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A few words on me

Where
France, Paris, Orsay
Laboratoire de Physique Théorique / Theoretical Physics Lab
CNRS and Univ. Paris-Sud

What
Theorist in flavour physics
Strong: Nonperturbative QCD, Effective Field Theories

Chiral Perturbation Theory, Heavy Quark Effective Theory. . .
Electroweak: Determination of the CKM matrix

CKMfitter collaboration: http://ckmfitter.in2p3.fr
New Physics: Rare decays

b → s`` (angular observables, global fits)
How

To pronunce my name : [se-bas-ti-en] [de-co-te je-non]
Hard for you ? also hard for the French. . .
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General ideas
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Lepton flavour universality in hadron decays ?

Theo: Both quarks and leptons involved
Exp: Leptonic and semileptonic decays of hadrons
Involve charged leptons
Hints of non-universality among the generations of leptons
Which might be connected with lepton flavour violation

at least in some NP models. . .
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Lepton flavour universality in hadron decays ?

Gauge

Higgs

Fermions

γg

tbcs

W Z

udνi

φ

μ τe

NP?Heavy quarksNon-perturb. QCD Electroweak

Tough multi-scale challenge with 3 interactions intertwined
GeV (QCD and mq), 100 GeV (electroweak), 1 TeV or more (NP)
All challenging, but main theo problem from hadronisation of
quarks into hadrons (source of uncertainties)
Hierarchy of scales =⇒notion of Effective Field Theory
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Flavour-Changing Charged Currents (FCCC)

B M

ν̄ℓ

ℓ−

b cOV,A...

B M

ν̄ℓ

ℓ−

W
b c

4

Changing quark flavour numbers by 1 unit
Different electric charges for the two quarks
Involve one charged and one neutral lepton
Tree-level contribution in SM
One power of the CKM matrix [Vcb]
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Flavour-Changing Neutral Currents (FCNC)

B H

ℓ+

ℓ−

W W
u, c, t

νℓ

b s

6

ℓ+

ℓ−

c, t

W

b s

B H

ℓ+

ℓ−

u, c, t

W

γ, Z

b s

1

Changing quark flavour numbers by 1 unit
Same electric charges for the two quarks
Involve either two charged and two neutral leptons
Loop-level contribution in SM
Two powers of the CKM matrix [VtbV ∗ts]
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Back to SM
Gauge group SU(3)C ⊗ SU(2)L ⊗ U(1)Y

Broken spontaneously into SU(3)C ⊗ U(1)em by Higgs field φ
Specific assignment of the fermion fields (here first generation)

Fields SU(3)C T3L Y Q = T3L + Y

LL

(
νe
e

)
L

1 1/2 -1/2
(

0
−1

)
eR eR 1 0 -1 -1
νR νR 1 0 0 0

QL

(
uL
dL

)
L

3 1/2 1/6
(

2/3
−1/3

)
uR uR 3 0 2/3 2/3
dR dR 3 0 -1/3 -1/3

Three identical generations with i = 1,2,3, with same gauge
assignment, charges and couplings
νR no interactions (needed only for neutrino masses)
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Electroweak currents

Lagrangian for massless ψi=1,2,3 ∈ {EL,eR,QL,uR,dR}i
in terms of mass eigenstates for bosons

Lgauge,ψ =
∑
ψ,i

ψ̄iD/ψi =
∑
ψ,i

ψ̄∂/ψ+g(W +
µ JµW + +W−

µ JµW−+ZµJµZ )+eAµJµem

JµW + =
1√
2

(ν̄ i
Lγ
µei

L + ū i
Lγ
µd i

L) JµW− =
1√
2

(ēi
Lγ
µν i

L + d̄ i
Lγ
µu i

L)

JµZ =
1

cW

{
1
2
ν̄ i

Lγµν
i
L +

(
s2

W −
1
2

)
ēi

Lγµei
L + s2

W ēi
Rγµei

R

+

(
1
2
− 2

3
s2

W

)
ū i

Lγ
µu i

L −
2
3

s2
W ū i

Rγ
µu i

R +

(
1
3

s2
W −

1
2

)
d̄ i

Lγ
µd i

L +
1
3

s2
W d̄ i

Rγ
µd i

R

}

Jµem = −ēiγµei +
2
3

ū iγµu i − 1
3

d̄ iγµd i

cW = g/
√

g2 + g′2, sW =
√

1− c2
W weak mixing (W 3

µ ,Bµ)↔ (Z 0
µ ,Aµ)

charged-currents only left-handed ψL = [(1− γ5)/2]ψ

neutral currents both left- and right-handed (and vector for photon)
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From quark Yukawas to CKM

Yukawa interaction between Higgs and (3 families of) quarks

LHiggs,quarks = Q̄i
LY ik

D dk
Rφ+ Q̄i

LY ik
U uk

Rφc + h.c.+ . . .

Higgs vacuum expectation value 〈φ〉 6= 0 yields “mass” matrices

LHiggs,quarks = d̄ i
LM ik

D dk
R + ūi

LM ik
U uk

R + . . .

“Diagonalise” (SVD) the “mass” matrices MQ = YQ〈φ〉/
√

2 with

MQ = VQLmQV †QR mD = diag(md ,ms,mb),mU = diag(mu,mc ,mt )

Mass eigenstates ψ′ different from weak-interaction eigenstates ψ

uL =

 u
c
t


L

= VUL

 u′

c′

t ′


L

dL =

 d
s
b


L

= VDL

 d ′

s′

b′


L

and same for right-handed states uR and dR with VUR and VDR
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CKM for FCCC

W bosons couple to charged currents JµW for left-handed quarks
Connect only quarks of the same generation in the weak basis
Which in mass eigenstate basis involve unitary flavour matrix V

JµW = ūi
Lγ

µd i
L → ū′LV †ULγ

µVDLd ′L = ū′LVγµd ′L

Potential misalignement between (unitary) rotations: VUL 6= VDL,
so matrix V = V †ULVDL is unitary but not identity

Flavour-changing charged currents at tree level

W

dj

iu g√
2

[ūi
LVijγ

µd j
L W +

µ + d̄ j
LV ∗ij γ

µui
L W−

µ ]

unitary Cabibbo-Kobayashi-Maskawa matrix

Hermitian lagrangian: V and V ∗ for CP-conjugates, so
CP-violation for weak quark decays if V with imaginary part
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No CKM for FCNC

Zµ and Aµ couple to neutral currents JµZ ,A involving both left- and
right-handed quarks
But connect only quarks of the same generation in weak basis
Neutral currents remain flavour-diagonal in mass basis

ūi
Lγ

µui
L → ū′LV †ULγ

µVULu′L = ū′Lγ
µu′L,

ūi
Rγ

µui
R → ū′RV †URγ

µVURu′R = ū′Rγ
µu′R

and same for dL and for dR separately

No flavour-changing neutral currents in SM
. . . but absent only at tree level ! They can occur in loops

Q: Why are FCNC very small in the SM ? (several arguments)
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Global quark flavour symmetries

Yukawas break very large flavour symmetry U(3)Q ⊗U(3)U ⊗U(3)D of
the rest of the SM Lagrangian or equivalently

SU(3)Q ⊗ SU(3)U ⊗ SU(3)D ⊗ U(1)B ⊗ U(1)Yq ⊗ U(1)PQ

SU(3)Q,D,U redefinition like UR =

 u
c
t


R

→ VUR UR . . .

broken
U(1)B global phase redefinition associated with baryon number

ψL,R → eiα/3ψL,R [ψ = u,d , s, c,b, t ] not broken
U(1)Yq global phase redefinition giving quark hypercharge

ψL,R → eiβYψL,RψL,R broken
U(1)PQ global phase redefinition for DR only (Peccei-Quinn-like)

(dR, sR,bR)→ eiδ(dR, sR,bR) broken

broken explicitly by YU and YD down to U(1)B
=⇒conservation of baryon number
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Number of physical parameters of the CKM matrix

CKM unitary matrix, but how many physical parameters ?
U(3)Q ⊗ U(3)U ⊗ U(3)D → U(1)B

3× 3→ 0 real parameters
3× 6→ 1 imaginary parameters

triggered by Yu,d containing 2× 9 real and 2× 9 imaginary params
So it remains in Yu,d as physical parameters

2× 9− (9− 0) real parameters: 6 for quark masses and 3 for CKM
2× 9− (18− 1) imaginary parameters: 1 for CKM

For three generations, CKM with
3 moduli
1 phase, unique source of CP violation in quark sector

=⇒extremely predictive model for CP violation embedded in SM
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Structure of CKM matrix

Cabibbo-Kobayashi-Maskawa matrix

V = 1 + O(λ), close to unity

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 '
 1− λ2

2 λ Aλ3(ρ̄− i η̄)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ̄− i η̄) −Aλ2 1

+ O(λ4)

where we have exploited the observed hierarchy of matrix elements,
using the so-called Wolfenstein parametrisation

Q: For which processes is there an imaginary part (and thus
CP-violation) ? Is it only for b → u and t → d transitions ?
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And for leptons ?

Yukawa interaction between Higgs and (3 families of) leptons

LHiggs,leptons = L̄i
LY ik

E ek
Rφ+ h.c.+ . . .

but in SM with no νR, there is only one type of term
Higgs vacuum expectation value 〈φ〉 6= 0 yields “mass” matrix

LHiggs,leptons = ēi
LM ik

E ek
R + . . .

“Diagonalise” (SVD) the “mass” matrix ME = YE〈φ〉/
√

2 with

ME = VELmEV †ER mE = diag(me,mµ,mτ )

Mass eigenstates ψ′ different from weak-interaction eigenstates ψ

eL =

 e
µ
τ


L

= VeL

 e′

µ′

τ ′


L

same for eR, but also for ν if additional mechanism to provide mν
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PMNS

W bosons couple to charged currents JµW for left-handed fermions
Connect only leptons of the same generation in the weak basis
Which in mass eigenstate basis involve unitary flavour matrix W

JµW = ν̄ i
Lγ

µei
L → ν̄ ′LV †νLγ

µVELe′L = ν̄ ′LWγµe′L

In SM with mν = 0, VνL can be arbitrarily chosen to get W = 1
But in presence of mν , potential misalignement: VνL 6= VEL, so
PMNS matrix W = V †νLVEL is unitary but not identity

PMNS =
Pontecorvo-Maki-
Nakagawa-Sakata

(only P and S here)
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Global lepton flavour symmetries

YE break large flavour symmetry U(3)L ⊗ U(3)E of the rest of the SM
Lagrangian or equivalently

SU(3)L ⊗ SU(3)E ⊗ U(1)L ⊗ U(1)E−L

SU(3)L,E redefinition like ER =

 e
µ
τ


R

→ VER ER . . .

broken
U(1)L global phase redefinition associated with lepton number

ψL,R → eiα/3ψL,R [ψ = e, µ, τ, ν1, ν2, ν3] not broken
U(1)E−L global phase redefinition

(eR, µR, τR)→ eiδ(eR, µR, τR)
(L1L,L2L,L3L)→ e−iδ(L1L,L2L,L3L) broken

broken to U(1)e ⊗ U(1)µ ⊗ U(1)τ (larger than for quarks)
=⇒conservation of lepton flavour number for each generation

(up to corrections coming from the mechanism to generate mν)
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broken to U(1)e ⊗ U(1)µ ⊗ U(1)τ (larger than for quarks)
=⇒conservation of lepton flavour number for each generation

(up to corrections coming from the mechanism to generate mν)
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Lepton flavour universality and conservation

In the SM (mν = 0), we have
Lepton flavour universality (LFU): all gauge couplings are the
same, diff among generations come only from Yukawa
Lepton flavour conservation (LFC): only leptons from the same
generation are involved in any interaction (vertex)

New Physics
LFU: NP couplings diagonal in flavour space or functions of Ye
(only source of breaking for mν = 0)
LFC: NP obey U(1)e ⊗ U(1)µ ⊗ U(1)τ

At low energies, SMEFT = SM lagrangian + higher-dim operators,
for which LFU =⇒LFC, and thus LFV =⇒LFUV (not equivalence)

Q: Take a Z ′ coupling to 3 generations of lepton mass eigenstates

αij(ēi
Lγ

µej
L + ēi

Rγ
µej

R)Z ′µ
LFU/LFC if αij = αδij ? αij = αδi2δj2 ? αij = αδi2δj3 ? αij = δijmi/m′Z ?
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The last slide on PMNS
B M

ν̄ℓ

ℓ−

b cOV,A...

B M

ν̄ℓ

ℓ−

W
b c

4

Let us look at a b → cτντ process (leptonic or semileptonic decay)
If mν = 0, no PMNS, but what to do since mν 6= 0 ?
Actually b → cτνi where i any of the three neutrino mass states
since no experimental way of knowing the nature of ν mass state

Γ ∝∑i |A(b → cτνi)|2 = |Vcb|2
∑

i |Vτ i |2|Ai |2
Assuming Ai independent of νi flavour and PMNS unitary

Γ ∝ |Vcb|2|A|2
∑

i |Vτ i |2 = |Vcb|2|A|2 × 1

So no contribution from PMNS matrix (incoherent sum of νi ),
only from CKM matrix (exclusive on quark flavours)
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Lepton Flavour Universality in
Flavour Changing Charged Currents
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FCCC leptonic decays

〈µ−ν̄µ|HSM |D−〉 ?

Neglecting interactions between quark and lepton parts
Write what is known perturbatively: lepton part in terms of sols of
the free Dirac equation, propagation of the W
But not what is not known: keep the quark/hadronic part

〈µ−ν̄µ|HSM |D−〉 =

−g2
W
2 × −i

p2
D−M2

W
× ū(µ)γρ(1− γ5)v(ν)× gρσ ×Vcd〈0|c̄γσ(1− γ5)d |D−〉

We can parametrise the last term based on (Lorentz) symmetry
〈0|c̄γσ(1− γ5)d |D−〉 = 〈0|c̄γσ(−γ5)d |D−〉 = −i fD(pD)σ

fD decay constant (' 210 MeV) to be computed using lattice QCD

Q: Why is only the axial part contributing ?
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FCCC leptonic decays

〈µ−ν̄µ|HSM |D−〉 ?

One obtains the amplitude (where GF = g2/(4/
√

2M2
W )

〈µ−ν̄µ|HSM |D−〉 = i × 2
√

2GF Vcd × ū(µ)γρ(1− γ5)v(ν) × fDpρ

Squaring the amplitude, one gets the branching ratio

Br(D− → µ−ν̄µ) =
G2

F mDm2
µ

8π

(
1−

m2
µ

m2
D

)2

|Vcd |2f 2
DτD(1 + δDµ2

em )

Ratio of branching ratios for different leptons
No QCD uncertainties (decay constant cancel), no CKM
Lepton Flavour Universal up to phase space but also higher-order
(QED) corrections (δem)
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FCCC semileptonic decays

〈π+µ−ν̄µ|HSM |D̄0〉 ?

Same separation as for the leptonic decay: lepton part and W
propagation easy to compute
We parametrise the QCD matrix element

〈π+|c̄γρ(1− γ5)d |D̄0〉 = 〈π+|c̄γρd |D̄0〉 = f+(pD + pπ)ρ + (f0 − f+)
M2

D −M2
π

q2 qρ

where q = pD − pπ and f+, f0 are form factors, functions of q2

Q: Why f+ and f0 depend on q2 for semileptonic decays, whereas fD
was a constant for leptonic decays ?
Q: What would be the differences in the case of D → ρ ?
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FCCC semileptonic decays

Branching ratio P → P involving with 2 form factors f+ and f0

dΓ(D̄0 → π+µ−ν̄)

dq2 =
G2

F |Vcd |2

24π3

(q2 −m2
µ)2
√

E2
π −m2

π

q4m2
D

×

[(
1 +

m2
µ

2q2

)
m2

D(E2
π −m2

π)|f+(q2)|2 +
3m2

µ

8q2 (m2
D −m2

π)2|f0(q2)|2
]

Suppression for scalar form factor f0 (proportional to m2
µ)

Ratio of branching ratios for different leptons not necessarily
independent of hadronic uncertainties

Pseudoscalar to pseudoscalar, e and µ: approximate cancellation
of form factors
Non-scalar hadrons, τ versus e and µ: requires knowledge of form
factors (for instance using lattice QCD simulations)

Harder to compute higher-order corrections (QED. . . )
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A few tests for pions, kaons, charmed mesons

SM pred Exp
Γ(π−→e−ν̄)
Γ(π−→µ−ν̄) (1.2352± 0.0001) · 10−4 (1.230± 0.004) · 10−4

Γ(K−→e−ν̄)
Γ(K−→µ−ν̄) (2.477± 0.001) · 10−5 (2.488± 0.009) · 10−5

Γ(D−s →τ−ν̄)

Γ(D−s →µ−ν̄)
(9.76± 0.10) (9.95± 0.61)

SM pred Exp
Γ(D0→π−µ+ν)
Γ(D0→π−e+ν)

0.985± 0.002 0.922± 0.037
Γ(D+→π0µ+ν)
Γ(D+→π0e+ν)

0.985± 0.002 0.964± 0.045

Other ratios measured, but no deep estimate of theo uncertainties

Exp Exp
Γ(K +→π0µ+ν)
Γ(K +→π0e+ν)

0.6618± 0.0029 Γ(D+
s →φµ+ν)

Γ(D+
s →φe+ν)

0.86± 0.29
Γ(D+

s →ηµ+ν)

Γ(D+
s →ηe+ν)

1.05± 0.24 Γ(D+
s →η′µ+ν)

Γ(D+
s →η′e+ν)

1.14± 0.68
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And which tests for B mesons ?

Leptonic:
SM pred Exp

Γ(B−→µ−ν̄)
Γ(B−→τ−ν̄) (4.45± 0.01) · 10−3 (5.92± 2.83) · 10−3

Semileptonic:
For the comparison between e and µ, only b → c`ν, averaging
naively results from Babar and Belle

Exp Exp
Γ(B→Dµν)
Γ(B→Deν) 0.98± 0.07 Γ(B→D∗µν)

Γ(B→D∗eν) 1.03± 0.05

both expected to be 1 up to a good accuracy
But we can also compare τ and lighter leptons. . .
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LFU violation in b → cτν

RD(∗) =
Br(B → D(∗)τν)

Br(B → D(∗)`ν̄`)

Update from Belle at Moriond 2019
R(D) and R(D∗) exceed SM predictions by 1.4 σ and 2.5 σ
difference with SM preds around 3.1σ level (used to be larger)
consistent with 10% enhancement for b → cτ ν̄τ
also a measurement of RJ/ψ (Bc → J/ψ`ν̄`) going in the same
direction but larger exp and theo unc
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B → D`ν̄` branching ratio

dΓ(B → D`ν̄`)
dq2 ∝ |Vcb|2

(
1− m2

`

q2

)2

|~p|2[(
1− m2

`

2q2

)2

M2
B|~p|2f 2

+(q2) +
3m2

`

8q2 (M2
B + M2

D)2f 2
0 (q2)

]

~p D-momentum in B-frame, q2 = (pB − pD)2 lepton invariant mass

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13

q
2
 [GeV

2
]

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

f 0 a
nd

 f
+

BaBar 2010

Two form factors f+(q2)
(vector) and f0(q2) (scalar)

NP extension requires one
more form factor fT (tensor)
From lattice QCD, extrapolated
over whole kinematic range
Used to compute RD in the SM
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B → D∗`ν̄` branching ratio

dΓ(B → D∗`ν̄`)
dq2 ∝ |Vcb|2

(
1− m2

`

q2

)2

|~q|q2[(
1 +

m2
`

2q2

)2

(|H+|2 + |H−|2 + |H0|2) +
3m2

`

2q2 |Ht |2
]

Hλ describing B → D∗(→ Dπ)`ν̄` with λ helicity of V ∗ → `ν̄`

Four form factors V ,A0.1,2 (vector and axial)
NP extension requires 3 more form factors T1,2,3 (tensor)

No complete lattice determination, need other approaches
HQET: Form factors related in the limit mb,mc →∞,

providing ratios of form factors up to O(Λ/m) corrections
Fit to Belle differential decay rate B → D∗`ν̄` (` = e, µ)

assuming no NP for light leptons

Yields precise value for RD∗, with a deviation to be analysed later

Q: What kind of information would be given by an angular analysis ?
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Lepton Flavour Universality in
Flavour Changing Neutral Currents
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FCNC leptonic decays

Good example of FCNC : Bs → µµ

More complicated (loop) decay
Amplitude has a summation over
internal quark flavour

〈µµ|HSM |B̄s〉 ∝
∑

q=u,c,t

V ∗qbVqsA

(
m2

q

M2
W

)

It can be reexpressed using the CKM matrix unitarity

V ∗tbVts

[
A

(
m2

t

M2
W

)
− A

(
m2

c

M2
W

)]
+ V ∗ubVus

[
A

(
m2

u

M2
W

)
− A

(
m2

c

M2
W

)]
mq-independent part of A cancels in total, mu,mc � MW ∼ mt
and CKM hierarchy V ∗tbVts = O(λ2)� V ∗ubVus = O(λ4)

Decay dominated by (mt -dep part of) diagrams with top quark
+ other heavy degrees of freedom (W ,Z )
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FCNC leptonic decays

Separation of scale explicit
short distances (W , t ,Z diagrams
computed perturbatively
long distances amount to
〈0|s̄γµγ5b|B̄s〉 (decay constant)

Applies also for b → d``, but not for
c → u`` and s → d`` FCNC (light
quark loops large, hard to estimate)

Yields the branching ratio

Br(Bs → µµ) =
G2

Fα
2
emf 2

Bs
m2
µmBsτBs

16π2 sin2 θW

√
1−

4m2
µ

m2
Bs

|V ∗tbVts|2Y 2

(
m2

t

M2
W

)
with decay constant fBs and Y perturbative Inami-Lim function
Higher-order radiative corrections can be evaluated

Q: Check that argument for Bd → µµ. What about D → µµ, K → µµ ?
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FCNC semileptonic decays

Same argument as for Bd and Bs leptonic decays ?
Dimuon pair with inv mass q2 varying from 4m2

µ to (mB −mM)2

t t̄ always very virtual, can be computed perturbatively
cc̄ can become real, and resonant for q2 = m2

J/ψ,m
2
ψ(2S) . . .

uū still CKM suppressed V ∗ubVus = O(λ4)� V ∗cbVcs,V ∗tbVts = O(λ2)

Separation of long- and short-distances can still be performed, but
long-distance contributions from charm must be taken care of

ℓ+

ℓ−

c, t

W

b s

B M

ℓ+

ℓ−

c, t

W

b s

1

Once again, long-distance
contribution difficult to estimate for
K → πµµ, D → πµµ. . .
Computation will involve again
hadronic form factors
With cancellations in LFU ratios
(almost complete for e vs µ)

Q: Why were long-distance contributions not such an issue for FCCC ?
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LFU violation in b → s``

Two updates@Moriond 2019

LHCb:

R[1.1,6]
K =

Br(B → Kµµ)

Br(B → Kee)

= 0.846+0.060+0.016
−0.054−0.014

From 2.6σ to 2.5σ
deviation wrt SM

Belle: RK∗ =
B(B → K ∗µµ)

B(B → K ∗ee)

OK with SM, but also LHCb
[2.3 (2.6) σ from SM

for R[0.045,1.1]
K∗ ([1.1,6])]
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Looking for an explanation of LFUV
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Two sets of “anomalies”
b → c`ν̄` b → s`+`−

B M

ℓ+

ℓ−

Oi

cc̄

ν̄ℓ

ℓ−

W
b c

3

ℓ+

ℓ−

c, t

W

b s

B M

ℓ+

ℓ−

c, t

W

b s

1

SM tree (charged) (V − A) loop (neutral)

Spin 0 B → D`ν̄` B → K ``
Spin 1 B → D∗`ν̄` B → K ∗``, Bs → φ``

Observables Total Br dΓ/dq2 + Angular obs
with ` = τ, µ, e ` = µ,e

LFUV tensions RD(∗) =
Br(B → D(∗)τν)

Br(B → D(∗)`ν̄`)
RK (∗) =

Br(B → K (∗)µµ)

Br(B → K (∗)ee)
Other tensions Br (K ,K ∗, φ+ µµ)

angular obs (e.g., P ′5)

Two transitions exhibiting interesting patterns of deviations from SM
with in particular lepton-flavour universality violation (LFUV)
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A multi-scale problem

Gauge

Higgs

Fermions

γg

tbcs

W Z

udνi

φ

μ τe

NP?Heavy quarksNon-perturb. QCD Electroweak

Several steps to separate/factorise scales
simplified model → SMEFT → Weak EFT → SCET/HQET

BSM → SM+1/ΛNP → Heff → B-hadron eff. th.
(ΛEW/ΛNP ) (mb/ΛEW ) (ΛQCD/mb)

Main theo problem from hadronisation of quarks into hadrons
description/parametrisation in terms of QCD quantities

decay constants, form factors, bag parameters. . .
Long-distance non-perturbative QCD: source of uncertainties

lattice QCD simulations, sum rules, effective theories. . .
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Effective approaches

Fermi-like approach (for decoupling th): separation of different scales

Short dist/Wilson coefficients and Long dist/local operator

b

b

VudV ∗cb
GF√

2
m2

W
m2

W−p2
W

ūγµ(1− γ5)db̄γµ(1− γ5)c

Fermi theory carries some info on the underlying theory
GF : scale of underlying physics (∝ g2/M2

W )

Oi : interaction with left-handed fermions, through charged spin 1
Losing some info (gauge structure, Z 0 . . . )
But a good start to build models if no particle (=W ) already seen
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Effective Hamiltonian for B decays

From the SM (or an extension)
down to µ = mb

Heff = CKM × Ci ×Oi

〈M|Heff|B〉 = CKM × Ci × 〈M|Oi |B〉

B M

ℓ+

ℓ−

Oi

cc̄

ν̄ℓ

ℓ−

W
b c

3

involving hadronic quantities such as form factors
selecting processes for accurate predictions:

leptonic or semileptonic decays (decay constants, form factors)
ratios of BRs with different leptons (LFU)
ratios of observables with similar dependence on form factors

=⇒observables with limited sensitivity to (ratio of form) factors
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Advantages of the effective Hamiltonian

Separation of scales (short vs long distances)
Compute short-distance part Ci only once for given theory
NP at a high scale will only shift the values of Ci
Describes all hadron decays with same quark-level process

Same short-distance physics, and thus same Ci
Different long-distance phyics, with different 〈M|Oi |B〉
Both vary with the factorisation/separation scale µ (typically the
heaviest quark/meson decaying)

Two possible uses of effective approaches
fix Ci = CSM

i , compute SM and compare with the data
determine Ci from the data, remove SM part, identify type of NP

Model-independent determination of Ci

provide global framework to analyse all data including correlations
check the consistency of the deviations without a theory bias
can be followed by NP model building to reproduce Ci
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b → c`ν̄`: in addition to RD,RD∗

τ polarisation in B → D∗τν
Belle with τ → Xν, X = ρ (or π)

1
Γ

dΓ

d cos θ
=

1
2

[1 + αX Pτ cos θτ ]

θτ angle (~pX , −~pτν)

Large stat unc, SM compatible, Pτ > 0.5 excluded at 90% CL

D∗ polarisation in B → D∗τν
Angular analysis: 1

Γ
dΓ

d cos θ = 3
4

[
2FL cos2 θD∗ + (1− FL) sin2 θD∗

]
Belle: FL = 0.60± 0.08± 0.04, agree with SM at 1.7 σ

RJ/ψ (Bc → J/ψ`ν̄`)

LHCb: RJ/ψ = 0.71± 0.17± 0.18 RD
RD;SM

' RD∗
RD∗;SM

' RJ/ψ
RJ/ψ;SM

Form factors based on models with uncertainties difficult to assess
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b → c`ν̄` effective Hamiltonian
B M

ℓ+

ℓ−

Oi

cc̄

ν̄ℓ

ℓ−

W
b c

3

Heff(b → c`ν) ∝ GF Vcb

∑
CiOi

In the SM
OVL` = (c̄γµPLb)(¯̀γµPLν`) [W exchange]
CVL` = 1 and universal for all three leptons

Hadronic uncertainties in form factors defined
from 〈M|Oi |B〉 and already discussed previously
NP changes short-distance Ci` for SM or new
long-distance ops Oi`

Chirally flipped (W →WR) OVL` → OVR` ∝ (c̄γµPRb)(¯̀γµPLν`)

(Pseudo)scalar (W → H+) OVL` → OSL ∝ (c̄PLb)(¯̀PLν`),OSR`

Tensor operators (W → T ) OVL` → OTL` ∝ (c̄σµνPLb)(¯̀σµνPLν`)

Q:Which relation between CVLe, CVLµ, CVLτ if LFU NP ? if LFC NP ?
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Tensor operators (W → T ) OVL` → OTL` ∝ (c̄σµνPLb)(¯̀σµνPLν`)

Q:Which relation between CVLe, CVLµ, CVLτ if LFU NP ? if LFC NP ?
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Global fits for b → c`ν̄`
[Bhattacharyaa,Nandi,Patra;Alok,Kumar,Kumar,Kumbhakar,Uma Sankar;Kumar,London,Watanabe;Freytsis,Ligeti,Ruderman;

Greljo, Camalich, Ruiz-Alvarez. . .
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[Blanke,Crivellin,de Boer,Moscati,Nierste, Nišandžić, Kitahara]

Fits to RD, RD∗ , Pτ (D∗),
FL(D∗), sometimes RJ/ψ

Often NP only in ` = τ ,
with real Wilson coeffs
(no CP violation)
Fit to one or two NP
couplings at a time

Right-handed and (pseudo)scalar couplings slightly disfavoured
by Bc width and shape of dΓ(B → D∗τν)/dq2

Tensor disfavoured by FL, but often together with scalar in models,
which can pass constraints
Most simple explanation: NP in CVLτ [change of GF for b → cτ ν̄τ ]

Q: Why is the Bc width a constraint here ?
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Global fits for b → c`ν̄`

LHC constraints from pp → τνX
Various explanations in terms of single mediators,

but leptoquarks preferred over W ′ or charged Higgs
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b → s``: In addition to RK ,RK ∗

ℓ+

ℓ−

c, t

W

b s

B M

ℓ+

ℓ−

c, t

W

b s

1

Many observables for B → Kµµ,
B → K ∗µµ, Bs → φµµ

2-3σ deviations observed w.r.t. SM
BR for B → Kµµ, B → K ∗µµ,
Bs → φµµ (require knowledge of
hadronic uncertainties)
Angular distr of B → K ∗µµ with
optimised obs (eg P ′5), where part
of hadronic uncertainties cancel
Hints of lepton flavour universality
violation: b → see vs b → sµµ

[LHCb, Belle, ATLAS, CMS]
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Q: Why is there a missing band at intermediate q2 ?
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b → s`` effective Hamiltonian
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c, t

W
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ℓ+
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c, t

W

b s

1

H(b → sγ(∗)) ∝ GF V ∗tsVtb ∼ CiOi

to separate short and long distances (µb = mb)

O7 = e
g2 mb s̄σµν(1 + γ5)Fµν b [real or soft photon]

O9` = e2

g2 s̄γµ(1− γ5)b ¯̀γµ` [b → sµµ via Z /hard γ. . . ]

O10` = e2

g2 s̄γµ(1− γ5)b ¯̀γµγ5` [b → sµµ via Z ]

CSM
7 = −0.29, CSM

9` = 4.1, CSM
10` = −4.3

universal for all 3 lepton flavours

NP changes short-distance Ci or add new operators Oi

Chirally flipped (W →WR) O7 → O7′ ∝ s̄σµν(1− γ5)Fµν b

(Pseudo)scalar (W → H+) O9,O10 → OS ∝ s̄(1 + γ5)b ¯̀̀ ,OP

Tensor operators (γ → T ) O9 → OT ∝ s̄σµν(1− γ5)b ¯̀σµν`
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Two sources of hadronic uncertainties

A(B → M``) =
GFα√

2π
VtbV ∗ts[(Aµ + Tµ)ū`γµv` + Bµū`γµγ5v`]

B M
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c, t

W

b s

1

Charm loop (non-local)

Local contributions (more terms if NP in non-SM Ci ): form factors

Aµ = −2mbqν

q2 C7〈M|s̄σµνPRb|B〉+ C9〈M|s̄γµPLb|B〉

Bµ = C10〈M|s̄γµPLb|B〉

Non-local contributions (charm loops): hadronic contribs.

Tµ contributes like O7,9, depends on q2 and hadrons

Agreement about both contributions, using various theo tools
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RK and RK ∗ in EFT

[Geng et al.]

RK : Br(B → K ``) involves one
amplitude depending on

3 B → K form factors (one
suppr by m2

`/q
2, one by C7)

charmonium contributions
(process-dependent but LFU)
C9 + C9′ and C10 + C10′

=⇒hadronic contrib cancel for
RK , very accurate for all q2 and Ci

RK∗ : Br(B → K ∗``) involve several helicity ampl depending on
7 B → K ∗ form factors (one suppressed by m2

`/q
2)

charmonium contributions (process-dependent but LFU)
depending on helicity amplitude: C9 ± C9′ and C10 ± C10′

=⇒hadronic contrib cancel for RK∗ in SM because right-handed
helicities suppressed but less efficient with NP (slightly larger unc)
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Global fits for b → s``

Many observables [Alguero et al.; Aebischer et al; Alok et al.; Ciuchini et al; Arbey et al . . . ]

B → K ∗µµ, Bs → φµµ (Br, ang.obs in several bins)
B → K ∗ee (ang obs in several bins)
B → Kµµ (Br in several bins)
Bs → µµ (Br)
B → Xsγ,Bs → φγ,B → K ∗γ (Br)
RK , RK∗ (in several bins)

Various computational approaches
inclusive: OPE
large meson recoil: QCD fact, Soft-collinear eff theory, sum rules
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Global fit analysis
Ci(µref ) = CSM

i + CNP
i , with CNP

i assumed to be real (no CPV)
Most of the discussion on
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Global fits for b → s``
[Algueró et al.]
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Scenarios with good SM pulls (improvement of the fit wrt SM)
CNP

9µ ' −1 + NP in other CNP
iµ ,

(CNP
9µ , CNP

10µ): 5.9σ (left-handed, SM-like)
(CNP

9µ , C9′µ): 6.1σ (right-handed currents)
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Global fits for b → s``
[Algueró et al.]
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Separating 3 σ regions for b → sµµ and purely LFUV
RK and RK∗ favours CNP

10µ > 0 and CNP
9′µ > 0

b → sµµ essentially in favour of CNP
9µ < 0

S. Descotes-Genon (LPT-Orsay) LFU in hadron decays Beijing, 5-6/6/19 52



NP in both b → sµµ and b → see ?
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NP in (C9µ, C9e)

Compatible with no NP in electrons
But some room available
improvement compared to SM (pull) 5.5 σ
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LFUV but also LFU NP ?

RK and RK∗ support LFUV NP, but there could also be a LFU piece

Cie = CU
i Ciµ = CU

i + CV
iµ [Algueró et al]

Favoured scenarios (SM pulls 5.8-5.9σ) with LFU and LFUV contribs
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LFUV-NP Lq ⊗ L`, LFU-NP Lq ⊗ R` LFUV-NP Lq ⊗ L`, LFU-NP Lq ⊗ V`
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Connecting the anomalies
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From EFT to simplified models

EFT very efficient tool
Separate hadronic long distance and EW/NP short distances
Analyse all deviations without theoretical prejudice
Extract a simple set of short-distance contributions for NP models

but with obvious drawbacks
Requires a large set of observables for the same quark process
Unable to connect with other sectors of the theory

Interest of simplified models
Exchange of one or two mediators to explain EFT results
Determine the consequences for other type of processes : 4
quarks or 4 leptons, other generations. . .
Not necessarily a complete theory (requires further more massive
particles), but already a hint of preferred models
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A first EFT connection

Connect the two anomalies within SMEFT (ΛNP � mt ,W ,Z )
LSMEFT = LSM + Ld>4 with higher-dim ops involving only SM fields

Two operators with left-handed doublets (ijkl generation indices)

O(1)
ijkl = [Q̄iγµQj ][L̄kγ

µLl ] O(3)
ijkl = [Q̄iγµ~σQj ][L̄kγ

µ~σLl ]

FCCC part of O(3)
2333 can describe RD(∗) (rescaling of GF )

FCNC part of O(1,3)
2333 with C(1)

2333 = C(3)
2333

Large NP contribution b → sττ through CV
9τ = −CV

10τ
Avoids bounds from B → K (∗)νν, Z decays, direct production in ττ

Through radiative effects, (small) NP contribution to CU
9

LFUV NP + radiative SM effects yield often (suppressed) LFU NP
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A first EFT connection

Scenario LFU + LFUV NP
CV

9µ = −CV
10µ from small

O2322 [b → sµµ]
CU

9 from radiative corr
from large O2333
[b → cτν and b → sµµ]

Generic flavour structure and
NP at the scale Λ yields

CU
9 ≈ 7.5

(
1−

√
RD(∗)

RD(∗);SM

)

×
(

1 +
log(Λ2/(1TeV2))

10.5

)
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=⇒Agreement with (RD,RD∗) for Λ = 1− 10 TeV
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Connecting through flavour symmetries

Uq(2)⊗ U`(2) flavour symmetry
Large(ish) NP in b → cτν compared to SM tree contribution
Small NP in b → sµµ compared to SM loop contribution
U(2) protects first two generations from large NP contributions

Restrictive (but reasonable) assumptions yield same flavour
structure for 2 ops, with 3 couplings λq

sb, λ`τµ, λ`µµ to be fitted

1σ
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3σ

W'

B'
U1U1U3

S1S3
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C
S

[Butazzo, Greljo, Isidori, Marzocca]

λq
ijλ
`
ab

[
CS(Q̄ i

LγµQ j
L)(L̄a

Lγ
µLb

L)

+CT (Q̄ i
Lγµσ

αQ j
L)(L̄a

Lγ
µσαLb

L)

]

Q i
L =

(
V ∗ji u j

L
d i

L

)
La

L =

(
νa

L
`a

L

)
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Resulting single-mediator models

1σ
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Several possible mediators
Disfavours colourless vectors
(W ′,Z ′, green) and coloured
scalars (S1,S3 leptoquarks,
blue)
Favours U1 vector leptoquark
(3,1,2/3)

Same conclusions taking a
general structure of the
couplings [Kumar, London, Watanabe]

U1 leptoquark
Passes LHC constraints on direct production (pp → τX , ττX )
Could also accomodate (small) right-handed couplings
Requires additional particles for UV completion (at least a Z ′)
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Other simplified models

Two scalar leptoquarks S1(3̄,1,1/3) and S3(3̄,3,1/3), purely
left-handed currents
Two scalar leptoquarks R2(3,2,7/6) and S3(3̄,3,1/3), generating
both left- and right-handed currents, easily embedded in GUT
But no succesful models with heavy Higgses or W ′,Z ′ only

Many constraints to accommodate
flavour (CKM, 1st and 2nd gen decays, BsB̄s mixing, B → K (∗)νν̄)
LFV bounds B → K (∗)eµ, µτ ;Bs → eµ;KL → eµ;µ→ eγ;µ→ 3e
LEP electroweak constraints
LHC direct production pp → ττX , bb̄X , t t̄X

simple or double leptoquark production
other particles (like Z ′ or coloured excited boson G′)
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As a conclusion
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LFU in hadron decays

Excellent probes of the SM
Separation of scales/tools between electroweak and strong
QCD encoded in hadronic parameters sources of uncertainties
Which often (but not always) cancel in LFU-testing ratios
Many modes measured, with LFUV for b → c`ν and b → s``

Various processes
Analysed separating short- and long-distance physics
FCCC: tree level in SM, rather simple to analyse
FCNC: loop level in SM, more challenging due potential
long-distance QCD effects

Analysis of LFUV deviations
Model-independent separation approach through EFT
Fit short-distance Wilson coeffs to determine NP contributions
Simplified models to reproduce these NP contributions

News expected soon from LHCb and Belle II (and others !)
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