
iLujL

$
+ H.c.

Can simultaneously explain RK (ú) (b æ s¸¸) by invoking LLE interactions, together
with LQD. [Das, Hati, Kumar, Mahajan (PRD ’17); Earl, Grégoire (JHEP ’18); Trifinopoulos (EPJC ’18); Hu, Huang

(PRD ’20); Altmannshofer, BD, Soni, Sui (PRD ’20)]

LLLE = 1
2

⁄ijk
#
Â‹iLēkRejL + ÂejLēkR‹iL + Âeú

kR ‹̄c
iLejL ≠ (i ¡ j)

$
+ H.c.

Muon g ≠ 2 from both LQD and LLE terms.

27+9 independent coupling parameters.

Restricting to RPV3 and using some ansatz, can limit the number of relevant
independent ⁄Õ and ⁄ couplings.

Will consider three benchmark cases (CKM-like, symmetry-based, anarchic).
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Will consider three benchmark cases (CKM-like, symmetry-based, anarchic).
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B-anomalies in RPV-SUSY

Can naturally accommodate RD(ú) (b æ c·‹) via LQD interactions. [Deshpande, He

(EPJC ’17); Altmannshofer, BD, Soni (PRD ’17); Trifinopoulos (EPJC ’18); Hu, Li, Muramatsu, Yang (PRD ’19)]
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with LQD. [Das, Hati, Kumar, Mahajan (PRD ’17); Earl, Grégoire (JHEP ’18); Trifinopoulos (EPJC ’18); Hu, Huang

(PRD ’20); Altmannshofer, BD, Soni, Sui (PRD ’20)]
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27+9 independent coupling parameters.

Restricting to RPV3 and using some ansatz, can limit the number of relevant
independent ⁄Õ and ⁄ couplings.

Will consider three benchmark cases (CKM-like, symmetry-based, anarchic).
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8

A. Explanation of RD and RD⇤

In Ref. [53] we had identified BSM contributions to
b ! c⌧⌫ transitions in the RPV setup, which can arise
at the tree level from sbottom exchange [cf. Fig. 2(a)].
The sbottom exchange leads to contributions to the de-
cay amplitude that have the same chirality structure as
the SM contribution and thus modify RD and RD⇤ in
a universal way. Here we note that in the presence of
the LLE couplings, also diagrams with light sleptons, in
particular a light left-handed stau, can contribute to the
decays [cf. Fig. 2(b)]. However, in the scenarios we will
consider below, the left-handed stau will be fairly heavy
(specifically, we set m⌧̃L = 10 TeV in the benchmark
scenarios of Section IV) and the corresponding contribu-
tions will be negligible. We will therefore focus only on
the sbottom contribution from the diagram in Fig. 2(a).
It is important to note that RD and RD⇤ measured by

BaBar and Belle correspond to ratios of the tauonic decay
modes to an average of the muonic and electronic modes,
while the LHCb measurements are ratios of tauonic to
muonic modes. Using the notation from Ref. [139], we
find in our setup

RLHCb

D

RSM

D

=
RLHCb

D⇤

RSM

D⇤
=

|�c
31
|2 + |�c

32
|2 + |1 +�c

33
|2

|�c
21
|2 + |1 +�c

22
|2 + |�c

23
|2 ,

(23)
where

�c
ll0 =

v2

4m2

ebR

�0
l033

✓
�0
l33 + �0

l23
Vcs

Vcb
+ �0

l13
Vcd

Vcb

◆
, (24)

v = 246 GeV is the Higgs VEV and Vij are the CKM
matrix elements.

In the case of the B-factories, we instead have

RB-fac.

D

RSM

D

=
RB-fac.

D⇤

RSM

D⇤
=

|�c
31
|2 + |�c

32
|2 + |1 +�c

33
|2

⇠e(|1 +�c
11
|2 + |�c

12
|2 + |�c

13
|2) + (1� ⇠e)(|�c

21
|2 + |1 +�c

22
|2 + |�c

23
|2) , (25)

where ⇠e parameterizes the relative weight of the elec-
tronic and muonic decay modes in the RD(⇤) measure-
ments at the B-factories. We note that ⇠e can in prin-
ciple be di↵erent for each experimental analysis but we
expect ⇠e ⇠ 50% (see e.g. [149]). We explicitly checked
that varying ⇠e has no significant impact on our results.
This is due to the fact that µ� e universality in b ! c`⌫
decays is observed with high accuracy. Translating the
results from Ref. [150] into our RPV scenario, we have

|1 +�c
11
|2 + |�c

12
|2 + |�c

13
|2

|�c
21
|2 + |1 +�c

22
|2 + |�c

23
|2 = 1.022± 0.024 . (26)

Therefore, it is an excellent approximation to combine
the LHCb and B-factory results as done in Section IIA 1.
In that case we find5

RD

RSM

D

=
RD⇤

RSM

D⇤
= 1.15± 0.04 , (27)

both for the LHCb and the B-factory expressions
[cf. Eqs. (23) and (25)].

1. Implications of the observed q2 distribution and of the
D⇤ polarization

Recently, Ref. [151] in an interesting study have in-
cluded q2 (where q is the 4-momentum carried by the

5 The parameter space explaining the RD(⇤) data automatically
explains the RJ/ data, because the underlying transition is the
same b ! c`⌫. Therefore, we do not discuss the RJ/ fits sepa-
rately.

leptonic pair) and also the longitudinal polarization of
the D⇤ in addition to the integrated rates in order to dis-
criminate against models. To analyze the data in a model
independent manner they allow all possible current struc-
tures in the weak Hamiltonian subject only to the con-
straint that only left-handed neutrinos are involved in
the interaction; thus,

Hb!c`⌫
e↵

=
4GFp

2
Vcb

⇥
(1 + CVL)OVL + CVROVR

+ CSROSR + CSLOSL + CTOT

⇤
+H.c.

(28)

with the operators

OVL,R = (c̄ �µbL,R)
�
¯̀
L�µ⌫`L

�
,

OSL,R = (c̄bL,R)
�
¯̀
R⌫`L

�
,

OT = (c̄�µ⌫bL)
�
¯̀
R�µ⌫⌫`L

�
, (29)

and weighted by the corresponding Wilson coe�cients
Ci. In this representation, the operator OVL is of
special significance as it encapsulates the SM interac-
tion. In their study of the existing experimental data,
Ref. [151] find that the simplest solution to the charge-
current anomaly is with a small non-vanishing value of
CVL ⇡ 0.08, with all other C’s equal to zero.
This has the important consequence that the polar-

ization of the D⇤ or for that matter of the ⌧ will not
be di↵erent from the SM. Recently Belle collaboration
reported, for the longitudinal polarization of the D⇤[152]

FL(D
⇤) = 0.60± 0.08(stat)± 0.04(sys) , (30)
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FIG. 3. Di↵erent classes of contribution to the b ! sµ+µ�

transition in RPV SUSY: (a) tree level stop exchange; (b)
sbottom-W boson loop; (c) sbottom loop; (d) stop-sneutrino
loop; (e) sbottom-stau loop; and (f) sneutrino loop.

Note that in our RPV setup the simultaneous pres-
ence of muon and electron couplings would likely lead to
extremely stringent constraints from searches for µ ! e
transitions, like the µ ! e� decay, or µ ! e conversion
in nuclei [158]. We therefore focus on muonic couplings
only.

In the considered RPV scenario, contributions to b !
s`` transitions arise both at the tree level and the loop
level. Tree-level exchange of stops (see Fig. 3a) gives
contributions to the wrong chirality Wilson coe�cients.
In agreement with Ref. [144] we find

(C 0
9
)µ = �(C 0

10
)µ = � v2

2m2

etL

⇡

↵em

�0
233

�0
232

VtbV ⇤
ts

, (41)

where ↵em is the fine structure constant. The above-
discussed preferred ranges for these coe�cients in
Eq. (40) translate into the approximate bound

|�0
233

�0
232

| . 10�3 ⇥
⇣ metL
1TeV

⌘2
. (42)

In addition, there are various classes of 1-loop contri-
butions to the b ! sµµ decays that we consider (see
Fig. 3b-f). There are loops with right-handed sbottoms
and W bosons (Fig. 3b), with two right-handed sbot-
toms (Fig. 3c), as well as with stops and sneutrinos
(Fig. 3d).7 These contributions are all governed by the �0

7 We neglect diagrams from loops involving winos that were dis-

RPV couplings. In the presence of the � RPV couplings
there are additional 1-loop e↵ects (as first pointed out by
Ref. [139]). We take into account loops with right-handed
sbottoms and staus (Fig. 3e), as well as with left-handed
sneutrinos (Fig. 3f). All those diagrams give contribu-
tions to the left-handed Wilson coe�cients and therefore
can in principle explain the anomalies in RK and RK⇤ .
Summing up all these contributions we get [139, 144, 145]

(C9)
µ = �(C10)

µ =
m2

t

m2

ebR

|�0
233

|2
16⇡↵em

� v2

16m2

ebR

XbsXµµ

e2VtbV ⇤
ts

� v2

16(m2

etL
�m2

e⌫⌧
)
log

 
m2

etL
m2

e⌫⌧

!
XbµXsµ

e2VtbV ⇤
ts

� v2

16(m2

ebR
�m2

e⌧R)
log

 
m2

ebR
m2

e⌧R

!
eXbµ

eXsµ

e2VtbV ⇤
ts

� v2

16m2

e⌫⌧

eXbs
eXµµ

e2VtbV ⇤
ts

, (43)

where the X and eX factors are the following combina-
tions of RPV couplings:

Xbs = �0
133

�0
123

+ �0
233

�0
223

+ �0
333

�0
323

,

eXbs = �0
331

�0
321

+ �0
332

�0
322

+ �0
333

�0
323

,

Xµµ = |�0
213

|2 + |�0
223

|2 + |�0
233

|2 ,

eXµµ = |�231|2 + |�232|2 + |�233|2 ,

Xbµ = �0
331

�0
231

+ �0
332

�0
232

+ �0
333

�0
233

,

Xsµ = �0
321

�0
231

+ �0
322

�0
232

+ �0
323

�0
233

,

eXbµ = �0
133

�123 + �0
333

�323 ,

eXsµ = �0
123

�123 + �0
323

�323 . (44)

It is intriguing that the RPV setup produces BSM con-
tributions that follow the (C9)µ = �(C10)µ pattern that
is preferred by the data. Note that the first term in (43)
arises from the sbottom-W boxes and has the wrong sign,
i.e. it always worsens the agreement with data. The
coupling combinations that enter in the other terms are
constrained for example by Bs mixing and B ! K⌫⌫̄.
The last two terms in (43) involve both the �0 and �
couplings (the last one was not included in Ref. [139]).
These additional terms provide more freedom to explain
the RK(⇤) anomalies in the context of RPV SUSY. An ex-
planation of the anomalies requires negative C9. Given
that Vts ' �0.04, this in turn requires some of the �0 or
� couplings to be negative.
Finally, let us also mention that in our RPV setup

there are contributions to the related b ! s� decay. The

cussed in Ref. [145], assuming that winos are su�ciently heavy
in our RPV3 scenario. Note that this does not necessarily spoil
the gauge coupling unification in RPV3 [53], as the renormaliza-
tion group (RG) running is logarithmic, and O(10 TeV) winos
(and similar mass for the gluino to satisfy the stringent LHC con-
straints), along with light bino (and Higgsinos), are acceptable.

Why SUSY?

Natural SUSY
[Brust, Katz, Lawrence, Sundrum, 1110.6670 (JHEP ’12); Papucci, Ruderman, Weiler, 1110.6926 (JHEP ’12)]
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LHC Signals

Effective operators:

RD(ú) : OVL = (c̄“µPLb)(·̄ “µPL‹)

RK (ú) : Q¸
9(10) = (s̄“µPLb)( ¯̧“µ(“5)¸)

Crossing symmetry: b æ c·‹ leads to gc æ b·‹, and b æ s¸¸ leads to gs æ b¸¸.
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FIG. 1. Normalized kinematic distributions for the pp � b�� � b� + /ET signal and background.

with � = e, µ)2, where the dominant contributions come
from the pp � Wj and pp � bb̄j channels.

As for the NP contribution, we consider the following
dimension-6 four-fermion operators [33]:

OVR,L = (c̄�µPR,Lb) (⌧̄ �µPL�) (5)

OSR,L = (c̄PR,Lb) (⌧̄PL�) . (6)

The amplitudes for the collider process gc � b⌧� are
suppressed by gNP/�2, where gNP denotes the e�ective
NP coupling in the contact interaction and � is the NP
scale. For a typical choice gNP/�2 = (1 TeV)�2, we ob-
tain a signal cross section for pp � b⌧� � b� + /ET of
�V � 1.1 pb for the vector case and �S � 1.8 pb for the
scalar case, both at

�
s = 13 TeV LHC. These cross sec-

tion estimates imply that even without using any special-
ized selection cuts to optimize the signal-to-background
ratio, the NP signals associated with the RD(⇤) anomaly

2 We thank Brian Shuve for pointing out an earlier error in our
cross section estimate, which was caused due to the default value
of zero ⌧ -width in MadGraph5.

may be directly probed at 3� confidence level for me-
diator masses up to around 2.4 (2.6) TeV in the vector
(scalar) operator case with O(1) couplings at

�
s = 13

TeV LHC with an integrated luminosity of 300 fb�1.

The signal-to-background ratio can be improved in var-
ious ways. For instance, simple kinematic distributions,
such as the transverse momentum of the outgoing b-quark
(or of the final lepton) and the invariant mass of the b
quark and lepton system (see Fig. 1), can be used to dis-
tinguish the NP signals from each other and from the SM
background for di�erent NP operators. Furthermore, im-
posing stringent cuts like pb

T > 100 GeV and Mb� > 100
GeV could drastically reduce the SM background, with-
out significantly a�ecting the signal (see Fig. 1), espe-
cially in the vector case, potentially enhancing the LHC
sensitivity to even higher mediator masses. Similarly, in-
creasing the /ET cut to 100 GeV will significantly reduce
the SM background, including the mis-measured dijets,
without much signal loss, as can be seen from Fig. 1. For
illustration, we show in Tab. I the individual cut e�cien-
cies of the signal and background for three representa-
tive values of the kinematic cuts for the four kinematic
observables considered in Fig. 1 (taken one at a time).

[Altmannshofer, BD, Soni (PRD ’17)] [Altmannshofer, BD, Soni, Sui (PRD ’20)]
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FIG. 1. Normalized kinematic distributions for the pp � b�� � b� + /ET signal and background.

with � = e, µ)2, where the dominant contributions come
from the pp � Wj and pp � bb̄j channels.

As for the NP contribution, we consider the following
dimension-6 four-fermion operators [33]:

OVR,L = (c̄�µPR,Lb) (⌧̄ �µPL�) (5)

OSR,L = (c̄PR,Lb) (⌧̄PL�) . (6)

The amplitudes for the collider process gc � b⌧� are
suppressed by gNP/�2, where gNP denotes the e�ective
NP coupling in the contact interaction and � is the NP
scale. For a typical choice gNP/�2 = (1 TeV)�2, we ob-
tain a signal cross section for pp � b⌧� � b� + /ET of
�V � 1.1 pb for the vector case and �S � 1.8 pb for the
scalar case, both at

�
s = 13 TeV LHC. These cross sec-

tion estimates imply that even without using any special-
ized selection cuts to optimize the signal-to-background
ratio, the NP signals associated with the RD(⇤) anomaly

2 We thank Brian Shuve for pointing out an earlier error in our
cross section estimate, which was caused due to the default value
of zero ⌧ -width in MadGraph5.

may be directly probed at 3� confidence level for me-
diator masses up to around 2.4 (2.6) TeV in the vector
(scalar) operator case with O(1) couplings at

�
s = 13

TeV LHC with an integrated luminosity of 300 fb�1.

The signal-to-background ratio can be improved in var-
ious ways. For instance, simple kinematic distributions,
such as the transverse momentum of the outgoing b-quark
(or of the final lepton) and the invariant mass of the b
quark and lepton system (see Fig. 1), can be used to dis-
tinguish the NP signals from each other and from the SM
background for di�erent NP operators. Furthermore, im-
posing stringent cuts like pb

T > 100 GeV and Mb� > 100
GeV could drastically reduce the SM background, with-
out significantly a�ecting the signal (see Fig. 1), espe-
cially in the vector case, potentially enhancing the LHC
sensitivity to even higher mediator masses. Similarly, in-
creasing the /ET cut to 100 GeV will significantly reduce
the SM background, including the mis-measured dijets,
without much signal loss, as can be seen from Fig. 1. For
illustration, we show in Tab. I the individual cut e�cien-
cies of the signal and background for three representa-
tive values of the kinematic cuts for the four kinematic
observables considered in Fig. 1 (taken one at a time).

[Altmannshofer, BD, Soni (PRD ’17)] [Altmannshofer, BD, Soni, Sui (PRD ’20)]
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Altmannshofer, BD, Soni, 1704.06659 [PRD]; 
Altmannshofer, BD, Soni, Sui, 2002.12910 [PRD] See also parallel talk by F. Xu
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An LHC Test of Muon g ≠ 2
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Figure 3: Comparison between data and prediction in each signal region of this analysis after the profile likelihood fit
has been performed. All uncertainties, systematic and statistical, are included. The hatched grey area in this figure is
the combination of of all uncertainties in the analysis.
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hH0
i

��1/3��1/3

�� dc
� d� ��

Figure 22: One-loop diagram inducing neutrino mass in the LQ model. This is the model
O

8
3 of Table III. In SUSY models with R-parity violation, !�1/3 is identified as d̃ and �

?1/3

as d̃c.

⌘ �↵�

⇣
⌫↵d

c

�
!
�1/3

� `↵d
c

�
!
2/3
⌘
+ �

0
↵�

(⌫↵d� � `↵u�)�
?
+H.c. (5.1)

Here {↵,�} are family indices and {i, j} are SU(2)L indices as before. As in the Zee model,
a cubic scalar coupling is permitted, given by

V � µH
†
⌦�

?
+H.c. ⌘ µ

⇣
!
2/3

H
�
+ !

�1/3
H

0
⌘
�
?
+H.c. (5.2)

which ensures lepton number violation.
Once the neutral component of the SM Higgs doublet acquires a VEV, the cubic term

in the scalar potential (5.2) will generate mixing between the !
�1/3 and �

�1/3 fields, with
the mass matrix given by:

M
2
LQ =

 
m

2
! µv/

p
2

µ
?
v/

p
2 m

2
�

!
, (5.3)

where m
2
! and m

2
� include the bare mass terms plus a piece of the type �v

2 arising from
the SM Higgs VEV. The physical states are denoted as {X

�1/3
1 , X

�1/3
2 }, defined as

X1 = cos↵! + sin↵� ,

X2 = � sin↵! + cos↵� , (5.4)

with the mixing angle given by

tan 2↵ =
�

p
2µv

m2
� � m2

!

. (5.5)

The squared mass eigenvalues of these states are:

m
2
1,2 =

1

2

h
m

2
! +m

2
� ⌥

q
(m2

! � m2
�)

2 + 4µ2v2
i
. (5.6)

Neutrino masses are induced via the one-loop diagram shown in Fig. 22. The mass
matrix is given by:

M⌫ =
3 sin 2↵

32⇡2
log

✓
m

2
1

m
2
2

◆
(�Md�

0T
+ �

0
Md�

T
) . (5.7)
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Figure 34: Neutrino mass generation in the one-loop model with both doublet and triplet
leptoquarks. This is the O

9
3 model of Table III [31].

�
g̃
µ

L

�2 is defined as

�
g̃
µ

L

�2
=

�
g
u

L + "
uL

µµ

�2
+

⇣
g
d

L + "
dL

µµ

⌘2
, (5.50)

where g
u

L
=

1
2 �

2
3s

2
w and g

d

L
= �

1
2 +

1
3s

2
w. For the SM prediction, we have used the

latest PDG value for on-shell s2w = 0.22343 from a global-fit to electroweak data (without
NuTeV) [85] and comparing

�
g̃
µ

L

�2 with the measured value, derive a 90% CL constraint on
0.0018 < "µµ < 0.8493. Note that this prefers a non-zero "µµ at 90% CL (1.64�) because
the SM with "µµ = 0 is 2.7� away and also because there is a cancellation between g

d

L

(which is negative) and "µµ (which is positive) in Eq. (5.50) to lower the value of
�
g̃
µ

L

�2 to
within 1.64� of the measured value.

For the off-diagonal sector, there are new constraints from ⌧ ! `� relevant for "µ⌧ and
"e⌧ , as shown in Figs. 33 (c) and (d). However, these are less stringent than the ⌧ ! `⇡

0

and ⌧ ! `⌘ constraints discussed before. There are no new constraints for "⌧⌧ and "eµ that
are stronger than those shown in Figs. 31 (c) and 32 (c) respectively, so we do not repeat
these plots again in Fig. 33.

6 NSI in a triplet leptoquark model

This is the O
9
3 model of Table III [31]. In this model, two new fields are introduced –

an SU(2)L-triplet scalar LQ ⇢̄
�
3̄,3, 13

�
=

�
⇢̄
4/3

, ⇢̄
1/3

, ⇢̄
�2/3

�
and an SU(2)L-doublet LQ

⌦
�
3,2, 16

�
=

�
!
2/3

, !
�1/3

�
. The relevant Lagrangian for the neutrino mass generation can

be written as

�LY � �↵�L↵d
c

↵⌦+ �
0
↵�

L↵Q� ⇢̄+H.c. = �↵�

⇣
⌫↵d

c

�
!
�1/3

� `↵d
c

�
!
2/3

⌘

+�
0
↵�


`↵d� ⇢̄

4/3
�

1
p
2
(⌫↵d� + `↵u�) ⇢̄

1/3
+ ⌫↵u� ⇢̄

�2/3

�
+H.c. (6.1)

These interactions, along with the potential term

V � µe⌦⇢H +H.c. = µ


!
?1/3

⇢
�4/3

H
+
+

1
p
2

⇣
!
?1/3

H
0
� !

?�2/3
H

+
⌘
⇢
�1/3

� !
?�2/3

⇢
2/3

H
0

�
+H.c. , (6.2)
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Based on the derivation from Ref. [139], in the SM+RPV
case, we have:

R⌧/`
⌧ ' 1 +

p
2

4GF

�2

323

m2

e⌧R
� 3y2t

16
p
2GF⇡2

�02
333

m2

ebR

log

✓
mebR
mZ

◆
.

(76)
This can be used to put constraints on the parameter
space when combined with the experimental values [186]:

(R⌧/µ
⌧ )exp = 1.0022± 0.0030 , (77)

(R⌧/e
⌧ )exp = 1.0060± 0.0030 . (78)

The corresponding bound is displayed in Figs. 6 and 7 as
dark blue region, while it is not shown in Fig. 8 because
in Case 3 this bound becomes irrelevant due to �0

333
⇠

�323 ⇠ 0.

H. b ! s�

bL sL
�0
i33 �0

i23

�

⌫iL

b̃Rb̃R

FIG. 16. Contribution to b ! s� from �0 in RPV3 at one-loop
level.

The branching ratio of the rare decay b ! s� has been
measured [52] as:

BR(b ! s�)exp = (3.43± 0.21± 0.07)⇥ 10�4 , (79)

which is consistent with the SM result [187]

BR(b ! s�)SM = (3.36± 0.23)⇥ 10�4 . (80)

However, as pointed out by Refs. [188–191], BSM e↵ects
from both R-parity conserving and violating terms could
contribute to this channel either directly via one-loop di-
agrams (like in Fig. 16) or indirectly via RG running.
Considering the direct RPV contribution only, we take
the bound in Ref. [188] adopting it to the updated mea-
surement [52], which gives:

|�0
323

�0
333

| . 0.025

������
2

✓
100 GeV

me⌫⌧

◆2

�
 
100 GeV

mebR

!2
������

�1

,

(81)

|�0
332

�0
333

| . 0.01

������

✓
100 GeV

me⌧L

◆2

�
 
100 GeV

mebL

!2
������

�1

.

(82)

Substituting the benchmark mass values for our three
cases we find that the constraints are �0

332
�0
333

.
1.64, 1.15, 1.00 and �0

323
�0
333

. 7.14, 25.94, 1.01 respec-
tively for Case 1, 2 and 3, while the actual values of these
coupling products we have for all these cases are O(0.01).
Thus the b ! s� constraint is always satisfied for all our
benchmark points. The weakness of this bound could be
understood both from the partial cancellation between
the two terms in Eqs. (81) and (82), and from the depen-
dence of the upper bounds on the sparticle masses.

I. Neutrino Mass

⌫iL ⌫̄jL�ik3 �j3k

⌧̃L⌧̃R

ēkR
ēkL

⇥

⇥

(a)

⌫iL ⌫̄jL�0
ik3

�0
j3k

b̃Lb̃R

d̄kR
d̄kL

⇥

⇥

(b)

FIG. 17. Contribution to neutrino mass from RPV3 at one-
loop level.

The trilinear RPV couplings in Eqs. (21) and (22)
contribute to neutrino masses at one-loop level through
the lepton-slepton and quark-squark loops, as shown in
Fig. 17a and 17b respectively. Using the general expres-
sion [148, 192, 193] and dropping the terms involving the
first two generation sfermions, we obtain:

M⌫
ij ' 3

16⇡2

X

k

�0
ik3�

0
j3kmdk

�
emd

LR

�2
33

m2

ebR
�m2

ebL

ln

 
m2
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!

+
1

16⇡2

X

k

�ik3�j3kmek

(eme
LR)

2

33

m2

e⌧R �m2

e⌧L
ln

 
m2

e⌧R
m2

e⌧L

!

+ (i $ j) , (83)

where (emd
LR)

2 and (eme
LR)

2 are the left-right squark and
slepton mixing matrices respectively, given by

(emd
LR)

2

ij =
vdp
2
(Ad

ij � µ tan�ydij) , (84)

(and similarly for (eme
LR)

2 in terms of Ae and ye), where
Ad,e are the soft trilinear terms, yd,e are the Yukawa
couplings, and tan� = vu/vd is the ratio of the VEVs of
the two Higgs doublets in the MSSM.
In the basis in which the charged lepton masses and

the down quark masses are diagonal, it is customary to
assume that the A-terms are proportional to the Yukawa
couplings, i.e. Ad

33
= Abyb and Ae

33
= A⌧y⌧ . With this

substitution, Eq. (83) simplifies to

M⌫
ij ' 3

8⇡2

 
Ab � µ tan�

m2

eb

!
X

k

�0
ik3�

0
j3kmdkmb

RPV SUSY

(a) (b)

(c)

Figure 31: Predictions for diagonal NSI ("ee, "µµ, "⌧⌧ ) induced by doublet LQ in the
one-loop LQ model are shown by black dotted contours. Color-shaded regions are excluded
by various theoretical and experimental constraints. Yellow colored region is excluded by
perturbativity constraint on LQ coupling �↵d [187]. Blue-shaded region is excluded by
LHC LQ searches (Fig. 29) in subfigure (a) by e+jets channel (pair production for small
�ed and single-production for large �ed), in subfigure (b) by µ+jets channel, and in sub-
figure (c) by ⌫+jet channel. In (a), the red, brown and cyan-shaded regions are excluded
by the APV bound (cf. Eq. 5.18), HERA and LEP contact interaction bounds (cf. Ta-
ble XVI) respectively. In (b), the red line is the suggestive limit from NuTeV [141]. In
(c), the red-shaded region is excluded by the global-fit constraint from neutrino oscilla-
tion+COHERENT data [61]. We also show the future DUNE sensitivity in blue solid lines
for both 300 kt.MW.yr and 850 kt.MW.yr [66].
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Figure 30: Tree-level NSI diagrams with the exchange of heavy LQs: (a) for doublet LQ
with Yukawa � ⇠ O(1), and (b) for singlet LQ with Yukawa �

0
⇠ O(1).
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(5.44)

�(!
�1/3

! ⌫↵d�) =
|�↵� |

2

16⇡
m

!�1/3 . (5.45)

In deriving Eq. (5.44), we have used the Goldstone boson equivalence theorem, and in
Eq. (5.45), the factor in the denominator is not 8⇡ (unlike the SM h ! bb̄ case, for instance),
because only one helicity state contributes.

The lighter LQ !
2/3 in this case can only decay to `↵d� with 100% branching ratio.

Using the fact that constraints from ⌧
+
⌧
�
jj channel are weaker, one can allow for !

2/3

as low as 522 GeV, as shown in Fig. 29 by the solid brown curve, when considering the
�⌧d coupling alone. This is, however, not applicable to the scenario when either �ed or �µd

coupling is present, because of the severe constraints from e
+
e
�
jj and µ

+
µ
�
jj final states.

5.4 NSI prediction

The LQs !
�1/3 and �

�1/3 in the model have couplings with neutrinos and down-quark
(cf. Eq. (5.1)), and therefore, induce NSI at tree level as shown in Fig. 30 via either � or
�
0 couplings. From Fig. 30, we can write down the effective four-fermion Lagrangian as

L =
�
?

↵d
��d

m2
!

(d̄R⌫�L)(⌫̄↵LdR) +
�
0?
↵d
�
0
�d

m2
�

(d̄L⌫�L)(⌫̄↵LdL)

= �
1

2

"
�
?

↵d
��d

m2
!

(d̄R�
µ
dR)(⌫̄↵L�µ⌫�L) +

�
0?
↵d
�
0
�d

m2
�

(d̄L�
µ
dL)(⌫̄↵L�µ⌫�L)

#
, (5.46)

where we have used Fierz transformation in the second step. Comparing Eq. (5.46) with
Eq. (3.1), we obtain the NSI parameters

"
d

↵�
=

1

4
p
2 GF

 
�
?

↵d
��d

m2
!

+
�
0?
↵d
�
0
�d

m2
�

!
. (5.47)
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Figure 31: Predictions for diagonal NSI ("ee, "µµ, "⌧⌧ ) induced by doublet LQ in the
one-loop LQ model are shown by black dotted contours. Color-shaded regions are excluded
by various theoretical and experimental constraints. Yellow colored region is excluded by
perturbativity constraint on LQ coupling �↵d [187]. Blue-shaded region is excluded by
LHC LQ searches (Fig. 29) in subfigure (a) by e+jets channel (pair production for small
�ed and single-production for large �ed), in subfigure (b) by µ+jets channel, and in sub-
figure (c) by ⌫+jet channel. In (a), the red, brown and cyan-shaded regions are excluded
by the APV bound (cf. Eq. 5.18), HERA and LEP contact interaction bounds (cf. Ta-
ble XVI) respectively. In (b), the red line is the suggestive limit from NuTeV [141]. In
(c), the red-shaded region is excluded by the global-fit constraint from neutrino oscilla-
tion+COHERENT data [61]. We also show the future DUNE sensitivity in blue solid lines
for both 300 kt.MW.yr and 850 kt.MW.yr [66].

– 68 –

For Yn(x) ⌘
Nn(x)
Np(x)

= 1, one can obtain the effective NSI parameters from Eq. (3.5) as

"↵� ⌘ 3"
d
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=

3

4
p
2 GF
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↵d
��d

m2
!

+
�
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↵d
�
0
�d

m2
�

!
. (5.48)

To satisfy the neutrino mass constraint [cf. Eq. (5.7)], we can have either �
?

↵d
��d or

�
primestar

↵d
�
0
�d

of O(1), but not both simultaneously, for a given flavor combination (↵,�).
But we can allow for �?

↵d
��d and �

0?
↵0d

�
0
�0d

simultaneously to be of O(1) for either ↵ 6= ↵
0 or

� 6= �
0, which will be used below to avoid some experimental constraints for the maximum

NSI predictions.

5.4.1 Doublet leptoquark

First, let us consider the doublet LQ contribution by focusing on the �-couplings only.
We show in Figs. 31 and 32 the predictions for diagonal ("ee, "µµ, "⌧⌧ ) and off-diagonal
("eµ, "µ⌧ , "e⌧ ) NSI parameters respectively from Eq. (5.48) by black dotted contours. Color-
shaded regions in each plot are excluded by various theoretical and experimental constraints.
In Figs. 31 (b) and (c), the yellow colored regions are excluded by perturbativity con-
straint, which requires the LQ coupling �↵d <

q
4⇡p
3

[187]. Red-shaded region in Fig. 31
(a) is excluded by the APV bound (cf. Sec. 5.1.1), while the brown and cyan regions are
excluded by HERA and LEP contact interaction bounds, respectively (cf. Table XVI).
Red-shaded region in Fig. 31 (c) is excluded by the global-fit constraint from neutrino os-
cillation+COHERENT data [61]. Blue-shaded regions in Figs. 31 (a) and (b) are excluded
by LHC LQ searches (cf. Fig. 29) in the pair-production mode for small �↵d (which is in-
dependent of �↵d) and single-production mode for large �↵d) with ↵ = e, µ. Here we have
assumed 50% branching ratio to ej or µj, and the other 50% to ⌧d in order to relax the
LHC constraints and allow for larger NSI. Blue-shaded region in Fig. 31 (c) is excluded
by the LHC constraint from the ⌫⌫̄jj channel, where the vertical dashed line indicates the
limit assuming BR(!

�1/3
! ⌫d) = 100%, and the unshaded region to the left of this line

for small �⌧d is allowed by opening up the !
�1/3

! !
2/3

W
� channel (cf. Sec. 5.3.3). Note

that we cannot completely switch off the !
�1/3

! ⌫d channel, because that would require
�⌧d ! 0 and in this limit, the NSI will also vanish.

The red line in Fig. 31 (b) is the suggestive limit on "
dR

↵�
from NuTeV data [141] (cf. Ta-

ble XVII). This is not shaded because there is a 2.7� discrepancy of their s2w measurement
with the PDG average [85] and a possible resolution of this might affect the NSI constraint
obtained from the same data. Here we have rederived the NuTeV limit following Ref. [141],
but using the latest value of s2w (on-shell) [85] (without including NuTeV). Specifically, we
have used the NuTeV measurement of the effective coupling

�
g̃
µ

R

�2
= 0.0310 ± 0.0011 from

⌫µq ! ⌫q scatterings [188] which is consistent with the SM prediction of
�
g̃
µ

R

�2
SM

= 0.0297.
Here

�
g̃
µ

R

�2 is defined as
�
g̃
µ

R

�2
=
�
g
u

R + "
uR

µµ

�2
+

⇣
g
d

R + "
dR

µµ

⌘2
, (5.49)

where g
u

R
= �

2
3s

2
w and g

d

R
=

1
3s

2
w are the Z couplings to right-handed up and down quarks

respectively. Only the right-handed couplings are relevant here, since the effective NSI
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Figure 1: Feynman diagram generating neutrino masses through the exchange of LQs in
the model. The one-loop diagram shown is the leading contribution, while the two-loop
diagram can be important. The dot (âĂć) on the SM fermion line in the one-loop diagram
indicates mass insertion arising from the SM Higgs doublet VEV. There is a second set of
diagrams obtained by reversing the arrows on the internal particles.

where Mu = diag{mu,mc,mt} is the diagonal up-quark mass matrix, and 1, 2 are re-
spectively the one-loop and two-loop factors given by

1 =
1

16⇡2
sin 2' log

 
m

2

X2

m
2

X1

!
, (2.50)

2 ⇡ 1

(16⇡2)2

��H3vµ

M2
. (2.51)

The leading contribution to M⌫ is the one-loop term proportional to 1. In evaluating
this loop integral we have ignored the masses of the up-type quarks in relation to the
LQ masses. In Eq. (2.50) the parameter ' is the !2/3 � ⇢̄

2/3 mixing angle given in Eq.
(2.17). Since the effective operator for M⌫ arising from the one-loop diagram is of the type
Od=7

e↵
=   HHH

†
H, which is of d = 7, one should also consider the lower dimensional

d = 5 operator Od=5

e↵
=   HH that can be induced at the two-loop level as shown in Fig. 1.

In the approximate expression for 2 given in Eq. (2.51), the relevant mass scale is that of
the heaviest particle in the loop, denoted here by M , defined as M = max(mX1 ,mX2 ,m�0),
with mX1,X2 being the physical masses of the charge-2/3 LQs (cf. Eq. (2.18)) and m�0 being
the physical masses of the quadruplet (cf. Eq. (2.39)). When mX1,X2 � m�0 , the ratio
2/1 ⇠ m

2

�0/(16⇡
2
v
2
), which becomes of order unity for m�0 < 3 TeV or so. However,

as we will see later in Section 7, the R2 LQ is required to have a mass not larger than
about 1 TeV in order for it to explain the R

D(?) anomaly. In this case the two-loop diagram
is negligible, and therefore, we only include the one-loop contribution in the neutrino fit
described in Section 7.2, although the 2 term can be important in a more general setting.
The overall factor 1 in Eq. (2.49) is a free parameter which needs to be of O(10

�8
) to

get the correct order of magnitude for the neutrino masses. Note that the Yukawa matrix
elements fij and yij must have at least some entries that are of order one in order to explain
the B-decay anomalies. 1 ⇠ 10

�8 can be achieved by taking either the cubic coupling µ in
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Figure 10: Feynman diagram for the pair-production of the ⇢
4/3 component of the S3

LQ (pp ! ⇢
4/3

⇢
�4/3), followed by ⇢ decay to the !

2/3 component of the R2 LQ and the
doubly-charged component of the � quadruplet (⇢⌥4/3 ! !

±2/3
�

⌥⌥). The !2/3 component
can then decay to b⌧ (or j⌫) final state, while the doubly-charged scalar mostly decays
to same-sign lepton pair (for small v�). This leads to the striking signal of this model:
pp ! `

+
`
+
`
�
`
�
+ ⌧

+
⌧
�
+ bb̄ (where ` = e or µ).

Cabibbo rotation and induces (V
?
y)2↵ leading to D

0 � D̄
0 mixing with a constraint given

in Eq. (5.20).
As noted in Section 6.2, the LHC limits on the LQ Yukawa couplings in the tau sector

are weaker, and in principle, one can allow O(1) Yukawa coupling for f13 and generate a
"33 which can be as large as 5.6%. However, we require f23 to be nonzero and O(1) to
explain R

D(?) , and the constraint on the product of Yukawa couplings f13f23 is severe due
to the D

0� D̄
0 bound, see Eq. (5.18). Thus the induced NSI will again be at a sub-percent

level. For simplicity, we choose f1↵ = y1↵ = 0 for all ↵ = 1, 2, 3 (cf. Eq. (2.54)) in both the
numerical fits discussed in Section 7.2.

8 Collider Implications

This model provides an avenue to test a unified description of B-anomalies, muon anoma-
lous magnetic moment and neutrino masses at the LHC through a new decay channel of the
S3 LQ. The presence of the two scalar LQs R2 and S3 and the isospin-3/2 scalar multiplet �
(especially its triply- and doubly-charged components) give rise to a rich phenomenology for
the LHC. In this section, we analyze the production and decay of the doubly-charged com-
ponent of the scalar multiplet at the LHC and prospective smoking gun signals correlated
with the B-anomalies.

8.1 Production of Doubly-charged Scalars via LQ Decay

Being part of the SU(2)L-quadruplet, the charged scalars (�
±±±

,�
±±

,�
±
) can be pair-

produced at the LHC by standard DY processes mediated by s-channel Z/� exchange. In
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Figure 13: Required integrated luminosities for different center-of-mass energies of the pp

collider to observe at least 25 events for the signal pp ! �
++

�
��

+X ! µ
+
µ
+
µ
�
µ
�
+X

in the LQ and DY production modes.

Production �
±± mass reach for L = 3 ab�1

Channel
p
s = 14 TeV

p
s = 27 TeV

p
s = 100 TeV

LQ-mode 1.1 TeV 2.0 TeV 6.2 TeV
DY-mode 0.9 TeV 1.3 TeV 2.9 TeV

Table V: Comparison of the doubly-charged scalar mass reach in the LQ and DY modes
(with same-sign di-muon pair final states only) for 3 ab�1 integrated luminosity.

the required luminosities to observe at least 25 events at different center-of-mass energies
(
p
s=14, 27, 100 TeV). Our results are shown in Fig. 13. It is clear that for a given

luminosity and a given
p
s, the doubly-charged scalar mass reach in the LQ mode is higher

than that in the DY mode. The mass reach for 3 ab�1 integrated luminosity is summarized
in Table V for different center-of-mass energies.

Once we identify the doubly-charged scalar from the multi-lepton signal, the next step
is to distinguish the underlying model. In order to identify whether the �

±±’s come from
the S3 LQ decay, accompanied by the !

2/3 LQs, we can consider the decay chain given in
Fig. 10, i.e.

pp ! ⇢
4/3

⇢
�4/3 ! !

�2/3
�

++
!
2/3

�
�� ! `

+
`
+
`
�
`
�
+ ⌧

+
⌧
�
+ bb̄ . (8.11)

In this case, the right combination of the b⌧ invariant mass peaks at the !
2/3 LQ mass, if

it is produced on-shell from the � decay. Considering the fact that the benchmark fits in
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removing certain particle from the model would still result in nonzero neutrino masses [60,
61]. Our approach here is similar in spirit to Ref. [62], which address all three anomalies,
viz., R

D(?) , RK(?) and �aµ, in the context of radiative neutrino masses; but unlike Ref. [62]
we do not introduce new vector-like fermions into the model. In the model proposed here
there is a close-knit connection between the R

D(?) and R
K(?) anomalies, �aµ and neutrino

mass. In particular, neutrino mass generation requires all particles that play a role in
explaining these anomalies. Removing any new particle from the model would render the
neutrino to be massless. For other models of radiative neutrino mass using LQ scalars, see
Refs. [63–68].

The rest of the paper is organized as follows. In Section 2 we present the basic features
of the model, including the Yukawa Lagrangian (cf. Section 2.1), scalar potential (cf. Sec-
tion 2.2), radiative neutrino mass generation mechanism (cf. Section 2.3) and a desired
texture for the Yukawa coupling matrices (cf. Section 2.4) consistent with flavor constraints
that can explain the flavor anomalies. In Section 3 we discuss how the LQ scalars present
in the model explain the R

D(?) and R
K(?) flavor anomalies. In Section 4 we show how the

R2 LQ explains the �aµ anomaly. In this section, we also point out the difficulty in simul-
taneously explaining the electron g�2 (cf. Section 4.1), as well as the model predictions for
related processes, namely, Higgs decay to lepton pairs (cf. Section 4.2) and muon electric
dipole moment (cf. Section 4.3). Section 5 summarizes the low-energy constraints on the
LQ couplings and masses. Section 6 analyzes the LHC constraints on the LQs. In Section 7
we present our numerical results for two benchmark fits to the neutrino oscillation data that
simultaneously explain R

D(?) , RK(?) and (g�2)µ anomalies, while being consistent with all
the low-energy and LHC constraints. Section 8 further analyzes the collider phenomenology
of the model relevant for the �

++ scalar, and makes testable predictions for HL-LHC and
future hadron colliders. Our conclusions are given in Section 9.

2 The Model

The model proposed here aims to explain the B-physics anomalies R
D(?) and R

K(?) , as well
as the muon (g � 2) anomaly �aµ, and at the same time induce small neutrino masses as
radiative corrections. To this end, we choose the gauge symmetry and the fermionic content
of the model to be identical to the SM, while the scalar sector is extended to include three
new states, apart from the SM Higgs doublet H:

R2 (3,2, 7/6) =

⇣
!
5/3

!
2/3

⌘
T

, S3 (3̄,3, 1/3) =

⇣
⇢
4/3

⇢
1/3

⇢
�2/3

⌘
T

,

� (1,4, 3/2) =

⇣
�

+++
�

++
�

+
�

0

⌘
T

, H (1,2, 1/2) =

⇣
H

+
H

0

⌘
T

. (2.1)

Here the numbers within brackets represent the transformation properties under the SM
gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y . The superscripts on various fields denote their
respective electric charge Q defined as Q = I3 + Y , with I3 being the third-component of
SU(2)L-isospin. The R2 and S3 LQs are introduced to explain R

D(?) and R
K(?) anomalies

respectively. The R2 LQ also explains �aµ through a chirally-enhanced operator it induces,
which is proportional to the top quark mass. The SU(2)L-quadruplet � field mixes !

2/3

– 4 –
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FIG. 10. Pair production [Left] and associated production [Right] of �±±± (�±±) via DY processes.

tionally, due to large electromagnetic charges carried by �±±± (�±±) they can be pair produced

by photon fusion (PF) as well. We refer the reader to Ref. [11] for Feynman diagrams relevant for

the above process. In comparison with DY, photo-production of these multi-charged scalars takes

place via t and u-channel processes mediated by charged scalars and hence falls less sharply for

higher � masses. Although the photo-production cross-section of triply and doubly charged scalars

benefit from enhancements by a factor of 34 and 24, respectively, due to their large electric charges

but it is suppressed, at the same time, by the tiny parton density of photon inside a proton. For

a detailed discussion on parton density function of photons from di↵erent collaborations we refer

the reader to Refs. [11, 34]. In this study, we use the NNPDF23 lo as 130 PDF set [35] which con-

tains photon PDF. It is important to point out that although including PF boosts the production

cross-section for heavier masses, they also su↵er from large uncertainties. In this analysis, we build

on the work of the above references and include the errors associated with using all the available

eigenvector sets of a given PDF.

In Fig. 11 we present cross-sections of various pair-production and associated production pro-

cesses. We employ MadGraph5 aMC@NLO v2.5.4 code [36] for our calculation, where the BNT model

is implemented using FeynRules v2.0 [37]. We have not used any K-factor in above computations.

Pair production of �±±± and �±± via DY mechanism are shown by green and thin orange lines

respectively. The same for the above two particles in a combination of DY and PF are depicted by

dot-dashed red and dashed blue lines. In contrast, dashed brown and thick yellow lines represent

associated production cross-sections for the same two particles. The uncertainties related to each

process due to PDF variation are encoded within a band of the same color as the respective cross-

section curve. As expected, the presence of t-channel diagrams of PF enhances pair production

cross-sections of both doubly and triply charged bosons significantly for masses above 500 GeV.

However, while errors of DY processes are tiny (⇠ 5%), the large error bands of the two channels
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FIG. 20. The invariant mass of the three leading SS light leptons and E/T for the signal, after all the

kinematic cuts. We keep (M�±±± ,�M) =(400, 0) GeV fixed for three distinct BR scenarios. The BP is

chosen for NH of neutrino masses.

In Fig. 21 we present 5� discovery reaches of �±±± at
p
s = 14 TeV for integrated luminosities

100 fb�1 and 3000 fb�1. We show mass reach for both NH [Left panel] and IH [Right panel] of

neutrino masses for v� = 10�6 GeV. Also, for this value of v�, c⌧�±±± . 100µm is definitely

satisfied (cf. Fig. 17). The di↵erence in mass reaches for NH and IH are minimal. We find that at

5� level M�±±± can be probed upto ⇠ 600 GeV for 100 fb�1, and ⇠ 950 GeV with 3000 fb�1.

FIG. 21. Discovery reach (5�) of �±±± at the LHC at
p
s = 14 TeV for integrated luminosities 100 fb�1

and 3000 fb�1. We show mass reach for both NH [Left] and IH [Right] of neutrino masses.v� is set at 10�6

GeV to ensure BR(�±±±
! l

±
l
±
W

±) = 1 for �M > 0. The other colored regions has the same meaning

as Fig. 4.

Fig. 22 is the same as Fig. 21 but for v� = 5 ⇥ 10�3 GeV that simultaneously ensures

BR(�±±±
! W

±
W

±
W

±) = 1 for �M > 0, and c⌧�±±± . 100µm (cf. Fig. 17). The dis-

24

of Eq. 5.11 for this purpose. The decay widths of �±±± for �M � 0 scenarios are given by

�(�±±±
! l

±
i
l
±
j
W

±) =
g
2

1536(1 + �ij)⇡3

M�±±±(m⌫)totij

2

v
2
�

J,

�(�±±
! W

±
W

±
W

±) =
3g6

4096⇡3

M
5
�±±±v

2
�

M
6
W

I, (5.13)

where I, J are dimensionless integrals, with values ⇡ 1 in the limit M�±±± � MW and M�±±± �

��±±± . The decay phase diagram of �±±± is shown in Fig. 16 for M�±±± = 400 GeV. We see

from Fig. 16 that llW decays of �±±± dominate for v� < 3.1 ⇥ 10�5 (3.6 ⇥ 10�5) GeV and the

WWW decay dominates otherwise for NH (IH). Similar to �±± decay, neglicting the dimension-5

contribution in the couplings of Eq. 5.9 will move the cross-over point by 17% in v� to the higher

side. The mass-splitting has minimal impact on the decay phase diagrams.

FIG. 15. Feynman diagrams for decay of �±±±. The top two diagrams are for �M > 0 and the bottom

two diagrams are for �M < 0

Since �±±± decays to three body final states for �M � 0, its proper decay decay length is

expected to be very large as confirmed by Fig. 17. For the range of �±±± mass that is not excluded

by EWPT, c⌧ can be as large as few mm. However, for heavier masses it falls sharply, as expected.

Similar to �±±, c⌧ is maximum for a value of v� where the transition happens from llW dominated

decay to WWW dominated decay of �±±±. In general, the e↵ect of mass-splitting is marginal

since in �M � 0 case �±±± is the lightest member of the quadruplet and no cascade channel is

available. Nonetheless, it can change the decay length marginally in the llW dominated region due

to the mass-splitting entering in dimension-5 contribution to Yukawa couplings via �0 and �±

mass. Thus, we can infer beyond any reasonable doubt that for a large range of parameter space

where llW and WWW decay widths are commensurable, �±±± will elude any prompt lepton

Ghosh, Jana, Nandi, 1802.09251 [PRD]
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Space of BSM Theories
that generate �a� = aobs

�

Boundary of perturbative unitarity

Singlet Scenarios Electroweak Scenarios

New particles in  loops:
only SM singlets

(g � 2)� New particles in  loops:
not only SM singlets

(g � 2)�

Signature: direct production of
SM singlet states

Signature: direct production of
new charged states

Discovery: requires inclusive
search for singlet, with g � m

Discovery: discoverable at lepton 
collider for “all” m � s /2

Figure 2: Schematic representation of the model-exhaustive space of BSM theories that can solve
the (g � 2)µ anomaly, and our mutually exclusive and collectively exhaustive categorization into
Singlet Scenarios and Electroweak Scenarios. For these two classes of theories, the phenomenological
questions are distinct. To understand how to discover Singlet Scenarios, we have to not only find
the heaviest possible mass of the singlet(s), but also how to discover this singlet for all possible
masses, since its phenomenology depends on its stability and decay mode, and lighter singlets have
weaker coupling. Electroweak Scenarios predict new charged states, and since those have to produce
visible final states in a collider and are efficiently produced at lepton colliders for m . p

s/2, we
only have to find the maximum mass the lightest new charged state in the BSM theory can have.
(We limit ourselves to scenarios that generate �a

obs
µ at one-loop, since higher-loop solutions have

lower BSM mass scales.)

muon leg, such that the chirality flip and the Higgs coupling both come from the
muon, and hence �aµ / mµyµv/M

2
BSM. Their singlet nature means these particles

could be very light (. GeV) while evading present constraints [34], but they could
also be much heavier.

For Singlet Scenarios, our task is to find the largest possible mass these singlets could
have, and determine how a muon collider could produce and observe them for all
possible masses, regardless of how or if they decay in the detector.

2. Electroweak (EW) Scenarios: defined as all BSM solutions that are not Singlet
Scenarios. This necessarily implies that (g � 2)µ receives contributions from loops
involving BSM states with EW quantum numbers, which in turn implies the existence
of new heavy charged states with masses & 100 GeV to evade LEP bounds. These
charged particles could contribute to (g � 2)µ directly, or be new states that must
exist due to gauge invariance. The new charged states will be our focus, since any
lepton collider with

p
s & 2m can directly pair-produce such states of mass m, and

as they have to either be detector-stable or decay into charged final states, they
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Figure 13. The 5� discovery reach of the all channels at
p

s = 3 TeV. Any LQ model in the region
to the left or above the red lines can be discovered by the corresponding channel. We show the
results for all flavor scenarios presented in Tab. 1. The final state we search for in the scenarios 1
and 2 (3 and 4) is µbb̄ (⌧bb̄). The DY interference bounds are the same across different scenarios,
while the single and pair production can change between the scenarios of top or on the bottom
row. Additionally, for flavor scenarios 2 and 4, we include the contours corresponding to the central
value of the RK anomaly. We find that the parameter space explaining this anomaly is completely
covered with our proposed searches. The PP channel can cover the low LQ mass of the parameter
space, while the DY interference and single production probing the higher masses; the former can
probe LQ masses far beyond the intrinsic reach of the collider.

not aware of a similar study for the reach of FCC-hh in these channels. A study of these
channels at FCC-hh is in order before a proper comparison to the MuC reach can be made.
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Figure 7: Feynman diagrams for Bhabha scattering in the SM (top) and contributions from
singlet scalars or vectors (bottom). (Note that the arrows in this diagram represent charge flow,
not helicity.)

When the energy of the collisions is close to the mass of the singlets, the distinctive signature
of Bhabha scattering is a resonance peak at the mass of the singlet. However, when the
energy of the collisions is lower, one could instead can look for deviations in the total cross
section of the process due to contributions from off-shell singlets. The potential problem
with this approach is that measurements of total rates for Bhabha scattering are sometimes
used to calibrate beams and measure instantaneous luminosity [107]. To avoid possible
complications in that regard, one can measure deviations in ratio variables similar to a
forward-backward asymmetry in parity-violating observables. Ratio variables also have
the advantage of mitigating the effect of systematics. We therefore define the ratio of the
number of forward to backward µ

+
µ
�

! µ
+
µ
� events:

rFB ⌘

Z
c✓0

0

d�

dc✓
dc✓

Z 0

�c✓0

d�

dc✓
dc✓

, (3.8)

where c✓ is the cosine of the muon scattering angle, d�/dc✓ is the differential cross section of
the process µ

�
µ
+

! µ
�
µ
+, and the minimum angle ✓0 is given by the angular acceptance

of the MuC detector. The dependence of this variable on singlet mass is illustrated in
Fig. 8 for a 215 GeV (left) and 3 TeV (right) MuC. For a given mass, the singlet coupling is
determined by the value of (g � 2)µ. Note that this result again does not depend on NBSM

since it depends only on g
2
S,V

NBSM, which is fixed by �aµ = �a
obs
µ .

In Figure 8, blue lines represent the SM result. As expected, the number of forward
events exceeds that of the backward events by orders of magnitude in the SM. This is
typical for Bhabha scattering due to t-channel enhancements. The contribution of singlets
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Figure 5: Single production of the singlet in association with a photon at a muon collider. The
singlets can be stable and constitute missing energy, or decay to any SM final states. The search
is defined by the search for the recoiling photon, as well as any possible SM final states (including
missing energy) inside the singlet decay cone.

how they decay to optimally search for them at the collider. We want to avoid such a model
dependence by implementing an inclusive analysis for singlet + photon production with the
following signal topology for a given singlet mass mS , illustrated in Figure 5:

1. A nearly monochromatic photon with E� ⇠
p

s/2 (with some mild dependence on
the singlet mass) in one half of the detector.

2. No other activity anywhere else in the detector, except inside of a “singlet decay cone”
of angular size �max around the assumed singlet momentum vector ~pS = �~p� .

3. For each singlet mass, �max is defined as the opening angle within which ⇠ 95% of
singlet decay products must lie, regardless of decay mode. This is determined from
simulation under the assumption that the singlet decays to two massless particles,
which gives the largest possible opening angle of any decay mode.

4. There are no requirements of any kind on what final states are found inside the singlet
decay cone. This gives near-unity signal acceptance for stable singlets (resulting in
missing energy) as well as all possible visible or semi-visible decay modes.

The veto on detector activity anywhere except the monochromatic photon and inside the
singlet decay cone would have to be adjusted for a realistic analysis due to the presence of
BIB and initial- and final-state radiation. However, the former is likely to be subtractable
and the latter are small corrections at a lepton collider, not greatly reducing signal accep-
tance. We therefore ignore this complication with the understanding that a more complete
treatment would not significantly change our results.

This inclusive analysis allows us to remain as model-independent as possible, something
that is necessary when scanning over a large range of singlet masses with only the coupling to
the muon known, without paying any branching fraction penalty that would arise by perhaps
trying to exploit some minimum decay rate to muons. For instance, for mS & 200 GeV, the
muon coupling is > 1, making it natural for the dominant decay mode to yield two muons,
although other visible or invisible decay modes could be co-dominant. For smaller masses,
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Figure 10. Contribution to DY dijet production from LQ exchange (left) and SM (right). We
can use the interference of these two diagrams to look for the LQ signal.

3.3 Drell-Yan

Here we consider the LQ interference with the SM DY processes.4 The parton-level final
state comprises two back-to-back quarks. The LQ exchange occurs only in the t-channel.
The primary contribution to the cross section in the kinematic regime of interest is the in-
terference of the LQ diagram with the SM s-channel DY process. The parton-level diagrams
are shown in Fig. 10.

Unlike the SP and PP channels, the DY process does not contain an s-channel LQ.
Because the effect is in the kinematic distributions and via interference with the SM, there
is sensitivity to the NP signal even at higher masses, as the effects scale as 1/m

2
LQ. Since

the contribution to Drell-Yan via LQ exchange is entirely due to �L and does not depend
on the electroweak couplings, the channel loses sensitivity in the small coupling regime. We
focus on the b jet final states, which means the signal is sensitive to only the �

32
L coupling,

i.e it is independent of other potential LQ decay channels. Furthermore, the DY reach is
insensitive to modified gauge interactions, so any constraints apply regardless of ̃U .

Due to the distinct topology of the LQ contribution to DY production, the presence of
LQs will modify the kinematics of jet-pair production, which can be seen in ⌘, ✓, or jet pT

distributions. Since this process has a two body final state, these quantities are trivially
related and we choose to consider only the ⌘j distribution. In Fig. 11, we show the event
distribution in ⌘ for a few different LQ masses and couplings. In the regions of parameter
space that the t-channel LQ contribution dominates, e.g. low LQ mass or large couplings,
the distribution is shifted to larger values of |⌘|.

As is clear from Fig. 11, the overall distribution of events in the presence of the LQ signal
can be quite different from the SM. We leverage the shape-dependence of the distributions
in ⌘ to derive projected 95% C.L. exclusion bounds as well as the 5� discovery reach of a
MuC from this DY channel. To do so, we adopt a frequentist approach and use the standard
likelihood ratio test statistic to calculate these bounds. Further details on our likelihood
analysis and calculation of these bounds are included in App. A.

In Fig. 12 we show the reach of a MuC with COM energies
p

s = 3 and 14 TeV. We
compute this reach after binning the events into 10 bins spanning the full detector range in
|⌘| (|⌘|  2.5). We find that increasing the number of bins does not significantly increase
the sensitivity. Note that in deriving these results, we neglect any systematic uncertainties,
which could be easily incorporated into this type of analysis.

4Technically, this is the (Drell-Yan)† process since we annihilate two leptons into two quarks.
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Figure 6. Diagrams leading to single production of LQs. A vector boson from µ
+(µ�) collides

with µ
�(µ+) through different channels producing a down-type quark and a LQ.

2 and 4 are comparable, see Sec. 4. The solid contours show the 95% C.L. constraints, while
the dashed lines show the 5� discovery reach.

For small values of �
32
L , the constraints are essentially constant in mass, as a result of

the pure electroweak production of LQ pairs. We see that the electroweak pair production
alone will set the reach of a muon collider to roughly

p
s/2. For larger values of the muon

coupling, the additional t-channel production becomes important, and the bounds stretch
beyond the

p
s/2 on-shell threshold. The shaded gray region on the left-hand side shows

parameters where the decay width of the LQ is small, and hadronization effects may be
important, as discussed in Sec. 2.

3.2 Leptoquark Single Production

For LQs with masses less than
p

s, single production of LQs can be important. We refer to
single production as processes µ

+
µ
�
! U1dj + X, where X is missing energy that escapes

down the beampipe or is otherwise not observed. The relevant Feynman diagrams for single
production of a vector LQ are shown in Fig. 6. In all these diagrams, we show a collision
between a muon and a photon or Z boson, where the vector boson is understood to be
emitted at a small angle from the incoming muon beam. Besides those in Fig. 6, there
are also two diagrams with intermediate t-channel LQ that lead to the same final states.
We included those diagrams in the signal cross sections. In contrast to the “barking dog”
diagram that was included in the PP topology in the previous section, single production
is characterized by events where the muon that radiates the vector boson is deflected by a
small angle and continues in the forward direction at high rapidity, outside the coverage of
the detector.

A rigorous computation of the signal rate for this inclusive process would make use of
the electroweak parton distribution functions (PDFs) for the vector bosons in the muon [31–
33, 35]. In this study, for simplicity, we will content ourselves with working at fixed order
and consider only initial state photons, treated as initial states using the effective photon
approximation (EPA) [125]. Following ref. [43], we modify MadGraph5 to include photons
from muons using the built-in EPA, evaluated at a dynamical scale Q =

p
ŝ/2, where

p
ŝ is

the partonic center-of-mass energy. We cross-checked our results using analytic expressions
and the electroweak PDFs from refs. [32, 33], finding reasonable agreement. We do not
include the contributions from an initial state Z as these are suppressed both due to the Z

mass and the electroweak mixing angle.
The dominant decay channel of the LQ depends on the scenarios of Tab. 1. Similar to
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Figure 1. Leading diagrams giving rise to LQ pair production at MuC. The top row shows direct
pair production from muon collisions, while the bottom row shows possible contributions from VBF-
like diagrams, where the gauge bosons are to be understood as arising collinear radiation from the
radiation beam and the remanant particle is unobserved. (See Sec. 3.2 for more details.) Except
for the top-right diagram, all the other ones only depend on the electroweak gauge couplings.

this sense, our results can be interpreted as a “best-case” scenario for the reach of a MuCin
probing the parameter space of our simplified LQ model. Once the systematic uncertainties
are determined, it will be straightforward to include them in our analysis, see refs. [123, 124]
for prescriptions on how to include the systematic uncertainties in a calculation like ours.

3.1 Leptoquark Pair Production

If the LQ is not too heavy, it can be directly pair produced from muon collisions. A priori,
PP of a LQ occurs through s-channel �/Z exchange, vector boson fusion (VBF) processes,
or t-channel exchange of a quark (depending on its couplings to muons) as depicted in
Fig. 1. However, there are other processes that lead to the same final states and include
contributions from LQs, e.g. the “barking dog” topology, which only involves one LQ, as
in the left panel of Fig. 2. For this reason, in order to be inclusive, here we define “pair
production” as all contributions involving LQs that lead to a final state with two b-jets and
two leptons (either muons or taus, depending on the flavor scenario).

Unlike the SP or DY channels discussed below, LQs can be pair produced via their
electroweak interactions, even if they lack any direct couplings to muons. As we will show,
for �

i2 . 0.2, the PP cross section depends only on the LQ mass. The PP mode is also
particularly distinctive at a muon collider, as it leads to two quark-lepton pairs produced
back-to-back in the collider for a broad range of LQ masses.

The backgrounds to LQ pair production at a muon collider arise entirely from SM
electroweak production of lepton or jet pairs, see Fig. 2. The largest SM rates arise when
a jet or lepton pair is near the Z-pole, but these can be substantially suppressed with a
simple cut on the invariant mass. For scenarios where the signal requires muons in the final
states, the SM bbµµ background also receives significant contributions from topologies where
the b-pair is produced via fusion of vector bosons radiated off the incoming muons, which
continue in the forward direction. While the resulting muon pair will be well-separated –
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Conclusion
• Conspicuous paths to new physics have remained stubbornly out of reach 

so far.

• Look for inspiration from anomalies as possible alternative routes. 

• Need coherent community effort, active theory-experiment collaborations 
and open-access data to resolve the existing anomalies.

• Flavor anomalies might be the breadcrumps leading to the right path to 
new physics. 

• Important to establish independent tests (at colliders and elsewhere). 
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