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at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79
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where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
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L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96
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is the corresponding coupling to Z boson: in the SM g
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Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
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ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
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SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2
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q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
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(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
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(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl
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(ū iγµu j )(ēkγ
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+
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"2
(ū iγµu j )(L̄kγ
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cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM

!4 TeV"!2!Q3ΓΑQ3"!L2ΓΑL2"

!!30 TeV"!2!Q1ΓΑΣaQ1"!L2ΓΑΣaL2"
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
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u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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7 B-anomalies

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM

!4 TeV"!2!Q3ΓΑQ3"!L2ΓΑL2"
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Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting RSM

µ+µ�/e+e�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B
meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
∑

qL ,qR

∑

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

(

dσ

dτ

)

SM

×
∑

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
∑

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
∑

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

∑

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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Here, E and E
0
are the energies of the incoming and outgoing particles and E = E

0
due to the

energy conservation. We choose the transverse momentum of the outgoing particles to be along

the x- axis. Explicitly computing

s = (p1 + p2)
2
= 4E

2
,

t = (p1 � p
0
1)

2
=

= �

⇣
� sin ✓

p
E2 � (m0)2

⌘2
�

⇣p
E2 �m2 � cos ✓

p
E2 � (m0)2

⌘2
,

= �

⇣
E

2
�m

2
+ E

2
� (m

0
)
2
� 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E
2

 
1�

m
2
+ (m

0
)
2

2E2
� cos ✓

r
1�

m2

E2

r
1�

(m0)2

E2

!
,

u = (p1 � p
0
2)

2
=

= �

⇣
sin ✓

p
E2 � (m0)2

⌘2
�

⇣p
E2 �m2 + cos ✓

p
E2 � (m0)2

⌘2
,

= �2E
2

 
1�

m
2
+ (m

0
)
2

2E2
+ cos ✓

r
1�

m2

E2

r
1�

(m0)2

E2

!
.

(17)

✏q,` ⇡ �
q,`
33 v/mZ0 (18)

H
0
= (1,2, 1/2) (19)

W
0
= (1,3, 0) (20)

4

Vector triplet model

[AG, Isidori, Marzocca] 
JHEP 1507 (2015) 142

Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:
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2.2 Step II: simplified dynamical model

In order to generate �L(T )
4f in a dynamical way, we introduce the heavy spin-1 triplet, V a

µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads

LV = �1

4
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⌫]D
[µV ⌫]a +

m2
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2
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µ V
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Dµ H) + V a

µ J
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where T a = �a/2, D[µV
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⌫] = DµV a
⌫ �D⌫V a

µ and DµV a
⌫ = @µV a

⌫ + g✏abcW b
µV

c
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By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian
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By construction, the first term is �L(T )
4f in Eq. (4). The second term, in the unitary gauge, is

simply
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H
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4m2
V

✓
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V
a

µ . While such
terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm

2
W v

2
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4
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L � W
0aµ

J
a
µ (67)
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of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian
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Here �q,` are Hermitian flavor matrices and, by convention, �q

33 = �`

33 = 1.
We define Qi

L
and Li

L
to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L
and Li

L
transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`

ij
= �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij
as follows:

�q

ij
= �i3�3j + (✏1�i3V̂3j + ✏⇤1V̂
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3i�3j) + ✏2(V̂
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3iV̂3j) + . . . , V̂3j = V3j � �3jV3j , (6)

with ✏2 = O(✏21). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].
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• Degenerate charged W’± and neutral Z’

• Quark FV controlled by a single matrix 

quark x lepton

lepton x lepton

quark x quark
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

ℓ
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

ℓ
αβ and

follows from the assumed U(2)q × U(2)ℓ flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

Vℓ, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)
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C

M2

2 A tale of scales

In what follows we will focus for simplicity on purely left-handed operators, since they provide
the best fit for both the anomalies in b → sµµ and b → cτν transitions. The analysis can be
easily generalized to scenarios including more operators by using the results given in Sect. 5.
In order to start the discussion it is useful to identify and compare four (conceptually different)
scales in the EFT:3

1. ΛA: the “Fermi constant” of the process.
This is the scale required to explain the anomaly, to be evaluated at the typical energy of
the process which is fixed by the B-meson mass. The low-energy EFT description is based
on SU(3)C × U(1)EM invariant operators. The index A on ΛA runs over the anomalies,
schematically A = {RD(∗), RK(∗)}, and the EFT Lagrangian featuring purely left-handed
operators reads

Leff ⊃ −
1

Λ2
R

D(∗)

2 cLγ
µbLτLγµνL +

1

Λ2
R

K(∗)

sLγ
µbLµLγµµL + h.c. , (1)

where we assumed alignment with the phases of the CKM elements that appear in the
corresponding SM operators. Note that the fit of the RD(∗) and RK(∗) anomalies requires
an opposite sign interference with the SM contribution. We also included an extra factor
of 2 in the definition of the charged-current operator, so that the latter has the same
normalization of the neutral-current operator when considering a SMEFT. The best fit
values of the RD(∗) [23] and RK(∗) [10] anomalies yield respectively

ΛR
D(∗)

= 3.4± 0.4 TeV , (2)

ΛR
K(∗)

= 31± 4 TeV , (3)

where the errors are at 1σ. In the following we will only consider central values.

2. ΛO: the scale of the SMEFT operator.
This is the scale required to explain the anomaly using an EFT at higher energies4

(SU(3)C × SU(2)L × U(1)Y invariant), with Wilson coefficient normalized to one. The
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mb
. For ΛO = 1 TeV, this

corresponds to an O(5%) correction that will be neglected in the following.
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• What is the scale of New Physics? 
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An old lesson: VV scattering…                                 
⇤U = 2 TeV,mh = 125 GeV
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di-photonic decay width ��� has to be sizeable ���/MS & 10�6 [9]. In perturbative weakly-
coupled realizations, such interactions can only arise at loop level involving massive charged
particles leading to a suppression factor in ���/MS / ↵
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on the scale where the standard model (SM) description of weak interactions would need to
be completed in the ultraviolet (UV) in terms of some new strongly coupled dynamics [1, 2].
Correspondingly it allowed to narrow down the relevant mass search window and motivate the
construction of the LHC with capabilities that ensured the eventual Higgs boson discovery
(cf. [3] for a review).
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750 GeV in the first LHC data collected at 13 TeV collision energies [4–8], and in particular the
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3

- the scale of unitarity violation ~ 500 MeV signals the onset of new resonances

[Weinberg (1966), …] 

1) Beta decay: perturbative unitarity breaks down at ~ 900 GeV [Fermi (1934)] 

A lesson from the past

•Only upper bound can be derived! It is in a sense the most pessimistic case

If B-anomalies are true…

Lessons from the past

Exciting
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2

v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorize (to a large ex-
tent). Therefore, consistently including those corrections

Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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QCD and EW corrections are 
flavour universal: such ratios will 
reduce theory uncertainties in the 
SM prediction (including pdf).

Tests of LFU are strongly 
motivated by the  
B-physics anomalies.

Differential LFU ratio

SM

!5
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Model with a spin-1 singlet MFV Z'.

ATLAS 13 TeV, 36.1 fb-1
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For MZ' ≳ 4-5 TeV the EFT expansion 
is OK (still weak coupling).Limit in the model

EFT limit

Such an explanation of the 
anomalies, with λbs = Vts, 

is excluded for any mass.

Compare to explicit model
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dim-6 local 
interactions
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c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl
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L 2 (d̄igµ d j)(ēkgµ el)+
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L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
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p2
! `�p01

`+p02
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Â
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(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`
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p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),
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q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorize (to a large ex-
tent). Therefore, consistently including those corrections

Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,
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/
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(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1
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The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
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physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
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tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

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

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

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

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

10 Results

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

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,

14

90100200 10002000

E
ve

n
ts

-210

-110

1

10

210

310

410

510

610

710 Data
*γZ/

Top Quarks
Diboson
Multi-Jet & W+Jets

 (3 TeV)χZ’
 (4 TeV)χZ’
 (5 TeV)χZ’

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

Dielectron Search Selection

D
a
ta

 /
 B

kg
 

0.6
0.8

1
1.2
1.4

Dielectron Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a
ta

 /
 B

kg
0.6
0.8

1
1.2
1.4

(a)

E
ve

n
ts

2−10

1−10

1

10

210

310

410

510

610

710 Data

*γZ/

Top Quarks

Diboson

 (3 TeV)χZ’

 (4 TeV)χZ’

 (5 TeV)χZ’

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

Dimuon Search Selection

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

Dimuon Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

(b)

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

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

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

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

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

10 Results

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

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Rescaling of the SM prediction

Deviations in 
the dilepton 
tails if NP is 

heavy!David Marzocca CKM 2018

Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:

L =
4GF
p
2

↵

4⇡
V ⇤
tbVts

X

i

CiOi + C 0
iO

0
i

Deviations from SM in several observables

• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*) (very clean prediction!)


~ 20% NP contribution to LH current

Globally 5-6σ

b s

ℓ

ℓ̄

Vtb V ∗

ts

W

Z, γ

2

Coe↵. best fit 1� 2� pull

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

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

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

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

Cµ
9 = �Cµ

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

Ce
9 = �Ce

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

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

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

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

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

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

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

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

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

⇤
`
+
`
� angular observ-

ables DP 0
4,5

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

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

2
SM = 24.4 for 5

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

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

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

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
9 and C

0 µ
9 (bottom), assuming the

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

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

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

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

Generated at 1-loop in the SM.

Λbsµ ~ 32 TeV

Best New Physics interpretation:
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Angular distributions in μμ 
in B → K* μμ
> 4-5σ

P'5

But QCD effects are very 
challenging to estimate

R(K(⇤)) =
B(B ! K

(⇤)
µ
+
µ
�)

B(B ! K(⇤)e+e�)
(1)

�1,s⌧ ⇠ ��3,s⌧ ⇠ (few)⇥ Vcb (2)

(CT + CS)�bs(b̄L�µsL)(⌧̄L�
µ
⌧L) (3)

(CT � CS)�bs(b̄L�µsL)(⌫̄⌧�
µ
⌫⌧ ) (4)

⇠
3y2t
16⇡2

log
M

2
X

m
2
t

CT

v2
(H†

�
a
i

$
Dµ H)(L̄3

L�
µ
�
a
L
3
L) (5)

�
CT

v2
(Q̄3

L�µ�
a
Q

3
L)(L̄

3
L�

µ
�
a
L
3
L) (6)

CT ⇠ g
2
X

v
2

M
2
X

(7)

Q
3
L = (V ⇤

tb
tL + V

⇤
cb
cL + V

⇤
ub
uL, bL)

T
(8)

R
D(⇤) ⌘ R(D(⇤))/R(D(⇤))SM = 1.234± 0.052 (9)

OVL = (b̄L�µcL)(⌫̄L�
µ
⌧L) + h.c. (10)

⇠
3y2t
16⇡2

GF
p
2
�
`

ijR0 log

✓
⇤2

m
2
t

◆
(H†

T
a
i

$
DµH)L̄i�µ�

a
L
j

(11)

R0 ⌘
g`gq

g2

m
2
W

m
2
V

' 0.13 (12)

✏H =
gHmW

gmV

(13)

RV V ⌘
�(⌘ ! V V )

�(⌘ ! ��)
=
�(pp ! ⌘ ! V V )

�(pp ! ⌘ ! ��)
(14)

L⇢BB = g⇢a
⇢

 
B̄ �

µ
⌧
a
B ⇢

a

µ (15)

L
e↵

⇠
1

⇤2
F

   �  
SM

(16)

c
ij

f

⇤2
F

( ̄TC�µ TC)(f̄
i

SM�µf
j

SM) (17)

|Bdi(3,1,�1/3) / |QLLi ⇠ dR (18)

R
⌧/`

D⇤ =
B(B ! D

⇤
⌧⌫)exp/B(B ! D

⇤
⌧⌫)SM

B(B ! D⇤`⌫)exp/B(B ! D⇤`⌫)SM
= 1.25± 0.08 , (19)

R
⌧/`

D
=

B(B ! D⌧⌫)exp/B(B ! D⌧⌫)SM
B(B ! D`⌫)exp/B(B ! D`⌫)SM

= 1.32± 0.17 , (20)

1

LFU ratios

~ 4σ

Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Both ratios refer to the [1.1, 6] GeV2

q
2-bin. We assumed real coe�cients, and the out-going

(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to C
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bLµL
+ C
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)/2 = ±1).
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The angular coe�cients I
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amplitudes describing the decay B ! K
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⇤ with the B meson decaying to an on-shell K
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and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [29] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K
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+
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2 as a function of the dilepton invariant
mass q

2. The solid black line represents the SM prediction, and we show in dashed (dotted)
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benchmark value of 1.

We now focus on the low invariant-mass range q
2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei are the right-handed singlets. V
is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)L space.

An equivalent classification of the possible contact in-
teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt
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SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorize (to a large ex-
tent). Therefore, consistently including those corrections

Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �
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Lgµ u j
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CDµ

i j
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Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
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tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
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the connection to flavour in Section 3, we limit our atten-
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The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while
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QCD and EW corrections are 
flavour universal: such ratios will 
reduce theory uncertainties in the 
SM prediction (including pdf).

Tests of LFU are strongly 
motivated by the  
B-physics anomalies.

Differential LFU ratio
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U
1
- strange - tau coupling non-zero!

-13-

Probes the Yavor 
structure of the model!

Darius A. Faroughy   - Jozef Stefan Institute -                                   CKM 2018   

Low-pT & High-pT complementarity!

  

Predictions for LFV low-energy observables for U
1

Angelescu, Becirevic, DAF, Sumensari [1808.08179] 

B
e
ll
e
 2

 (
5

0
/a

b
)

LHC 
36.1 fb-1

300 fb-1

        

Model Potentially within reach at LHCb & Belle 2!

LHC Di-Tau tails push lower bounds on both LFV observables!

< 6.18 

-14-Darius A. Faroughy   - Jozef Stefan Institute -                                   CKM 2018   

  

Leptoquarks... which ones?
Which Leptoquark (LQ) explains which B-anomaly?

V
e
c
to

r

s

S
c
a
la

rs

 Only one vector LQ can solve both B-anomalies!  U
1
~(3,1,2/3)  

Flavor structure: large coupling to 3rd gen & small non-zero to 2nd gen.

Tree level solutionat the TeV scale

Butazzo et al [1706.078080]

Interesting model building ePorts: U
1
 as gauge boson

'4321' extention with hidden sector

Can arise from Bnal stage breaking of (Pati-Salam)3 

Blanke, Crivellin [1709.00692]Pati-Salam in 5D

Bordone et al [1712.01368]

See Greljo & Isidori's talks

No single scalar LQ solves both B-anomalies!

 R
2
 & S

3
  (Scalar + Tensor & V-A) 

S
1
 & S

3
  (V-A)

Two (or more) scalar LQ solutions needed:

Butazzo et al [1706.07808]

Marzocca [1803.10972]

 Becirevic, Dorsner, Fajfer,

 DAF, Kosnik, Sumensari [1808.08179] 

Angelescu, Becirevic, DAF, Sumensari [1808.08179] 

Massive vector: UV completion necessary

Strongly coupled model

GUT inspired

        Darius A. Faroughy   - Jozef Stefan Institute -                                      CKM 2018   

Crivellin et al [1703.09226]

-11-

Di Luzio et al [1708.08450]
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WG6 summary Part II -  Admir Greljo, Johannes Gutenberg-Universität Mainz

• Benjamin Allanach 
“B-anomalies: The physics case for future colliders”

R
K(⇤) Measurements

LHCb results from 7 and 8 TeV: q2 = m
2
ll
.

q
2/GeV2 SM LHCb 3 fb�1

�

RK [1, 6] 1.00 ± 0.01 0.745+0.090
�0.074 2.6

RK⇤ [0.045, 1.1] 0.91 ± 0.03 0.66+0.11
�0.07 2.2

RK⇤ [1.1, 6] 1.00 ± 0.01 0.69+0.11
�0.07 2.5

Ben Allanach (University of Cambridge) 2

If anomalies true,
when will we see a new resonance?

Simplified Models for cµ
LL

At tree-level, we have:

At loop-level, there are many more possibilities but the
particles are 4⇡ lighter: they are much easier to detect.

Principle of Maximal Pessimism

Ben Allanach (University of Cambridge) 6

[minimal ingredients needed to fit…]

14

• Difficult! • Realistic Z’ model,  
Good prospects!

14

Simplified Models for cµ
LL

At tree-level, we have:

At loop-level, there are many more possibilities but the
particles are 4⇡ lighter: they are much easier to detect.

Principle of Maximal Pessimism

Ben Allanach (University of Cambridge) 6

Third Family Hypercharge
Model

Now, we want to proceed by specifying a model more.
Add complex SM singlet scalar ✓ and

SU(3)⇥SU(2)L⇥U(1)Y ⇥U(1)F
✓
! SU(3)⇥SU(2)L⇥U(1)Y

We demand:

• SM fermion content
• anomaly cancellation
• 0 F charges for first two generations

15
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• Etienne Dreyer 
“Z’ & Contact interactions searches at the LHC: 
Experiment overview”

Summary: Run II benchmark observed limits*

 

 

0 1 2 3 4 5

2.5

2.5

2.1

4.4

4.5

2.1

3.0

2.4

4.5

4.5

0 10 20 30 40 50

12.8

17.5
13.1

21.8

25.4

40.1

leptophobic Z′� → bb
leptophobic Z′� → tt

SSM Z′� → ττ

SSM Z′� → ℓℓ

LFV Z′� → eμ

CI qqℓℓ η−
LL

CI qqℓℓ η+
LL

CI qqqq η−
LL

CI qqqq η+
LL

MZ’ [TeV]

Λ [TeV]

ATLAS
CMS

�34

ATLAS
CMS

*Datasets in 2.6 fb-1 — 36.1 fb-1



Yi-Ming Zhong (BU)

The leptoquark matrix

!18

light jet b-jet

m
is

si
ng

  
en

er
gy

e 
or

 μ

�
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108 MLQ’s⇒

The leptoquark hunter’s  
guide: pair production

Yi-Ming Zhong
Boston University

In collaboration w/ Bastian Diaz & Martin Schmaltz 
JHEP 1710 (2017) 097, arXiv: 1706.05033

CKM 2018, Sep 20, 2018 
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WG6 summary Part II -  Admir Greljo, Johannes Gutenberg-Universität Mainz

• Yi-Ming Zhong 
“The leptoquark Hunter’s guide: Pair production”

Yi-Ming Zhong (BU) !9

What LQ not to search for?

• LQ w/ lepton generation ≠ quark generation is forbidden

b
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µ
<latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit>

�
<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>

"
�

<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>

"
e

<latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit>t
<latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit>

   !!

A complaint to 
experimentalists 

from theorists

Yi-Ming Zhong (BU) !9

What LQ not to search for?

• LQ w/ lepton generation ≠ quark generation is forbidden

b
<latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit>

µ
<latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit>

�
<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>

"
�

<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>

"
e

<latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit><latexit sha1_base64="AitGICw0otVV0zlLZmIN9kxpmok=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk0YlqtuzZ0XXgdeDqoor8aw4pz2g4gmAqShnGjd89zYDFKiDKMcZqV+oiEmdEJG0LNQEgF6kM4vneELywQ4jJRtafCcXXakRGg9Fb6dFMSM9aqWkf9q2p4yhmBlvQlvBymTcWJA0sX2MOHYRDjLAgdMATV8agGhitkHMB0TRaixiZX6CiQ800gIIoO0b2a2GQ+yF5f50PKh9cxKNktvNbl10L6qeW7Na15X63d5qkV0hs7RJfLQDaqjB9RALUQRoBf0it6cd+fD+XK+F6MFJ/ecoD/l/PwCwUKpvA==</latexit>t
<latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit><latexit sha1_base64="lISe1Bn8ko/NMWw/18nZJtO7nwY=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4tB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy0yvEpZ8gVf9EL9GvIhX/8LJ4xATGxqKqi66u4JEcIOe9+nkNja3tnfyu4W9/YPDo2LpuGniVDNosFjEuh1QA4IraCBHAe1EA5WBgFYwup/qrSfQhsfqEccJ9CQdKB5xRtFSdewXy17Fm5W7DvwFKJNF1fol57QbxiyVoJAJakzH9xLsZVQjZwImhW5qIKFsRAfQsVBRCaaXzS6duBeWCd0o1rYVujN22ZFRacxYBnZSUhyaVW1K/qsZe8oQwpX1GN32Mq6SFEGx+fYoFS7G7jQLN+QaGIqxBZRpbh9w2ZBqytAmVuhqUPDMYimpCrMuTmxzEU5fXOYjy0fWMynYLP3V5NZB86riexW/fl2u3i1SzZMzck4uiU9uSJU8kBppEEaAvJBX8ua8Ox/Ol/M9H805C88J+VPOzy/cJ6nL</latexit>

   !![Experimentalist do not consider these]Yi-Ming Zhong (BU) !9

What LQ not to search for?

• LQ w/ lepton generation ≠ quark generation is forbidden

b
<latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit><latexit sha1_base64="8saT9kxgWUg9XpY/JMykrvzn+a4=">AAACL3icbVDLSgNBEJyNrxhfiV4EL4NB8BR2RdBj0IvHBMwDkhBmZ3uTITOzy8ysEpZ8gVf9EL9GvIhX/8LZZA8xsaGhqOqiu8uPOdPGdT+dwsbm1vZOcbe0t39weFSuHLd1lCgKLRrxSHV9ooEzCS3DDIdurIAIn0PHn9xneucJlGaRfDTTGAaCjCQLGSXGUk1/WK66NXdeeB14OaiivBrDinPaDyKaCJCGcqJ1z3NjM0iJMoxymJX6iYaY0AkZQc9CSQToQTq/dIYvLBPgMFK2pcFzdtmREqH1VPh2UhAz1qtaRv6raXvKGIKV9Sa8HaRMxokBSRfbw4RjE+EsCxwwBdTwqQWEKmYfwHRMFKHGJlbqK5DwTCMhiAzSvpnZZjzIXlzmQ8uH1jMr2Sy91eTWQfuq5rk1r3ldrd/lqRbRGTpHl8hDN6iOHlADtRBFgF7QK3pz3p0P58v5XowWnNxzgv6U8/MLu+GpuQ==</latexit>

µ
<latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit><latexit sha1_base64="IWacN82nfgdaHjMZNTuynXvVmNY=">AAACMXicbVDLSsNAFJ3UV42vVjeCm2ARXJVEBF0W3bisaB/QhDKZ3LRDZyZhZqKU0E9wqx/i13Qnbv0JJ20XtfXChcM593DvPWHKqNKuO7VKG5tb2zvlXXtv/+DwqFI9bqskkwRaJGGJ7IZYAaMCWppqBt1UAuYhg044ui/0zgtIRRPxrMcpBBwPBI0pwdpQTz7P+pWaW3dn5awDbwFqaFHNftU69aOEZByEJgwr1fPcVAc5lpoSBhPbzxSkmIzwAHoGCsxBBfns1olzYZjIiRNpWmhnxi47csyVGvPQTHKsh2pVK8h/NWVOGUK0sl7Ht0FORZppEGS+Pc6YoxOnSMOJqASi2dgATCQ1DzhkiCUm2mRm+xIEvJKEcyyi3NcT05RFxYvLfGz42HgmtsnSW01uHbSv6p5b9x6va427RapldIbO0SXy0A1qoAfURC1E0AC9oXf0YX1aU+vL+p6PlqyF5wT9KevnF5Hwqqk=</latexit>

�
<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>

"
�

<latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit><latexit sha1_base64="mYKwZaSIkGK1VfghdglSaX0B+pw=">AAACMnicbVDLSsNAFJ3UV62vVjeCm2ARXJVEBF0W3bisYB/QhDKZ3DRDZyZhZqKU0F9wqx/iz+hO3PoRTtostPXChcM593DvPUHKqNKO825V1tY3Nreq27Wd3b39g3rjsKeSTBLokoQlchBgBYwK6GqqGQxSCZgHDPrB5LbQ+48gFU3Eg56m4HM8FjSiBOuC8tKYjupNp+XMy14FbgmaqKzOqGEde2FCMg5CE4aVGrpOqv0cS00Jg1nNyxSkmEzwGIYGCsxB+fn82Jl9ZpjQjhJpWmh7zv525JgrNeWBmeRYx2pZK8h/NWVOiSFcWq+jaz+nIs00CLLYHmXM1oldxGGHVALRbGoAJpKaB2wSY4mJNqHVPAkCnkjCORZh7umZacrC4sXffGT4yHhmNZOlu5zcKuhdtFyn5d5fNts3ZapVdIJO0Tly0RVqozvUQV1EUIye0Qt6td6sD+vT+lqMVqzSc4T+lPX9A2K6qxI=</latexit>
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   !!
• To cover general LQ 

parameter space, 
his proposal is to 
look for all LQ 
decay modes shown 
in the LQ matrix!

The leptoquark hunter’s  
guide: pair production

Yi-Ming Zhong
Boston University

In collaboration w/ Bastian Diaz & Martin Schmaltz 
JHEP 1710 (2017) 097, arXiv: 1706.05033

CKM 2018, Sep 20, 2018 



LQ_NLO TOOLBOX @ HepForge

https://lqnlo.hepforge.org

.

.

.

PHYSICS RESULTS

ℒ ⊃ yqℓ q ℓ Φ + h.c.
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• Ilja Doršner 
“Leptoquark toolbox for precision collider studies”

LEPTOQUARK TOOLBOX 
An up-to-date Monte Carlo toolbox for precision collider studies

NLO QCD  
- LQ pair production 
- Single LQ + lepton production



Single LQ production

I Pair-production - most likely a discovery channel in case of lower
masses. Single production is important in order to check the connection
with anomalies.

I The ability to tag a charge of b required to distinguish di↵erent LQs.

I To estimate feasibility of the single LQ search, simulate the events for a
fixed mass, here an example of M = 1.5 TeV
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� + �
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(λ�μ� �) = (�� ��� ���)
� � → μ+ μ- �� � = �� ���

Events for pp ! bµ+µ�
and pp ! b̄µ+µ�

at
p
s = 14TeV.

a) �bµ = 1 (disovery significance ⇠ 4�), b) �0 = M/3.9 TeV with B-anomalies (⇠ 5�).
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• Ivan Nišandžić 
“Flavorful leptoquarks at hadron colliders”

I Possible to accommodate the discrepancies via mediation of a heavy
leptoquark (LQ) boson, (LQs recently reviewed in [Doršner, Fajfer, Greljo,

Kamenik, Košnik, 1603.04993])

I Contributions to RK,K⇤ at tree-level:

b

s̄

`+

�

`�

I One can identify scalar and spin-one LQs that can significantly modify
RK,K⇤ at the tree level [Hiller, N., 1704.05444]

I Looking at scalars:

representation CAB Relation R
K(⇤)

S̃2 (3, 2, 1/6) CRL C0
9
= �C0

10
RK < 1, RK⇤ > 1

S3 (3̄, 3, 1/3) CNP

LL
C9 = �C10 RK ' RK⇤ < 1

S2 (3, 2, 7/6) CLR C9 = C10 RK ' RK⇤ ' 1

S̃1 (3̄, 1, 4/3) CRR C0
9
= C0

10
RK ' RK⇤ ' 1

3/15

• Flavour model to explain the SM Yukawas 

• Focus on the S3 LQ solution to b > s μμ

• Single LQ + muon 
production at the 
LHC is important!

Conclusions

I B-physics data and flavor models identify pp ! �µ ! bµµ,
pp ! �⌫ ! b⌫⌫ and pp ! �⌫ ! tµ⌫ as the channels with leading cross
sections in single production.

I We highlight bµµ as a prime channel

I bµbµ signature in pair-production

I Although preferred by the global fits, the possibility of (dominant)
couplings to electrons are allowed by RK,K⇤

I The LHC (even with 3 ab�1) is not able to cover the full targeted
parameter space

I If the anomalies are confirmed, this would present a strong motivation
for future high-energy colliders.

15/15
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• Arvind Rajaraman 
“LQ at the LHC: Beyond the Lepton-Quark Final State”

We assume there is an interaction 

L = QSql

where q, l are SM fields.

This is required to generate the leptoquark interactions.

But it also produces a new leptoquark decay  Φ →  Nql.

If the new decay dominates, then the leptoquark phenomenology is modified, and also
depends on the dominant decay of the neutral state N.

We further consider the case when N decays to a dijet.

The pair produced leptoquarks then produce a signal of 2 leptons and 6 jets.

Composite leptoquarks

Exotic LQ decays to 
3 jets +1 lepton

[in some composite LQ models]

Further searches at the LHC will cut into much of the parameter space 

Composite leptoquarks: future constraints

• Novel RPV-like signatures, Good prospects!
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D. Morse - CKM 2018 - dmorse@cern.ch
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LQ Limit Overview
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13 TeV 
35.9 fb-1

Single LQ

LQ pair
production

MLQ [GeV]

8 TeV 
19.7 fb-1

• David Michael Morse 
“Leptoquark searches at the LHC: Experiment 
overview”


