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[from W. Altmannshofer’s talk at Anomalies 2021]
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Can a single BSM framework explain all the flavor anomalies?
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Muon Anomalous Magnetic Moment

a(expt)
µ − a(SM)

µ = (251± 59)× 10−11

[see talk from G. Venanzoni] 4



BSM Solutions to (g − 2)µ Anomaly

[see talks from S. Heinemeyer, P. Paradisi, E. Sessolo, P. Athron]

Need ∆aµ = 251(59)× 10−11 which is coincidentally at the same level as
aEW
µ = 153.6(1.0)× 10−11.

∆aµ ∼ g2
new

16π2

(muon mass ∼ 0.1 GeV)2

(new particle mass)2

∼ aEW
µ when

{
gnew ∼ W boson coupling
mnew ∼ W boson mass

Essentially two types of solutions:
Small interaction, small mass (e.g., ALP, dark photon, light Z ′) [see talks from J. Heeck, J. Fan]

O(1) interaction, O(EW) mass (e.g. 2HDM, SUSY, leptoquark) [see talk from S. Heinemeyer]

New particle(s) in the loop can be anything: neutral/charged spin 0, 1/2, 1.
[Lindner, Platscher, Queiroz, 1610.06587 (Phys. Rep. ’18)]

Need to be careful about the sign of the BSM contribution.
Also need flavor non-universal couplings to avoid other experimental constraints
(mostly involving electron/quark sector).

5



BSM Solutions to (g − 2)µ Anomaly

[see talks from S. Heinemeyer, P. Paradisi, E. Sessolo, P. Athron]

Need ∆aµ = 251(59)× 10−11 which is coincidentally at the same level as
aEW
µ = 153.6(1.0)× 10−11.

∆aµ ∼ g2
new

16π2

(muon mass ∼ 0.1 GeV)2

(new particle mass)2

∼ aEW
µ when

{
gnew ∼ W boson coupling
mnew ∼ W boson mass

Essentially two types of solutions:
Small interaction, small mass (e.g., ALP, dark photon, light Z ′) [see talks from J. Heeck, J. Fan]

O(1) interaction, O(EW) mass (e.g. 2HDM, SUSY, leptoquark) [see talk from S. Heinemeyer]

New particle(s) in the loop can be anything: neutral/charged spin 0, 1/2, 1.
[Lindner, Platscher, Queiroz, 1610.06587 (Phys. Rep. ’18)]

Need to be careful about the sign of the BSM contribution.
Also need flavor non-universal couplings to avoid other experimental constraints
(mostly involving electron/quark sector).

5



BSM Solutions to (g − 2)µ Anomaly

[see talks from S. Heinemeyer, P. Paradisi, E. Sessolo, P. Athron]

Need ∆aµ = 251(59)× 10−11 which is coincidentally at the same level as
aEW
µ = 153.6(1.0)× 10−11.

∆aµ ∼ g2
new

16π2

(muon mass ∼ 0.1 GeV)2

(new particle mass)2

∼ aEW
µ when

{
gnew ∼ W boson coupling
mnew ∼ W boson mass

Essentially two types of solutions:
Small interaction, small mass (e.g., ALP, dark photon, light Z ′) [see talks from J. Heeck, J. Fan]

O(1) interaction, O(EW) mass (e.g. 2HDM, SUSY, leptoquark) [see talk from S. Heinemeyer]

New particle(s) in the loop can be anything: neutral/charged spin 0, 1/2, 1.
[Lindner, Platscher, Queiroz, 1610.06587 (Phys. Rep. ’18)]

Need to be careful about the sign of the BSM contribution.
Also need flavor non-universal couplings to avoid other experimental constraints
(mostly involving electron/quark sector).

5



RK (∗) Anomaly (b → s`+`−)

RK (∗) =
BR(B → K (∗)µ+µ−)

BR(B → K (∗)e+e−)

Flavor Changing Neutral Current −→
loop-suppressed in the SM.

New physics can be heavy (multi-TeV).

Evidence for Lepton Flavor Universality Violation

RK (⇤) =
BR(B ! K (⇤)µµ)

BR(B ! K (⇤)ee)

R[1,6]
K + = 0.846+0.042

�0.039
+0.013
�0.012

R[0.045,1.1]

K⇤0 = 0.66+0.11
�0.07 ± 0.03

R[1.1,6]

K⇤0 = 0.69+0.11
�0.07 ± 0.05

R[1.1,6]
KS

= 0.66+0.20
�0.14

+0.02
�0.04

R[0.045,6]
K⇤+ = 0.70+0.18

�0.13
+0.03
�0.04

R[0.1,6]
pK = 0.86+0.14

�0.11 ± 0.05

LHCb 2103.11769
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[Altmannshofer, BD, Soni, Sui, 2002.12910 (PRD ’20)]

3.4σ net discrepancy.

All measurements are consistently
below the SM.

LHCb update [2103.11769 (Nature Phy. ’22)]

didn’t change the central value. 6



BSM Solutions to RK (∗) Anomaly

Heff = HSM
eff −

4GF√
2

VtbV ?
ts

e2

16π2

∑

i

CiOi
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RD(∗) Anomaly (b → cτν)

RD(∗) =
BR(B → D(∗)τν)

BR(B → D(∗)`ν)
(with ` = e, µ)
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*
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SM

[Altmannshofer, BD, Soni, Sui, 2002.12910 (PRD ’20)]

Flavor Changing Charged Current – tree-level in the SM (only CKM-suppressed).
BSM effect has to be large =⇒ . O(TeV)-scale new particle.
All experimental measurements to date are consistently above the SM prediction.
3.3σ discrepancy (HFLAV gives 3.1σ) −→ Lattice can improve SM prediction.
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BSM Solutions to RD(∗) Anomaly

Heff =
4GF√

2
VcbOVL +

1
Λ2

∑

i

C(′,′′)
i O(′,′′)

i

[Murgui, Peñuelas, Jung, Pich, 1904.09311 (JHEP ’19)]

Charged Higgs solution in type-II 2HDM (MSSM-type) goes in the wrong direction
[BaBar, 1303.0571 (PRD ’13); Belle, 1906.06871].
In general, tension with LHC mono-τ data [Greljo, Camalich, Ruiz-Alvarez, 1811.07920 (PRL ’19)]

and induces a large BR(Bc → τν) > 50% which is problematic [Alonso, Grinstein, Camalich,

1611.06676 (PRL ’17); Akeroyd, Chen, 1708.04072 (PRD ’17); Aebischer, Grinstein, 2105.02988]

W ′ solution is challenged by LHC di-tau data [Faroughy, Greljo, Kamenik, 1609.07138 (PLB ’17)]

and by precision Z -pole observables [Feruglio, Paradisi, Pattori, 1606.00524 (PRL ’17)].
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BSM Solutions to All Flavor Anomalies

Leptoquarks emerge as the winner! (or not too soon?)

11



Leptoquarks

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 [e.g. Heeck, Teresi, 1808.07492]

Solutions with more than one scalar LQ also possible. [Chen, Nomura, Okada, 1703.03251;

Bigaran, Gargalionis, Volkas, 1906.01870); Saad, 2005.04352; Babu, BD, Jana, Thapa, 2009.01771; Heeck, Thapa,

2202.08854; Crivellin, Fuks, Schnell, 2203.10111; ...]
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An alternative route: R-parity violating Supersymmetry!

(not just another LQ model)

SUSY is alive and doing just fine.
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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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Muon g − 2 in MSSM

The Anomalous Magnetic Moment in the MSSM

I It is very well known that the
MSSM can give sizeable
contributions to (g � 2)µ via
tan� enhanced smuon
chargino/neutralino loops
many many recent references

(apologies for the omission)

I Smuons, charginos, neutralinos
need to be pretty light

I Compressed spectra to avoid
exising LHC constraints

I Good discovery prospects at
the high luminosity LHC and
e+e� colliders (ILC, CLIC)

MSSM, t�=50

MSSM, t�=20

0.5 1 2 5

0.5

1

5

10

m�
~

L
= m�

~

R
(TeV)

M
1
=

M
2
=
�
(T

e
V
)

I With extended SUSY Higgs
sectors, smuons, charginos,
neutralinos can be significantly
heavier
WA, Gadam, Gori, Hamer 2104.08293
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[Barbieri, Maiani (PLB ’82); Moroi (PRD ’96);

Chakraborti, Heinemeyer, Saha (2104.03287); Altmannshofer, Gadam, Gori, Hamer (2104.08293)]
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RD(∗) in MSSMRD and RD⇤ in the MSSM

I There are tree level contributions to
B ! D(⇤)⌧⌫ from charged Higgs exchange

RD

RSM
D

⇠ 1�1.5
m⌧mb

m2
H±

tan2 �

RD⇤

RSM
D⇤

⇠ 1�0.12
m⌧mb

m2
H±

tan2 �

I Effect goes in the wrong direction and is
much smaller for RD⇤

I Correlated with effect in B ! ⌧⌫

BR(B ! ⌧⌫)

BR(B ! ⌧⌫)SM
'
✓

1 � m2
B

m2
H±

tan2 �

◆2

) Can’t explain RD(⇤) with charged Higgs
exchange in the MSSM
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RK (∗) in MSSM

RK and RK ⇤ in the MSSM

WA, Straub

1308.1501, 1411.3161

only way to get lepton flavor non universal contribution to rare
b ! s`` decays is through box diagrams with light winos (or Binos)
and large non-universality in slepton masses.

requires an extremely light spectrum to get Cbsµµ
9 ⇠ �0.5:

winos and smuons around 100 GeV;
sbottoms around 500 GeV;

very challenging to hide this at the LHC...
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Interlude: RK and RK ⇤ Model Independently

Hb!s
eff = �4GFp

2
VtbV ⇤

ts
e2

16⇡2

X

i

⇣
CiOi + C0

i O0
i

⌘

magnetic dipole operators semileptonic operators scalar operators

C(′)
7

bR(L)

sL(R)

C(′)
9,10

bL(R)

sL(R)

µL(R)

µL(R)

C(′)
S,P

bR(L)

sL(R)

µR(L)

µL(R)

C(0)
7 (s̄�µ⌫PR(L)b)F µ⌫ , C(0)

9 (s̄�µPL(R)b)(µ̄�µµ) , C(0)
S (s̄PR(L)b)(µ̄PL(R)µ)

C(0)
10 (s̄�µPL(R)b)(µ̄�µ�5µ)

neglecting tensor operators and additional scalar operators

(they are dimension 8 in SMEFT: Alonso, Grinstein, Martin Camalich 1407.7044)
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Interlude: Global Rare B Decay Fits

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

C
bs

µ
µ

10

flavio
Bs ! µµ 1�

RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

WA, Stangl 2103.13370 (other recent fits: Geng et al.

2103.12738; Cornella et al. 2103.16558; Alguero et al.

2104.08921; Hurth et al. 2104.10058; Ciuchini et al.

2110.10126)

Cbsµµ
9 (s̄�↵PLb)(µ̄�↵µ)

Cbsµµ
10 (s̄�↵PLb)(µ̄�↵�5µ)

I LFU ratios prefer
non-standard C10, but large
degeneracy

I Bs ! µ+µ� branching ratio
shows slight preference for
non-standard C10

I b ! sµµ observables
prefer non-standard C9

I best fit point

Cbsµµ
9 ' �0.63

Cbsµµ
10 ' +0.25
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[Altmannshofer, Stangl (2103.13370)]
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MSSM with R-Parity Violation

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

LFUV arises naturally – á la Yang-Mills. [BD, Soni, Xu, 2106.15647]

Third generation may be special. (LFUV in B-sector, but not in D nor in Λ)

RPV3: RPV SUSY with light 3rd-generation sfermions.
[Altmannshofer, BD, Soni, 1704.06659 (PRD ’17)]

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``) via 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, but LLE more relevant.
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LFUV arises naturally – á la Yang-Mills. [BD, Soni, Xu, 2106.15647]

Third generation may be special. (LFUV in B-sector, but not in D nor in Λ)

RPV3: RPV SUSY with light 3rd-generation sfermions.
[Altmannshofer, BD, Soni, 1704.06659 (PRD ’17)]

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
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Muon g − 2 in RPV3

µ−L

λ32k

e−
kR

e−
kR

λ∗32k
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λk23
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λ∗
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γ

νkL

µ−R

λ∗3k2

e−
kL

e−
kL

λ3k2

µ−R

γ

ν̃τL

µ−
R

λ∗
k32

τ̃L τ̃L

λk32

µ−
R

γ
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dkR
dkR
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γ
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[Kim, Kyae, Lee (PLB ’01)]
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RD(∗) in RPV3

λ̃′l23λ′l′33

cL

elL

bL

νl′
L

b̃R
λl′3lλ̃′

323

elR

νl′
L

bR

cL

τ̃L

[Deshpande, He (EPJC ’17); Altmannshofer, BD, Soni (PRD ’17); · · · ]

RD

RSM
D

=
RD∗

RSM
D∗

=
|∆c

31|2 + |∆c
32|2 + |1 + ∆c

33|2
|∆c

21|2 + |1 + ∆c
22|2 + |∆c

23|2
,

with ∆c
ll′ =

v2

4m2
b̃R

λ′l′33

(
λ′l33 + λ′l23

Vcs

Vcb
+ λ′l13

Vcd

Vcb

)
.
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RK (∗) in RPV3
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[Das, Hati, Kumar, Mahajan (PRD ’17); Trifinopoulos (EPJC ’18); · · · ]

Cµ
9 = −Cµ

10 =
m2

t

m2
b̃R

|λ′233|2
16παem

− v2

m2
b̃R

XbsXµµ
64παemVtbV ∗ts

,

where Xbs =
∑3

i=1 λ
′
i33λ
′
i23 and Xµµ =

∑3
j=1 |λ′2j3|2.
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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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Numerical Scan
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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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An LHC Test of Muon g − 2
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Conclusion

Mounting evidence for the violation of lepton flavor universality.
[Crivellin, Hoferichter, 2111.1273 (Science ’21)]

Can be explained by invoking BSM physics (true for any anomaly).

Leptoquarks and RPV-SUSY remain as the most attractive scenarios for a
simultaneous explanation of B-anomalies and muon g − 2.

Personal choice: RPV3 – motivated by Higgs naturalness and other beautiful
features of SUSY, while being consistent with null searches at the LHC.

Removes the accidental flavor symmetry of the SM.

Same chiral structure as the SM =⇒ correct D∗ and τ polarizations, as well as
RK − RK (∗) correlation come automatically.

Highly predictive and testable at Belle II, LHCb and high-pT LHC experiments.

Improved lattice input for B → Kνν̄ and Bs − Bs will be crucial.

Flavor anomalies might be providing the first experimental hint of SUSY!

Thank You.
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