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An Era of Anomalies

A growing list of “anomalies”.

See here for a repository (please add
your favorite anomaly or model, if missing).

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

A good driver of scientific creativity (not
just ‘ambulance-chasing’).

3

https://github.com/hepcomm/hepmist


Muon g − 2 Anomaly

[Fermilab talk by A. El-Khadra]

aexp
µ = 116592061(41)× 10−11 [2104.03281 (PRL′21)]

aSM
µ = 116591810(43)× 10−11 [2006.04822 (Phys.Rep.′20)]

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)]
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RD(∗) Anomaly

RD(∗) =
BR(B → D(∗)τν)
BR(B → D(∗)`ν)

(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.
3.3σ net discrepancy.
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RK (∗) Anomaly

RK (∗) =
BR(B → K (∗)µ+µ−)
BR(B → K (∗)e+e−)
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Flavor Changing Neutral Current – loop-suppressed in the SM.
Recent update on RK measurement from LHCb:

Rnew
K = 0.846+0.042+0.013

−0.039−0.012 [2103.11769]

Rold
K = 0.846+0.060+0.016

−0.054−0.014 [1903.09252 (PRL′19)].

3.4σ net discrepancy.
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New Physics Solution to All Flavor Anomalies

Single scalar leptoquark solution [Bauer, Neubert, 1511.01900 (PRL ’16)]

Now disfavored by global fits (including b → sµ+µ− observables, as well as LHC
constraints). [Angelescu, Becirevic, Faroughy, Jaffredo, Sumensari, 2103.12504]

Vector LQ must be embedded into some UV-completion =⇒ Loses minimality.
Solutions with more than one scalar LQ possible. [Chen, Nomura, Okada (1703.03251); Bigaran,

Gargalionis, Volkas (1906.01870); Saad (2005.04352); Babu, BD, Jana, Thapa (2009.01771)]

This talk: A minimal RPV-SUSY solution
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Why SUSY?

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

More natural to include RPV couplings, rather than imposing R-parity by hand.
[Brust, Katz, Lawrence, Sundrum, 1110.6670 (JHEP ’12)]

RPC vs. RPV – proton decay, dark matter, unification, FCNC.
Third generation may be special.
RPV3: RPV SUSY with light 3rd-generation sfermions.
[Altmannshofer, BD, Soni, 1704.06659 (PRD ’17)]
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Cut E�ciency

Observable value SM Signal Signal

(GeV) background (Vector case) (Scalar case)

100 0.01 0.52 0.56

p`
T 50 0.10 0.78 0.82

30 0.44 0.92 0.94

100 0.13 0.99 0.33

pb
T 50 0.47 1.00 0.62

30 0.75 1.00 0.84

100 0.18 0.96 0.76

Mb` 50 0.63 0.99 0.94

30 0.88 1.00 0.98

100 0.01 0.54 0.70

/ET 50 0.09 0.70 0.86

30 0.29 0.79 0.92

TABLE I. Signal and background cut e�ciencies for the kine-
matic variables shown in Fig. 1.

A detailed cut optimization study with all these (and
possibly more) variables taken together could be done,
e.g. using a multivariate analysis or a Boosted Decision
Tree algorithm, which is probably best dealt with by ex-
perimentalists possessing the relevant expertise.

The new collider signal pp ! b⌧⌫ proposed here would
be a powerful model-independent check of the RD(⇤)

anomaly3 and would imply a directly accessible mass
range of the associated NP at the LHC. Further distinc-
tions between the NP operators (5)-(6) could in principle
be made using the tau polarization measurements, both
in the LHC experiments [75] and in B-physics experi-
ments [12, 35, 38, 76, 77]. But a detailed discussion of
this, including a more realistic collider simulation with
all detector smearing e↵ects, is beyond the scope of this
paper and might be studied elsewhere.

MINIMAL SUSY WITH RPV

As Higgs naturalness involves the third family
fermions, we propose an economical setting, where only
the third family is e↵ectively supersymmetrized, with the
corresponding sfermions and all gauginos and Higgsinos
close to the TeV scale. The correction to the Higgs mass
from the top-quark loop is canceled by the light stop

3 Here we are assuming that the NP a↵ects the modes involv-
ing taus. To be clear, a completely model independent crossing
symmetry test of RD(⇤) requires comparison of the (di↵erential)
cross-section of pp ! b⌧⌫⌧ to that of pp ! b`⌫` with ` = µ, e via
analogous ratios. In this case, for the relevant high energies, the
lepton masses – including the ⌧ – are negligible so the e↵ective
ratios should be unity in the SM.
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FIG. 2. RG evolution of the gauge couplings in the SM,
MSSM and in our natural RPV SUSY scenario.

contribution. The first two generation sfermions can be
thought of being decoupled from the low-energy spectrum
as in [78, 79], and RPV arises naturally in this setup [78].

Despite the minimality of this setup, one of the key fea-
tures of SUSY, namely, gauge coupling unification is still
preserved, as shown in Fig. 2. Here we show the renor-
malization group (RG) evolution of the inverse of the
gauge coupling strengths ↵�1

i = 4⇡/g2
i (with i = 1, 2, 3

for the SU(3)c, SU(2)L and U(1)Y gauge groups, where
the hypercharge gauge coupling is in SU(5) normaliza-
tion) in the SM (dotted) and the full MSSM with all
SUSY partners at the TeV scale (dashed), and the RPV
SUSY scenario with only third generation fermions su-
persymmetrized at the TeV scale (solid).4 Coupling uni-
fication occurs regardless of whether only one, two, or
all fermion families are supersymmetrized at low scale,
which only shifts the unified coupling value, but not the
unification scale. This is valid, even in presence of RPV,
as long as the gaugino and Higgsino sectors are not much
heavier than the third family sfermions.

In SUSY models, the Higgs mass parameter is re-
lated to the various sparticle masses. Requiring the ab-
sence of fine-tuned cancellations generically leads to up-
per bounds on sparticle masses. The Higgsino should not
be heavier than a few hundred GeV, the stop mass should
be well below a TeV and the gluino mass should not be far
above a TeV [79, 82]. Bounds on other sparticle masses
are considerably weaker. Nevertheless, also first and sec-

4 The RG evolution in the SM and the MSSM is performed at the
2-loop level. In the RPV SUSY scenario we solve the RG equa-
tions consistently at 1-loop using the results from [80]. At higher
loop level, the decoupled first and second generation squarks
would require a refined analysis [81], which is beyond the scope
of our work, but our qualitative conclusions concerning gauge
coupling unification are una↵ected. The impact of the RPV in-
teractions on the running gauge couplings is small as long as the
RPV couplings do not develop a Landau pole.

Still preserves coupling unification.
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B-anomalies in RPV-SUSY

Can naturally accommodate RD(∗) (b → cτν) via LQD interactions. [Deshpande, He

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

LLQD = λ′ijk
[
ν̃iLd̄kRdjL + d̃jLd̄kRνiL + d̃∗kR ν̄

c
iLdjL − ẽiLd̄kRujL − ũjLd̄kReiL − d̃∗kR ēc

iLujL
]

+ H.c.

Can simultaneously explain RK (∗) (b → 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
λijk
[
ν̃iLēkRejL + ẽjLēkRνiL + ẽ∗kR ν̄

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 λ′ and λ couplings.

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

10



B-anomalies in RPV-SUSY

Can naturally accommodate RD(∗) (b → cτν) via LQD interactions. [Deshpande, He

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

LLQD = λ′ijk
[
ν̃iLd̄kRdjL + d̃jLd̄kRνiL + d̃∗kR ν̄

c
iLdjL − ẽiLd̄kRujL − ũjLd̄kReiL − d̃∗kR ēc
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B-anomalies in RPV3
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Figure: RPV3 contributions to RD(∗) . [Deshpande, He (EPJC ’17); Altmannshofer, BD, Soni (PRD ’17); · · · ]
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Figure: RPV3 contributions to RK (∗) . [Das, Hati, Kumar, Mahajan (PRD ’17); Trifinopoulos (EPJC ’18); · · · ]
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Muon g − 2
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Figure: RPC contributions to (g − 2)µ. [Moroi (PRD ’96); Baum, Carena, Shah, Wagner (2104.03302)]
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Three Benchmark Cases

Case 1: CKM-like Structure

λ′ijk = λ′333 ε
(3−i)+(3−j)+(3−k ) , λijk = λ233 ε

(2−i)+(3−j)+(3−k ) .

Only 3 independent coupling parameters: {λ′333, λ233, ε}.

Case 2: U(2)q × U(2)` Flavor Symmetry

λ′1jk = λ′211 = λ′231 = λ′213 = λ′311 = λ′331 = λ′313 ' 0 ,

λ′233 ' λ′ε` , λ′221 = λ′212 ' λ′ε`ε
′
q , λ′321 = λ′312 ' λ′ε′q ,

λ′222 = λ′223 = λ′232 ' λ′ε`εq , λ′322 = λ′323 = λ′332 ' λ′εq ,

λ121 = λ131 = λ133 ' 0 ,

λ123 = λ132 = λ231 ' λε′` , λ232 ' λε`S , λ122 ' λε`ε
′
` , λ233 ' λε` ,

where εq ≈ ms/mb ' 0.025, ε′q ≈ εq

√
md/ms ' 0.005, ε` ' 1, ε′` ' 0.004 and

ε`S ' 0.06 [Trifinopoulos (EPJC ’18)]. Again, 3 independent couplings: {λ′333, λ
′, λ}.

Case 3: No Symmetry. Also choose 3 independent couplings:

{λ′223 , λ′ ≡ λ′123 = λ′233 = λ′323 , λ ≡ λ132 = λ231 = λ232}.

In each case, five (six) free mass parameters: {m
b̃R
, m̃

tL
,m

τ̃L
,m

τ̃R
,m

ν̃τ
, (m

χ̃0
1
)}.
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Parameter Dependence of Observables 13

Observable Parameter dependence Relevant terms

RD(⇤) �0
i33,�

0
3j3,�

0
2j3, mebR

,
�0

i33·�0
3j3

m2
ebR

, ��0
i33·�0

2j3

m2
ebR

,

�i33, �i32, me⌧L

�i33·�0
3j3

m2
e⌧L

,
�i32·�0

3j3

m2
e⌧L

|�0
233|2

m2
ebR

,

�0
331,�

0
332,�

0
321,�

0
322,�

0
231,�

0
232,

(�0
i33·�0

i23)|�0
2j3|2

m2
ebR

,

RK(⇤) �0
i33,�

0
i23,�

0
213,�

0
312,�32k,�3j2,

log

✓
m2

etL
/m2

e⌫⌧

◆

(m2
etL

�m2
e⌫⌧ )

(�0
33i · �0

32i)|�0
23i|2,

mebR
, metL

, me⌧R

log

✓
m2

ebR
/m2

e⌧R

◆

(m2
ebR

�m2
e⌧R

)
�0

i33�
0
i023�2i3�2i03,

1
m2

e⌫⌧
�0

33i�
0
3i2�32j�3j2

|�32k|2 2
m2

e⌫⌧
,

�32k,�3k2,�k23 |�3k2|2
✓

2
m2

e⌫⌧
� 1

m2
e⌧L

◆
,

(g � 2)µ �0
233,�

0
223,�

0
213, �|�k23|2 1

m2
e⌧R

,

mebR
, me⌧R

, me⌧L
, me⌫⌧

|�0
233|2

m2
ebR

�m2
t
,

1
m2

ebR

(|�0
213|2 + |�0

223|2)

ANITA �0
123,�

0
223,�

0
233,�

0
323,�

0
333, mebR

, me�0
1

|�0
ij3|2m5

e�0
1

m4
ebR

TABLE III. The parameter dependence and dominant terms in the expressions for the RD(⇤) , RK(⇤) , (g � 2)µ and ANITA
anomalies in our RPV3 scenario.

similar rule is applied to the � sector, where we choose
for the nonzero �’s:10

�ijk = �233 ✏
(2�i)+(3�j)+(3�k) , (51)

where i < j and �233 ⇠ O(1). This setup reduces the
number of couplings from 27 (�0ijk)+9 (�ijk)=36 to only
3, namely,

{�0333,�233, ✏} . (52)

In Fig. 6, we show a benchmark scenario for Case 1 in
the (mebR

, ✏) plane, while fixing the other free parameters
as follows:

�0333 = 3.5 , �233 = 1.5 ,

me⌧R
= 2.0 TeV , me⌧L

= 10.0 TeV ,

me⌫⌧ = 15.0 TeV , metL
= 4.0 TeV ,

me�0
1

= 2.0 GeV . (53)

10 Note that �ijk vanishes for i = j [cf. Eq. (22)].

The two coupling values are mainly chosen to simultane-
ously maximize the overlap region where the anomalies
can be explained, as well as to evade the current existing
bounds. A particularly stringent constraint comes from
⌧ ! `⌫⌫̄ (see Section VG) which involves both �0333 and
�233 couplings, and the masses of right-handed stau me⌧R

and right-handed bottom, mebR
. Thus we need to change

�0333 and �233 together so that their overall e↵ect mostly
cancels to give a narrow allowed window from ⌧ ! `⌫⌫̄.
These two couplings are set as large as possible so that
the cancellation takes place, and meanwhile gives a max-
imized overlap region as long as the other constraints
do not become too strong. The masses chosen here are
consistent with the 13 TeV LHC constraints [51]. The
stau mass is chosen close to the experimental limit of 900
GeV to obtain the maximally allowed parameter space,
while satisfying the bound from ⌧ ! `⌫⌫̄, i.e. choosing a
larger stau mass will shrink the available parameter space
shown in Fig. 6, while a smaller stau mass will shrink the
window of the allowed region from ⌧ ! `⌫⌫̄. As for the
choice of the sneutrino mass, from Table IV we could
see that the term involving me⌫⌧ contributes dominantly
to the Bs � Bs bound and thus to alleviate this bound,
we set me⌫⌧ at a relatively larger value of 15 TeV. We

14
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Constraint Parameter dependence Relevant terms

B ! ⌧⌫ �0
`033, �

0
3j3 , mebR

�0
`033·�0

3j3

m2
ebR

B ! K(⇤)⌫⌫̄ �0
`033, �

0
`23 , mebR

�0
`033·�0

`23

m2
ebR

,
�0
`033·�0

`32

m2
ebL

B ! ⇡/⇢ ⌫⌫̄ �0
`033, �

0
`13 , mebR

�0
`033·�0

`13

m2
ebR

�0
i33, �

0
i23, �

0
i32 ,

�0
i23�

0
i33�

0
j23�

0
j33

m2
ebR

,

Bs � Bs mixing mebR
, me⌫

�0
i23�

0
i32�

0
j33�

0
j33

m2
ebR

,

�0
332�

0
323

m2
e⌫

D � D mixing �0
323, mebR

, me⌧R

�04
323

m2
ebR

,
�04
323

m2
e⌧R

D0 ! µ+µ� �0
2j3, mebR

�0
2j3�

0
2j03

m2
ebR

⌧ ! `⌫⌫̄ �323, �
0
333, me⌧R

, mebR

�2
323

m2
e⌧R

,
�02

333

m2
ebR

Z ! `¯̀0 �0
333, mebR

�02
333

m2
ebR

TABLE IV. The parameter dependence and the dominant terms in the expressions for the relevant constraints in our RPV3
scenario.

been shown by the blue shaded region with dashed dark
blue boundary. The constraint turns out to be not rele-
vant for the parameter choice in Fig. 7.

Similarly, the decay Bc ! ⌧⌫ also gets a contribution
from Eq. (61) with Vuj/Vub replaced by Vcj/Vcb. This
channel has not been measured and may not be measured
in the near future. Previously, constraints have been im-
posed using the life time of Bc, ⌧Bc

= 0.51 ⇥ 10�12s
[51]) and a 10%-40% estimate on the maximal allowed
BR(Bc ! ⌧⌫) [172–174]. We do not use this chan-
nel as a constraint, since we find that in our scenarios
B ! ⌧⌫ gives always stronger bounds. For complete-
ness, we provide the predictions for BR(Bc ! ⌧⌫) for
our benchmark points: 25.6% (Case 1), 0.9% (Case 2),
and 2.0% (Case 3). The corresponding ratio of the
BR(Bc ! ⌫⌧) between the RPV3 scenario and SM is

found to be BR(Bc!⌧⌫)RPV3

BR(Bc!⌧⌫)SM
= 34.2 (Case 1), 1.2 (Case

2), and 2.7 (Case 3).

B. B ! K(⇤)⌫⌫̄ and B ! ⇡⌫⌫̄

Tree-level exchange of sbottoms contributes to the de-
cays B ! K⌫⌫̄ and B ! K⇤⌫⌫̄; see Fig. 10. Taking
into account decay modes into di↵erent neutrino flavor
combinations we get for the branching ratios:

RB!K(⇤)⌫⌫̄ ⌘ BR(B ! K(⇤)⌫⌫̄)

BR(B ! K(⇤)⌫⌫̄)SM

�0i023�0i33

sL

⌫i0
L

bL

⌫iL

b̃R

(a)

�0i032�0i33

sR

⌫i0
L

bR

⌫iL

b̃L

(b)

FIG. 10. Contributions to B ! K(⇤)⌫⌫̄ via �0 interactions in
RPV3.

=
1

3

������ii0 +
v2⇡s2

w

2↵em

�0i33
VtbV ⇤

ts

 
�0i023
m2

ebR

+
�0i032
m2

ebL

!
1

Xt

�����

2

.(64)

with the top loop function Xt = 1.469 ± 0.017 [175] and
sw being the weak mixing angle. Note that we consider

both ebL and ebR exchanges, a feature only valid for fi-
nal state with two neutrinos. Depending on the chosen
benchmark, this equation simplifies into di↵erent forms
and we use mebL

= mebR
for numerical purposes. A bound

for this ratio has been given by [25, 168] RB!K(⇤)⌫⌫̄ < 5.2
at 95% CL, which is adopted for our parameter setting
and indicated in Figs. 6, 7 and 8 as the yellow-shaded
regions with dashed yellow boundary.

An analogous expression holds for the decays B ! ⇡⌫⌫̄
and B ! ⇢⌫⌫̄:

BR(B ! ⇡⌫⌫̄)

BR(B ! ⇡⌫⌫̄)SM
=

BR(B ! ⇢⌫⌫̄)

BR(B ! ⇢⌫⌫̄)SM
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Case 1 (CKM-Like)
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Case 1 (CKM-Like)

19



Case 2 (Flavor Symmetry)
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Case 2 (Flavor Symmetry)
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Case 2 (Flavor Symmetry)
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Case 3 (No Symmetry)
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Case 3 (No Symmetry)
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Case 3 (No Symmetry)
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LFV Predictions

Flavor-violating λ,λ′ RPV3 Prediction Current experimental
decay mode dependence Case 1 Case 2 Case 3 bound/measurement

τ → µφ λ′
332
λ′

232
, λ323λ

′
322

1.9 × 10−15 3.8 × 10−10 2.6 × 10−12 < 8.4 × 10−8

τ → µKK λ′
332
λ′

232
, λ323λ

′
322

1.2 × 10−17 2.4 × 10−12 2.9 × 10−13 < 4.4 × 10−8

τ → µK 0
s λ′

332
λ′

231
, λ′

312
λ323 4.5 × 10−19 8.7 × 10−12 3.1 × 10−13 < 2.3 × 10−8

τ → µγ λ′
333
λ′

233
, λ133λ123 1.3 × 10−10 1.3 × 10−8 2.4 × 10−10 < 4.4 × 10−8

τ → µµµ λ323λ322 1.7 × 10−11 1.2 × 10−9 1.2 × 10−11 < 2.1 × 10−8

B(s) → K (∗) (φ)µτ λ′
333
λ′

232
, λ′

233
λ′

332
, λ′

332
λ323 4.1 × 10−9 1.2 × 10−7 2.2 × 10−10 < 2.8 × 10−5

Bs → τµ λ′
333
λ′

232
, λ′

233
λ′

332
, λ′

332
λ323 4.4 × 10−10 1.3 × 10−8 2.3 × 10−11 < 3.4 × 10−5

b → sττ λ′
333
λ′

332
3.4 × 10−7 2.8 × 10−8 1.3 × 10−13 N/A

B → K (∗)ττ λ′
333
λ′

332
3.7 × 10−6 4.2 × 10−8 9.6 × 10−12 < 2.2 × 10−3

Bs → ττ λ′
333
λ′

332
3.7 × 10−8 3.0 × 10−9 1.4 × 10−14 < 6.8 × 10−3

b → sµµ λ′
233
λ′

232
, λ′

332
λ232 5.9 × 10−9 3.2 × 10−8 8.8 × 10−9 4.4 × 10−6

Bs → µµ λ′
233
λ′

232
, λ′

332
λ232 4.1 × 10−11 6.5 × 10−11 1.8 × 10−11 3.0 × 10−9

24

Flavor-violating �,�0 RPV3 Prediction Current experimental

decay mode dependence Case 1 Case 2 Case 3 bound/measurement

⌧ ! µ� �0
332�

0
232, �323�

0
322 1.9 ⇥ 10�15 3.8 ⇥ 10�10 2.6 ⇥ 10�12 < 8.4 ⇥ 10�8 [201]

⌧ ! µKK �0
332�

0
232, �323�

0
322 1.2 ⇥ 10�17 2.4 ⇥ 10�12 2.9 ⇥ 10�13 < 4.4 ⇥ 10�8 [202]

⌧ ! µK0
s �0

332�
0
231, �

0
312�323 4.5 ⇥ 10�19 8.7 ⇥ 10�12 3.1 ⇥ 10�13 < 2.3 ⇥ 10�8 [203]

⌧ ! µ� �0
333�

0
233, �133�123 1.3 ⇥ 10�10 1.3 ⇥ 10�8 2.4 ⇥ 10�10 < 4.4 ⇥ 10�8 [204]

⌧ ! µµµ �323�322 1.7 ⇥ 10�11 1.2 ⇥ 10�9 1.2 ⇥ 10�11 < 2.1 ⇥ 10�8 [205]

B(s) ! K(⇤)(�)µ⌧ �0
333�

0
232, �

0
233�

0
332, �

0
332�323 4.1 ⇥ 10�9 1.2 ⇥ 10�7 2.2 ⇥ 10�10 < 2.8 ⇥ 10�5 [206]

Bs ! ⌧µ �0
333�

0
232, �

0
233�

0
332, �

0
332�323 4.4 ⇥ 10�10 1.3 ⇥ 10�8 2.3 ⇥ 10�11 < 3.4 ⇥ 10�5 [207]

b ! s⌧⌧ �0
333�

0
332 3.4 ⇥ 10�7 2.8 ⇥ 10�8 1.3 ⇥ 10�13 N/A

B ! K(⇤)⌧⌧ �0
333�

0
332 3.7 ⇥ 10�6 4.2 ⇥ 10�8 9.6 ⇥ 10�12 < 2.2 ⇥ 10�3 [208]

Bs ! ⌧⌧ �0
333�

0
332 3.7 ⇥ 10�8 3.0 ⇥ 10�9 1.4 ⇥ 10�14 < 6.8 ⇥ 10�3 [209]

b ! sµµ �0
233�

0
232, �

0
332�232 5.9 ⇥ 10�9 3.2 ⇥ 10�8 8.8 ⇥ 10�9 4.4 ⇥ 10�6 [210]

Bs ! µµ �0
233�

0
232, �

0
332�232 4.1 ⇥ 10�11 6.5 ⇥ 10�11 1.8 ⇥ 10�11 3.0 ⇥ 10�9 [211]

TABLE V. RPV3 contributions to the branching ratios of the flavor-violating decay modes of ⌧ and of B-mesons in the three
benchmark cases considered here. Also shown are the current experimental bounds at 90% CL for each channel. There is no
existing bound on b ! s⌧⌧ , so that entry is labeled as N/A. For the last two decay modes, namely, the inclusive B ! Xsµ

+µ�

and exclusive Bs ! µ+µ�, we show the central values of the experimental measurements. The values for Case 1 are calculated
with the parameter set in Eq. (53) along with �✏ = 0.02 and mebR

= 2.0 TeV from the overlap region in Fig. 6. For case 2,

the parameters are set in Eq. (57), along with �0 = 0.8 and mebR
= 2.0 TeV from the overlap region in Fig. 7. For case 3, the

parameters are set in Eq. (59) with �0 = 0.2 and mebR
= 3.0 TeV from the overlap region in Fig. 8.

�0232�0332

µL

sR

⌧L

sR

t̃L

FIG. 19. Contribution to ⌧ ! µss̄ from �0 in RPV3 at tree
level.

states may be less suppressed than those with uu, dd
and sd. The ⌧ ! µs̄s process, shown in Fig. 19, gives
rise to distinctive final states such as ⌧ ! µ� [K+K�].
Making the ad hoc assumption that these couplings go
as ✏32 ⇡ � ⇡ 0.23, a mediator mass of 1.6 TeV can lead
to

BR(⌧ ! µ�) ' �6

|Vus|2
✓
�0333
g

◆4✓
mW

mt̃

◆4

BR(⌧ ! ⌫K⇤)

⇡ 1.2 ⇥ 10�9 , (87)

where we have used BR(⌧ ! ⌫K⇤) ⇡ 1.2% and �0333 ⇠

3.5, which is taken as the value from case 1 with g ⇠
0.66 being the weak coupling constant. The prediction
in Eq. (87) is consistent with current bounds and perhaps
within reach of LHC experiments as well as Belle II.

Similarly we can estimate BR(⌧ ! µKK) ⇡ 8.0 ⇥
10�10 by normalizing to the SM mode BR(⌧ ! ⌫KK)
⇡ 1.5 ⇥ 10�3.

Yet another simple mode where we can make a state-
ment about the branching ratio is ⌧ ! µK0. This can
be normalized conveniently to the SM mode ⌧ ! ⌫K+

which has a branching ratio of about 7⇥10�3. Note that
as above the ⌧ ! s RPV vertex will carry a suppression
of �. The µ ! d vertex couples second generation to
first; thus this is analogous to Vcb in the SM and the rate
goes as (�3/|Vcb|)2 ⇡ �2. Putting all the factors together,
one finds BR(⌧ ! µK0) ⇡ 5 ⇥ 10�10.

Another interesting example is ⌧ ! µµµ. This
arises at tree level via use of LLE couplings of RPV
[cf. Eq (22)]. We again assume a suppression of ✏32 '
� ⇡ 0.23. Then again for a mediator mass of 1.6 TeV,
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we can get

BR(⌧ ! 3µ) ' �2

✓
mW

me⌫⌧

◆4✓
�323

g

◆4

BR(⌧ ! µ⌫⌫̄) ,

(88)

where �323 ⇠ 1.5 is taken as the value from case 1 with
g ⇠ 0.66 being the weak coupling constant. In this calcu-
lation we have assumed that when the third-generation
sneutrino couples to two muons which are from second
generation, there is a suppression of O(�2) in the vertex.
Using the SM ⌧ branching ratio for leptonic decays of
⇡ 16%, we get BR(⌧ ! 3µ) ⇡ 7.5 ⇥ 10�9 whereas the
current bound is 2 ⇥ 10�8.

In Table V, we summarize the above-mentioned tree-
level LFV decay modes of ⌧ , with the dominant coupling
dependence in our RPV3 setup and the model predic-
tions in each of the three cases discussed above, corre-
sponding to the parameters in the overlap regions shown
in Figs. 6, 7 and 8. Also shown are the current exper-
imental constraints on each channel. As can be seen,
all the three benchmarks are consistent with the current
bounds, while some of the predictions might be accessi-
ble at future B-factories. Note that the tree-level BRs in
Case 1 turn out to be much smaller than our naive esti-
mate discussed above, because we have used the value of
|✏| = 0.02 for the overlap region in this case (cf. Fig. 6),
which is a factor of 10 smaller than the simple choice of
|✏| ' � ⇡ 0.23.

B. LFV via Loop Decays of ⌧

There are interesting LFV loop decays of ⌧ that we can
estimate quite easily by using existing calculations of b !
s� [213] and of b ! s`+`� [214]. These calculations are
relevant as the virtual top quark dominates in b decay as
well as in ⌧ decays because of the simple picture of mixing
angles that we have adopted. The dominant diagram is
shown in Fig. 20, and we find the decay width for ⌧ ! µ�
contributed from RPV to be

⌧L µL

�0
333 �0

233

�

tL

b̃Rb̃R

FIG. 20. Dominant contribution to ⌧ ! µ� in RPV3 at one-
loop level. Note that the emitted photon could be attached to
all possible charged propagators and external legs and what
we show here is just one possible diagram.

�(⌧ ! µ�) ' ↵emm5
⌧G

2
F

256⇡4

m4
W

g4
⇥

�����
X

k

 
�0 ⇤3k3�

0
2k3

m2
b̃R

+
2�⇤3k3�2k3

3m2
⌫̃⌧

� �⇤k33�k23

3m2
⌧̃R

� �⇤k33�k32

3m2
⌧̃L

!�����

2

(89)

which reduce to the following when keeping only the dom-
inant term:

�(⌧ ! µ�) ' ↵emm5
⌧G

2
F

256⇡4

m4
W

g4

�����

 
�0 ⇤333�

0
233

m2
b̃R

!�����

2

(90)

Thus, with �0233 ⇠ �0333� and � ⇠ 0.23, we estimate that
BR(⌧ ! µ�) ⇠ 10�8.

In an analogous fashion, in the loop decays ⌧ ! µ`+`�

(for ` = µ, e), the virtual top-quark dominates as in the
case of b ! s`+`�. This leads one to the estimate,

BR(⌧ ! µ`+`�)

BR(⌧ ! µ�)
⇡ BR(b ! s`+`�)

BR(b ! s�)
⇡ 0.05 . (91)

Thus, we conclude that the loop contribution to BR(⌧ !
3µ) is about a hundred times smaller compared to the
tree contribution estimated above.

Another class of loop modes emerges from considering
⌧ ! µ+ gluon(s). This is di�cult to estimate reliably.
Based on gauge invariance the ⌧ ! µ+ gluon amplitude
vanishes and we expect that the amplitude for ⌧ ! µ+
2 gluons is suppressed by four powers of sfermion masses.
A rough estimate thus gives

BR(⌧ ! µgg) ⇠ ↵2
s

4⇡↵em

m4
⌧

m4
b̃R

BR(⌧ ! µ�) . (92)

Using ↵s ' 0.3 and m⌧/mb̃R
' 10�3, we obtain BR(⌧ !

µgg) ⇠ 10�20, which is many orders of magnitude below
our expectation for the tree level ⌧ ! µss̄ branching
ratio.

Our RPV3 predictions for the loop-level ⌧ LFV decays
are also summarized in Table V for all three cases, along
with the corresponding experimental bounds.

C. LFV Decays of B-mesons
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FIG. 21. Generic diagram for b ! s`i`i0 in RPV3 at tree
level.

We briefly discuss here some illustrative examples of
distinctive LFV decays of B-mesons that proceed via
tree processes in our RPV3 scenario and can be esti-
mated readily. First example we want to discuss is
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where �323 ⇠ 1.5 is taken as the value from case 1 with
g ⇠ 0.66 being the weak coupling constant. In this calcu-
lation we have assumed that when the third-generation
sneutrino couples to two muons which are from second
generation, there is a suppression of O(�2) in the vertex.
Using the SM ⌧ branching ratio for leptonic decays of
⇡ 16%, we get BR(⌧ ! 3µ) ⇡ 7.5 ⇥ 10�9 whereas the
current bound is 2 ⇥ 10�8.

In Table V, we summarize the above-mentioned tree-
level LFV decay modes of ⌧ , with the dominant coupling
dependence in our RPV3 setup and the model predic-
tions in each of the three cases discussed above, corre-
sponding to the parameters in the overlap regions shown
in Figs. 6, 7 and 8. Also shown are the current exper-
imental constraints on each channel. As can be seen,
all the three benchmarks are consistent with the current
bounds, while some of the predictions might be accessi-
ble at future B-factories. Note that the tree-level BRs in
Case 1 turn out to be much smaller than our naive esti-
mate discussed above, because we have used the value of
|✏| = 0.02 for the overlap region in this case (cf. Fig. 6),
which is a factor of 10 smaller than the simple choice of
|✏| ' � ⇡ 0.23.

B. LFV via Loop Decays of ⌧

There are interesting LFV loop decays of ⌧ that we can
estimate quite easily by using existing calculations of b !
s� [213] and of b ! s`+`� [214]. These calculations are
relevant as the virtual top quark dominates in b decay as
well as in ⌧ decays because of the simple picture of mixing
angles that we have adopted. The dominant diagram is
shown in Fig. 20, and we find the decay width for ⌧ ! µ�
contributed from RPV to be
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FIG. 20. Dominant contribution to ⌧ ! µ� in RPV3 at one-
loop level. Note that the emitted photon could be attached to
all possible charged propagators and external legs and what
we show here is just one possible diagram.
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which reduce to the following when keeping only the dom-
inant term:
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Thus, with �0233 ⇠ �0333� and � ⇠ 0.23, we estimate that
BR(⌧ ! µ�) ⇠ 10�8.

In an analogous fashion, in the loop decays ⌧ ! µ`+`�

(for ` = µ, e), the virtual top-quark dominates as in the
case of b ! s`+`�. This leads one to the estimate,
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Thus, we conclude that the loop contribution to BR(⌧ !
3µ) is about a hundred times smaller compared to the
tree contribution estimated above.

Another class of loop modes emerges from considering
⌧ ! µ+ gluon(s). This is di�cult to estimate reliably.
Based on gauge invariance the ⌧ ! µ+ gluon amplitude
vanishes and we expect that the amplitude for ⌧ ! µ+
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Using ↵s ' 0.3 and m⌧/mb̃R
' 10�3, we obtain BR(⌧ !

µgg) ⇠ 10�20, which is many orders of magnitude below
our expectation for the tree level ⌧ ! µss̄ branching
ratio.

Our RPV3 predictions for the loop-level ⌧ LFV decays
are also summarized in Table V for all three cases, along
with the corresponding experimental bounds.

C. LFV Decays of B-mesons

�0i032�0i33

`i0
L

sR

bR

`iL

t̃L

FIG. 21. Generic diagram for b ! s`i`i0 in RPV3 at tree
level.

We briefly discuss here some illustrative examples of
distinctive LFV decays of B-mesons that proceed via
tree processes in our RPV3 scenario and can be esti-
mated readily. First example we want to discuss is
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An independent test of the B-anomalies
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Distinct LHC Signals in RPV3

Effective operators:

RD(∗) : OVL = (c̄γµPLb)(τ̄ γµPLν)

RK (∗) : Q`
9(10) = (s̄γµPLb)( ¯̀γµ(γ5)`)

Crossing symmetry: b → cτν leads to gc → bτν, and b → s`` leads to gs → 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

p
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

p
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).
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More LHC Signals
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An LHC Test of Muon g − 2
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Conclusion

(RPV) SUSY remains an attractive BSM scenario, despite null results from the
LHC.

Discussed a third-generation-centric RPV SUSY framework (RPV3), motivated by
Higgs naturalness.

Preserves gauge coupling unification.

Provides a common solution to the B-anomalies (both RD(∗) and RK (∗) ) and muon
g − 2 in a single testable framework.

Predictions for flavor-violating B-meson and tau decays could be tested at Belle II
and LHCb.

Complementary tests in the high-pT LHC experiments.

A direct test of muon g − 2 at the LHC.

Flavor anomalies might provide the first experimental hint of SUSY?

Thank You.
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ANITA
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ANITA in RPV3
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