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Hints of LFUV

Since 2014, Belle, Babar and LHCb - observed deviations from
SM in universality ratios:

b→ s`¯̀ : RK(∗) =
B(B → K(∗)µ+µ−)

B(B → K(∗)e+e−)

b→ c`ν̄ : RD(∗) =
B(B → D(∗)τ ν̄)

B(B → D(∗)µν̄)

Theoretically clean observables:
• CKM cancellation,
•Most hadronic uncertainties cancel,
•High sensitivity to NP.

RExp

K(∗) < RSM
K(∗)

RExp

D(∗) > RSM
D(∗)
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Low energy observables
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Semileptonic decays in the Standard Model

b c

W ν̄

`

CC: Tree-level process

b s

W

t, c, u

Z, γ ¯̀

`

FCNC: Loop induced in the SM
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EFT description, CC

Naively, NP scale ∼ few TeV.

ΛNP � ΛEW � mb

Assumption: No RH neutrinos.

Effective Hamiltonian: CC

Heff =
4GF√

2
Vcb

[
(1 + gVL)(cLγµbL)(lLγ

µνL) + gVR(cRγµbR)(lLγ
µνL)

+ gSL (cRbL)(lRνL) + gSR(cLbR)(lRνL) + gTL(cRσµνbL)(lRσ
µννL)

]
+ h.c.

N.B. gi = 0⇒ SM (Fermi theory)
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EFT description, FCNC
Naively, NP scale ∼ few 10s of TeV.

ΛNP � ΛEW � mb

Assumption: No RH neutrinos.

Effective Hamiltonian: FCNC

Heff =
4GF√

2
VtbV

∗
ts

[ 6∑
i=1

Ci(µ)Oi(µ) +
∑

i=7,8,9,10,P,S,...

Ci(µ)Oi
]

+ h.c.

O(′)
9 = (s̄γµPL(R)b)(¯̀γµ`) O(′)

10 = (s̄γµPL(R)b)(¯̀γµγ5`)

O(′)
S = (s̄PR(L)b)(¯̀̀ ) O(′)

P = (s̄PR(L)b)(¯̀γ5`)

O(′)
7 = mb(s̄σµνPR(L)b)F

µν

N.B. C9, C10, C7 6= 0 in the SM.
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Hadronic matrix elements

Expressed in terms of Form Factors:

〈Hf |Jx|Hi〉 =
∑
a

Ka
xFa

With Ka
x kinematic factors (scalar, vector or tensor), and Fa

scalar functions of q2.

Process Number of FF
B → D`ν 2 (+ 1 tensor)
B → D∗`ν 4 (+ 3 tensor)
Λb → Λc`ν 6 (+ 4 tensor)

Can be obtained from:
• Lattice QCD
• LCSR, HQET, ...
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Hadronic inputs, example Λb → Λc`ν

Obtained from a fit to lattice results

f(q2) =
1

1− q2/(mf
pole)

2

[
af0 + af1z

(
q2
)]

z
(
q2
)

=

√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

t0 = q2
max

t+ = (mf
pole)

2

[Detmold et al. ’15] [Datta et al. ’17]
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Complication for FCNC: Non-local Form Factors

Example for B → K ¯̀̀ :

M =
GFα√

2π
VtbV

∗
ts

[
(Aµ + Tµ) ū`γ

µv` + Bµū`γµγ5v`

]
Aµ ∝ C7, C9 Bµ ∝ C10

Tµ =
−16iπ2

q2

∑
i=1···6,8

Ci

∫
d4xeiq·x 〈K∗|Oi(0)jµ(x)|B〉

[Grinstein, Pirjol ’04]

•Non-pertubative quantity,
• Poles at the J/Ψ, Ψ′, etc,
•Hard to compute on the lattice.
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Complication for FCNC: Non-local Form Factors

Solution: strong cuts on the q2 region.

[LHCb ’16]
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SM results and experimental status: CC

Results for b→ c`ν̄: RY = B(X→Y τν̄)
B(X→Y µν̄)

SM Prediction Measurement Tension
RD 0.299(3) 0.340(30) 1.4σ

[FNAL, MILC ’15, HPQCD ’15] cf. HFLAV [BaBar, Belle, LHCb]

RD∗ 0.258(5) 0.295(14) 2.5σ
cf. HFLAV [BaBar, Belle, LHCb]

RJ/Ψ 0.260(4) 0.71(26) 1.7σ
[HPQCD ’20 ] [LHCb]

RDs 0.297(4) Soon -
[HPQCD ’17] [LHCb]

RD∗s 0.245(8) Soon -
cf. HFLAV [LHCb]

RΛc
0.333(13) Soon -

[Detmold et al. ’15] [LHCb]
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Combined results, CC, compared to SM

Exp: RD = 0.340± 0.030 RD∗ = 0.295± 0.014

SM: RD = 0.299± 0.003 RD∗ = 0.258± 0.005

[cf. HFLAV]
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Combined results, CC, compared to SM+NP

Eff. coeff. 1σ range χ2
min/dof

gVL
(mb) 0.07± 0.02 0.02/1

gSR
(mb) −0.31± 0.05 5.3/1

gSL
(mb) 0.12± 0.06 8.8/1

gT (mb) −0.03± 0.01 3.1/1

gSL
= +4gT ∈ R −0.03± 0.07 12.5/1

gSL
= −4gT ∈ R 0.16± 0.05 2.0/1

gSL
= ±4gT ∈ iR 0.48± 0.08 2.4/1

χ2
SM = 12.7 [this work]
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How to disentangle the New Physics?

LFU ratios insufficient to isolate the Lorentz structure of new
physics

•Need other observables
• Example: B(Bc → τ ν̄) . 30%

⇒ gP = gSR − gSL must be tiny

•Angular distributions

B → D∗(→ Dπ)`ν̄

Λb → Λc(→ Λπ)`ν̄

⇒ Plethora of observables, not yet available
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Angular distribution

B

−→q

`

ν

θ

D∗
D

π

θD

φ

−→uz

d2B (B → D∗τ ν̄)

dq2dcos θ
= 4π

[
A1 +B1 cos θ + C1 cos2 θ

]
d4B

(
B → D∗

(
→ Dπ+

)
τ ν̄
)

dq2dcos θdcos θDdφ
= A1 +A2 cos θD

+ (B1 +B2 cos θD) cos θ

+ (C1 + C2 cos θD) cos2 θ

+ (D3 sin θD cosφ+D4 sin θD sinφ) sin θ

+ (E3 sin θD cosφ+ E4 sin θD sinφ) sin θ cos θ.
dB
dq2
∝ 3A1 + C1

Afb ∝ B1
3A1+C1

Each coefficient is depends on different combinations of gi and FF.

In particular D4, E4 ∝ Im(gSL)⇒ Sensitive to new CP violating phase.
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SM results and experimental status: FCNC

Results for b→ s`¯̀: RY = B(X→Y µ+µ−)
B(X→Y e+e−)

SM Prediction Measurement Tension

R
[1.1,6]
K 1.00(1) 0.847(42) 3.1σ

[G. Isidori et al.’20] [LHCb ’21]

R
[1.1,6]
K∗ 1.00(1) 0.69+0.11

−0.07 2.4σ
[M. Bordone et al.’16] [LHCb ’17]

R
[0.045,1.1]
K∗ 0.91(3) 0.66+0.11

−0.08 2.3σ
[M. Bordone et al.’16] [LHCb ’17]

R
[0.1,6]
pK ∼ 1 0.85+0.14

−0.13 1σ

[LHCb]

Rφ - Soon -
[LHCb]
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Bs → µµ
Not a ratio, but hadronic uncertainties are well under control:

〈0|s̄γµγ5b|Bs〉 = ifBsp
µ

SM Value B(Bs → µµ) = 3.66(14)× 10−9
[Beneke et al ’19]

New LHCb result B(Bs → µµ) = 3.09+0.48
−0.44 × 10−9

Our average B(Bs → µµ) = 2.85(33)× 10−9
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Combined results, FCNC, compared to SM

δC9 = −δC10 = −0.41± 0.09 (4.6σ) [this work]

See [W. Altmannshofer, P. Stangl ’21] for global analysis.
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Summary

• Recent measurement at LHCb corroborates previous hints of
LFUV.

•New physics at O(TeV) described by means of EFT.

• LFU ratios and other low-energy observables put constraints
on the Wilson coefficients, for both CC and FCNC.

• These observables alone are not enough to disentangle the
Lorentz structure of NP.

•More observables (angular distributions) needed!
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Explicit scenarios of New Physics
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Which NP is compatible with this EFT?
• Should couple preferably to the 3rd family of fermions.
• Should violate LFU.

⇒ Leptoquarks solve both: LQ

`, ν

qb cLQ

`, ν
`, ν CC

b sLQ

`
`

FCNC: Becomes a tree-level pro-
cess

• Quite natural in GUT or composite Higgs theories
[D.Marzocca ’18].

• Other possibilities exist: Z ′ (only FCNC), 2HDM (tension
with B(Bc → τ ν̄))
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Classification of Leptoquarks

Name SU(3)C × SU(2)L × U(1)Y

S1 (3̄, 1, 1/3)

S3 (3̄, 3, 1/3)

R2 (3, 2, 7/6)

U1 (3, 1, 2/3)

U3 (3, 3, 2/3)

 Scalar LQ

}
Vector LQ

We directly exclude scenarios that

- only couple to RH particles (S̃1),

- allow for diquark couplings,

- pull RK and RK∗ in different directions (R̃2

[D. Bečirević et al. ’15]).
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Example S1

Lagrangian:

LS1 = yLijQ̄
C i,a
L εabLj,bL S1 + yRij ū

C
Re

j
RS1 + h.c.

Matching:

gVL =
v2

4Vcb

yb`
′

L (V y∗L)c`
m2
S1

gSL = −4gT = − v2

4Vcb

yb`
′

L (yc`
′

R )∗

m2
S1

Ckl9 + Ckl10 =
m2
t (V

∗yL)tk(V ∗yL)∗tl
8παemm2

S1

− v2(yL · y†L)bs(y
†
L · yL)kl

32παemm2
S1
VtbV ∗ts

Ckl9 − Ckl10 =
m2
t (yR)tk(yR)∗tl
8παemm2

S1

[
log

m2
S1

m2
t

− f(xt)

]
− v2(yL · y†L)bs(y

†
L · yL)kl

32παemm2
S1
VtbV ∗ts

Minimal Assumptions to explain RK :

yL =

0 0 0
0 ysµ 0
0 ybµ 0

 , yR = 0.
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Example S1
Considered quantities:

RK(∗) =
B(B → K(∗)µµ)

B(B → K(∗)ee)
, R

µ/e
D =

B(B → Dµν̄)

B(B → Deν̄)

Kµ2/e2 =
B(K → µν̄)

B(K → eν̄)
, ∆mBs , B(Z → µµ), B(B → Kνν)

[this work]
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Leptoquark scenarios

Model RD(∗) RK(∗) RD(∗)&RK(∗)

S1(3̄, 1, 1/3) 3 7 7

R2(3, 2, 7/6) 3 3/7∗ 7

S3(3̄, 3, 1/3) 7 3 7

U1(3, 1, 2/3) 3 3 3

U3(3, 3, 2/3) 7 3 7

 Scalar LQ

 Vector LQ

⇒ Scalar Leptoquarks: need at least two:
S1 − S3 [D. Marzocca ’18], R2 − S3 [D. Bečirević et al. ’18]

⇒ U1 Is the only one to accommodate both.
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U1 leptoquark

LU1 = xijL Q̄iγµU
µ
1 Lj + xijR d̄RiγµU

µ
1 `Rj + h.c.,

Minimal Yukawa structure:

xL =

0 0 0
0 xsµL xsτL
0 xbµL xbτL

 , xR = 0.

Matching:

gVL =
v2(V xL)c`(x

bτ
L )∗

2Vcbm
2
U1

Cµµ9 = −Cµµ10 = − πv2

VtbV
∗
tsαem

xsµL (xbµL )∗

m2
U1

Compatible with RD(∗) , RK(∗) , R
µ/e
D , Kµ2/e2, ...

Needs UV completion! E.g PS3 =
[
SU(4)× SU(2)× SU(2)

]3
→ SU(4)× SU(3)× SU(2)× U(1) [G. Isidori et al.]
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Direct searches at LHC
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Direct searches at LHC

LQ(3, X,X)

g

g

LQ

LQ

Decays Scalar LQ limits Vector LQ limits Lint

jjττ̄ - - -

bb̄ττ̄ 1.0(0.8) TeV 1.5(1.3) TeV 36 fb−1

tt̄τ τ̄ 1.4(1.2) TeV 2.0(1.8) TeV 140 fb−1

jjµµ̄ 1.7(1.4) TeV 2.3(2.1) TeV 140 fb−1

bb̄µµ̄ 1.7(1.5) TeV 2.3(2.1) TeV 140 fb−1

tt̄µµ̄ 1.5(1.3) TeV 2.0(1.8) TeV 140 fb−1

jjνν̄ 1.0(0.6) TeV 1.8(1.5) TeV 36 fb−1

bb̄νν̄ 1.1(0.8) TeV 1.8(1.5) TeV 36 fb−1

tt̄νν̄ 1.2(0.9) TeV 1.8(1.6)TeV 140 fb−1

[Atlas, CMS ’18-’20]

Assuming a branching fraction of 1 (0.5).
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Dilepton tails at LHC

dσ
dpT

(pp→ ``)

q

q̄

`

¯̀

LQ

[Atlas, CMS ’18-’20]

⇒ Complementary with low energy observables.
[W. Altmannshofer, P. S. Bhupal Dev, A. Soni ’17]

[A. Greljo, D. Marzocca ’17] [Y. Afik, et al. ’20]
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Example: R2

LR2 = yijRQ̄i`R jR2 − yijL ūR iR2iτ2Lj + h.c.

Ckl9 = Ckl10
tree
= − πv2

2VtbV ∗tsαem

yslR (ybkR )∗

m2
R2

Ckl9 = −Ckl10
loop
=

∑
u,u′∈{u,c,t}

VubV
∗
u′s

VtbV ∗ts
yu
′k
L (yulL )∗F(xu, xu′)

`

¯̀

b

s̄

u, c, t

u, c, t

W R
5/3
2

Minimal Yukawa structure for RK(∗) :

yL =

0 0 0
0 ycµL 0

0 ytµL 0

 , yR = 0.
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Example: R2
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Prediction: Lepton Flavor Violating decays

Z

τ

µ

LQ
q

q

Z → τµ
τ → µγ

}
Loop induced

τ → µφ

B → K(∗)τµ

Λb → Λτµ

Direct searches ⇒ Minimal
bounds on LFV decays.
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Summary and perspectives

• Exciting new LHCb data on RK and Bs → µµ corroborates
previous hints of LFUV, now 3.1σ below SM on RK .

•When seen as an EFT, LFU ratios and other low-energy observables
put constraints on the Wilson coefficients of the theory. gVL

> 0,
gSL

= −4gT > 0 or gSL
= ±4gT ∈ iR and C9 = −C10 < 0 are preferred

• Lorentz structure of NP can be studied through angular
distributions of semileptonic decays at Belle II.

• O(1TeV) extensions of the SM by Leptoquarks states are a
promising realization of this EFT.

•Direct searches impose bounds on masses and individual Yukawas.

•No truly minimal scenario exists, however 2 solutions:

• S1 − S3, R2 − S3 • U1+UV completion

• Prediction Experimentally testable LFV decays rates.

33/34



Thank you
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