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• Final state flavor discrimination:  
e, mu, TAU, top, b-jet, c-jet, light jet, MET.

• Parton distribution functions for five 
quark flavors; LHC is a flavor collider.
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due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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– 3 –



due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�
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ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�
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Theoretical frameworkThus, the operators in Eqs. (2.2) and (2.3) capture all leading effects in the SMEFT in semilep-
tonic charm transitions. Unless stated otherwise, throughout this paper we work in the up-basis for
the SU(2)L multiplets, where

q
i
L =

 
u
i
L

Vij d
j
L

!
, l

↵
L =

 
⌫
↵
L

e
↵
L

!
, (2.4)

with V the CKM matrix, and use i, j = 1, 2, 3 and ↵,� = 1, 2, 3 to label quark and lepton flavor
indices, respectively. We also use ` to denote the light leptons e and µ, but not ⌧ . The matching of
the SMEFT to the low-energy effective theory is reported next, while we postpone the discussion
of SU(2)L relations to Section 7.

2.2 The low-energy effective theory

The low-energy effective Lagrangian involving c ! d
i
ē
↵
⌫
� transitions can be written as

LCC = �
4GF
p
2
Vci

h�
1 + ✏

↵�i
VL

�
O

↵�i
VL

+ ✏
↵�i
VR

O
↵�i
VR

+ ✏
↵�i
SL

O
↵�i
SL

+ ✏
↵�i
SR

O
↵�i
SR

+ ✏
↵�i
T O

↵�i
T

i
+ h.c.,

(2.5)

where the effective operators read

O
↵�i
VL

= (ē↵L�µ⌫
�
L)(c̄L�

µ
d
i
L) , O

↵�i
VR

= (ē↵L�µ⌫
�
L)(c̄R�

µ
d
i
R) ,

O
↵�i
SL

= (ē↵R ⌫
�
L)(c̄R d

i
L) , O

↵�i
SR

= (ē↵R ⌫
�
L)(c̄L d

i
R) ,

O
↵�i
T = (ē↵R�µ⌫⌫

�
L)(c̄R�

µ⌫
d
i
L) .

(2.6)

Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,

Vcd = ��c +O(�5
c),

Vcs = 1� �
2
c/2 +O(�4

c),
(2.7)

where �c is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, �c obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.

The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are

✏
↵�i
VL

= �
Vji

Vci
[C(3)

lq ]↵�2j + �↵�
Vji

Vci
[C(3)

�q ]2j , ✏
↵�i
VR

=
1

2Vci
�↵� [C�ud]2i ,

✏
↵�i
SL

= �
Vji

2Vci
[C(1)

lequ]
⇤
�↵j2 , ✏

↵�i
SR

= �
1

2Vci
[Cledq]

⇤
�↵i2 ,

✏
↵�i
T = �

Vji

2Vci
[C(3)

lequ]
⇤
�↵j2 ,

(2.8)
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the SMEFT to the low-energy effective theory is reported next, while we postpone the discussion
of SU(2)L relations to Section 7.
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= (ē↵R ⌫
�
L)(ū
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Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,

Vcd = ��c +O(�5
c),

Vcs = 1� �
2
c/2 +O(�4

c),
(2.7)

where �c is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, �c obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.

The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are
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i
R�

µ⌫
d
j
L) .

(2.6)

Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,

Vcd = ��c +O(�5
c),

Vcs = 1� �
2
c/2 +O(�4

c),
(2.7)

where �c is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, �c obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.

The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are

✏
↵�i
VL

= �
Vji

Vci
[C(3)

lq ]↵�2j + �↵�
Vji

Vci
[C(3)

�q ]2j , ✏
↵�i
VR

=
1

2Vci
�↵� [C�ud]2i ,

✏
↵�i
SL

= �
Vji

2Vci
[C(1)

lequ]
⇤
�↵j2 , ✏

↵�i
SR

= �
1

2Vci
[Cledq]

⇤
�↵i2 ,

✏
↵�i
T = �

Vji

2Vci
[C(3)

lequ]
⇤
�↵j2 ,

(2.8)

– 4 –

where a sum over j is implicitly assumed. Interestingly, the low-energy operator O↵�i
VR

is gener-
ated in the SMEFT from an operator that modifies a chirality preserving W vertex but not from a
new four-fermion interaction, unlike other operators in Eq. (2.6). On the contrary, O↵�i

VL
receives

contributions from both a modified W vertex and a new four-fermion interaction, which cannot be
disentangled at low energies.

The relations in Eq. (2.8) hold at the matching scale µ = mW . The renormalization group
equations (RGE) induced by QCD and EW (QED) radiative effects allow one to robustly correlate
low- and high-pT data [53, 54]. In particular, the RGE running from µ = 1 TeV down to µ = 2 GeV
yields sizable effects in scalar and tensor operators [55],

✏SL(2GeV) ⇡ 2.1 ✏SL(TeV)� 0.3 ✏T (TeV) , ✏SR(2GeV) ⇡ 2.0 ✏SR(TeV) ,

✏T (2GeV) ⇡ 0.8 ✏T (TeV) .
(2.9)

Here, ✏X(TeV) refers to the corresponding combination of SMEFT WCs in Eq. (2.8). Vector oper-
ators do not run under QCD, and the electromagnetic and EW running remains at the percent level.
Similarly, other RGE-induced contributions, including the mixing with other SMEFT operators, do
not receive large QCD enhancements and remain at the percent level. All these effects are below
the level of precision of our studies, so we neglect them in the following.

3 Decays of charmed mesons

Leptonic and semileptonic decays D(s) ! ē
↵
⌫ and D ! ⇡(K)¯̀⌫ follow from the Lagrangian

in Eq. (2.5). This captures the leading effects of any possible short-distance contribution to c !

d
i
ē
↵
⌫
� flavor transitions, with the SM being a particular limit, ✏↵�iX,SM = 0 for all X . Hadronic ma-

trix elements of the corresponding operators are constrained by Lorentz symmetry and invariance of
QCD under parity. As a result, pure leptonic decays are sensitive only to axial (✏↵�iA = ✏

↵�i
VR

� ✏
↵�i
VL

)
and pseudoscalar (✏↵�iP = ✏

↵�i
SR

� ✏
↵�i
SL

) combinations of WCs. On the other hand, the semileptonic
decays are sensitive to vectorial (✏↵�iV = ✏

↵�i
VR

+ ✏
↵�i
VL

) and scalar (✏↵�iS = ✏
↵�i
SR

+ ✏
↵�i
SL

) combinations
of WCs, and to the tensor WC (✏↵�iT ).

The largest available phase space that can be achieved for the semileptonic decays is given
by mD+ � m⇡0 ' 1.735 GeV. Note that this is smaller than the ⌧ lepton mass, which makes the
semitauonic D-meson decays kinematically forbidden. A similar conclusion follows for the decays
of charmed baryons. In other words, the tauonic vector, scalar and tensor operators (O⌧�

V,S,T ) are
not directly accessible and, as we will see below, high-pT tails provide a unique probe of these
operators. On the other hand, pure tauonic decays of D(s) are allowed.2

In the following, we derive bounds on the WCs of the operators in Eq. (2.6) from D(s)-meson
decays. First, we restrict ourselves to the lepton-flavor diagonal case (✏↵iX ⌘ ✏

↵↵i
X ), which interferes

with the SM and leads to the strongest bounds. The rate of the leptonic D decays is

BR(D+
! ē

↵
⌫
↵) = ⌧D+

mD+m
2
↵f

2
DG

2
F |Vcd|

2
�
4
↵

8⇡

����1� ✏
↵d
A +

m
2
D

m↵(mc +mu)
✏
↵d
P

����
2

, (3.1)

2The phase-space restriction is lifted for semitauonic decays of excited D⇤ mesons. However, these predominantly
decay electromagnetically or strongly and the branching fractions of weak decays are suppressed [56, 57]. Furthermore,
one could in principle access the tauonic tensor operator by measuring D(s) ! ⌧⌫� (see e.g. Ref. [40] for the equivalent
pion and kaon decays).
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j

Matching = +

due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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Links

• The EFT allows us to establish links for a generic NP model

• The EFT validity is an important issue (the discussion in the backup).



High-pT lepton production at the LHC 

In the high-energy limit,

i ↵ ✏↵i
SL

(�✏↵i
SR

) ⇥ 103 ✏↵i
T ⇥ 102

d

e [�2.5, 2.7] [�1.6, 1.5]

µ [�0.2, 1.2] [�0.7, 0.13]

⌧ [�70, 60] [�33, 44]

s

e [�2.0, 2.2] [�1.3, 1.2]

µ [�1.1, 0.3] [�0.2, 0.6]

⌧ [�19, 4.0] [�2.0, 12]

Table 3. 95% CL ranges of the WCs, assumed to be real, obtained from D(s)-meson decays for scalar and
tensor operators in the chiral basis at µ = 1 TeV. The ranges of ✏↵SR

are those of �✏
↵
SL

.

analyzed in this work will remain modest in the near future.
Finally, it is important to stress that we have restricted our analysis to decay channels for

which precise measurements and accurate LQCD predictions of the form factors currently exist.
Additional modes that can be considered are D ! V `⌫ decays (V = ⇢, K

⇤), for which modern
lattice results do not exist [9], or baryonic ⇤c decays for which data is not very precise yet. In
addition, one may consider other observables such as kinematic distributions. Including these
observables may improve the bounds on some of the WCs in the future and close flat directions in
a global fit of decay data (see e.g. Ref. [9]).

4 High-pT lepton production at the LHC

4.1 Short-distance new physics in high-pT tails

The monolepton production in proton-proton collisions at high-energy,
p
s � mW , is an excellent

probe of new contact interactions between quarks and leptons.3 The final state in this process fea-
tures missing energy plus a charged lepton of three possible flavors. In addition, there are five quark
flavors accessible in the incoming protons whose composition is described by the corresponding
parton distribution functions (PDF). Within the SMEFT, a total of 4 four-fermion operators con-
tribute to this process at tree-level for each combination of quark and lepton flavors, see Eq. (2.2).
Their contribution to the partonic cross section grows with energy as �̂ / s, see Eq. (4.2). Other
effects in the SMEFT include the chirality preserving (flipping) W -boson vertex corrections which
scale as �̂ / s

�1(s0) and are negligible in the high-pT tails compared to the four-fermion interac-
tions.4

The numerical results derived in this work are based on the Monte Carlo simulations described
in Section 4.2. Here we present a (semi-)analytic understanding of the main physical effects. The
tree-level unpolarized partonic differential cross section for dj(p1) ūi(p2) ! e

↵(p3)⌫̄�(p4) , in-
duced by the SMEFT four-fermion operators in Eq. (2.2) , expanded and matched to the notation

3There is a rich literature of NP exploration in neutral and charged Drell-Yan production, for an incomplete list
see [39–43, 45, 48, 73–79].

4The modification of the W -boson propagator in the universal basis [80] through the Ŵ parameter is captured by
the specific combination of the four-fermion contact interactions and vertex corrections in the Warsaw basis. For Ŵ
searches in the high-pT lepton tails see Ref. [74].
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4FW-vertex 1
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ψ4
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E

E
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s
Λ2

Chirality preserving:
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ψ2ϕDϕ
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ψ2ϕF
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Chirality flipping:
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Dominant

(𝒜SM ∼ g2)

Scattering amplitudes induced by 
4F contact interactions grow with 
energy before the completion 
kicks in to insure unitarity.

s ∼ E2
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• Partonic level cross section

of Eq. (2.5) , is

d�̂

dt
=

G
2
F |Vij |

2
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(s+ t)2

�����
↵�m

2
W

s
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↵�ij
VL

����
2

+
s
2

4

�
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↵�ij
SL

|
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↵�ij
SR

|
2
�
+ 4(s+ 2t)2 |✏↵�ijT |

2

� 2s(s+ 2t)Re
�
✏
⇤↵�ij
SL

✏
↵�ij
T

�i
, (4.1)

where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
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s. The interference with the SM is relevant for
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
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s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and
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(Lud̄ + Ldū)⇥ |Vud|
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. (4.5)

We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
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W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
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with dX = 1, 34 , 4 for X = V, S, T respectively, and
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. (4.5)

We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for
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W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the
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with dX = 1, 34 , 4 for X = V, S, T respectively, and

Rij ⌘
(Luid̄j + Ldj ūi)⇥ |Vij |
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(Lud̄ + Ldū)⇥ |Vud|
2

. (4.5)

We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for
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W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
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s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1
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x
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
p
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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i
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
p
s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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Figure 1. Suppression factors for the charged-current Drell-Yan cross section with different colliding quark
flavors, Rij , stemming from the PDF and the CKM matrix, see Eq. (4.5).

suppression from Rij is compensated by the energy enhancement (
p
s/mW )4 ⇠ O(105). Thus,

a measurement of the cross section in the tails with O(10%) precision would probe cs and cd at
the level of ✏X ⇠ O(10�2). The weak dependence on the energy across the most sensitive bins
allows to rescale the limits for different flavor combinations provided the lepton cuts are sufficiently
inclusive (see Section 4.2).

The theoretical prediction for the signal rate is plagued by the uncertainties stemming from the
missing high-order perturbative corrections, as well as the knowledge of the PDF of the colliding
sea quarks. These have been studied in detail in [42, 45]. More precisely, NLO QCD and PDF
uncertainties are quantified in the supplemental material of Ref. [45] for a bc ! W

0 example (and
in Ref. [42] for bb ! Z

0) as a function of the vector boson mass mV 0 . These estimates are trivially
applicable for the corresponding quark-lepton contact interactions when replacing mV 0 with the
dilepton invariant mass

p
s. A relative uncertainty of ⇠ 10% is found on the differential cross sec-

tion in the most sensitive bins. Another potential issue comes from the PDF extraction, as recent
analyses also include Drell-Yan data, see e.g. Ref. [82]. While at the moment this data has a sub-
leading impact on the PDF determination, it will become important at the HL-LHC [83]. A proper
approach would be to perform a combined SMEFT and PDF fit. First steps in this direction show
discriminating power between EFT and PDF effects in the context of deep inelastic scattering [84].

4.2 Recast of the existing experimental searches

We use the analyses reported by ATLAS and CMS collaborations with one lepton plus missing
transverse momentum signature. For the ⌧ + ⌫ channel, we recast the searches in Refs. [85, 86] us-
ing 36.1 fb�1 and 35.9 fb�1 of data, respectively. In the case of `+⌫ final state, we use the ATLAS
139 fb�1 [87] and the CMS 35.9 fb�1 [88] analyses. The Monte Carlo (MC) simulation pipeline is
as follows: we use FeynRules [89] for the model generation, MadGraph5_aMC@NLO [90, 91]
for the partonic process simulation interfaced with Pythia 8 [92] to simulate the hadronic pro-
cesses, and finally Delphes [93] to get an estimate of the detector effects. We set a dynamical
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d

j
ū
i
! e

↵
⌫̄
↵

(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
p
s � mW ) is

��

�
⇡ Rij ⇥

dX ✏
2
X�

m
2
W /s

�2 , (4.4)

with dX = 1, 34 , 4 for X = V, S, T respectively, and
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. (4.5)

We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section

�̂(s) =
G

2
F |Vij |

2

18⇡
s

"�����
↵�m

2
W

s
� ✏

↵�ij
VL

����
2

+
3

4

�
|✏
↵�ij
SL

|
2 + |✏

↵�ij
SR

|
2
�
+ 4 |✏↵�ijT |

2

#
, (4.2)

as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
p
s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section

�̂(s) =
G

2
F |Vij |

2

18⇡
s

"�����
↵�m

2
W

s
� ✏

↵�ij
VL

����
2

+
3

4

�
|✏
↵�ij
SL

|
2 + |✏

↵�ij
SR

|
2
�
+ 4 |✏↵�ijT |

2

#
, (4.2)

as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
p
s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and

Rij ⌘
(Luid̄j + Ldj ūi)⇥ |Vij |
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
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as a function of the dilepton invariant mass
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s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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Figure 1. Suppression factors for the charged-current Drell-Yan cross section with different colliding quark
flavors, Rij , stemming from the PDF and the CKM matrix, see Eq. (4.5).

suppression from Rij is compensated by the energy enhancement (
p
s/mW )4 ⇠ O(105). Thus,

a measurement of the cross section in the tails with O(10%) precision would probe cs and cd at
the level of ✏X ⇠ O(10�2). The weak dependence on the energy across the most sensitive bins
allows to rescale the limits for different flavor combinations provided the lepton cuts are sufficiently
inclusive (see Section 4.2).

The theoretical prediction for the signal rate is plagued by the uncertainties stemming from the
missing high-order perturbative corrections, as well as the knowledge of the PDF of the colliding
sea quarks. These have been studied in detail in [42, 45]. More precisely, NLO QCD and PDF
uncertainties are quantified in the supplemental material of Ref. [45] for a bc ! W

0 example (and
in Ref. [42] for bb ! Z

0) as a function of the vector boson mass mV 0 . These estimates are trivially
applicable for the corresponding quark-lepton contact interactions when replacing mV 0 with the
dilepton invariant mass

p
s. A relative uncertainty of ⇠ 10% is found on the differential cross sec-

tion in the most sensitive bins. Another potential issue comes from the PDF extraction, as recent
analyses also include Drell-Yan data, see e.g. Ref. [82]. While at the moment this data has a sub-
leading impact on the PDF determination, it will become important at the HL-LHC [83]. A proper
approach would be to perform a combined SMEFT and PDF fit. First steps in this direction show
discriminating power between EFT and PDF effects in the context of deep inelastic scattering [84].

4.2 Recast of the existing experimental searches

We use the analyses reported by ATLAS and CMS collaborations with one lepton plus missing
transverse momentum signature. For the ⌧ + ⌫ channel, we recast the searches in Refs. [85, 86] us-
ing 36.1 fb�1 and 35.9 fb�1 of data, respectively. In the case of `+⌫ final state, we use the ATLAS
139 fb�1 [87] and the CMS 35.9 fb�1 [88] analyses. The Monte Carlo (MC) simulation pipeline is
as follows: we use FeynRules [89] for the model generation, MadGraph5_aMC@NLO [90, 91]
for the partonic process simulation interfaced with Pythia 8 [92] to simulate the hadronic pro-
cesses, and finally Delphes [93] to get an estimate of the detector effects. We set a dynamical
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
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s. The interference with the SM is relevant for
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the

Drell-Yan cross section in the tails (
p
s � mW ) is
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with dX = 1, 34 , 4 for X = V, S, T respectively, and

Rij ⌘
(Luid̄j + Ldj ūi)⇥ |Vij |
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass
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s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
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as a function of the dilepton invariant mass
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
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s0 is the collider energy (here set to 13 TeV). The relative correction to the
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2

(Lud̄ + Ldū)⇥ |Vud|
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =

Z 1

⌧

dx

x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
p
s0 is the collider energy (here set to 13 TeV). The relative correction to the
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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Figure 1. Suppression factors for the charged-current Drell-Yan cross section with different colliding quark
flavors, Rij , stemming from the PDF and the CKM matrix, see Eq. (4.5).

suppression from Rij is compensated by the energy enhancement (
p
s/mW )4 ⇠ O(105). Thus,

a measurement of the cross section in the tails with O(10%) precision would probe cs and cd at
the level of ✏X ⇠ O(10�2). The weak dependence on the energy across the most sensitive bins
allows to rescale the limits for different flavor combinations provided the lepton cuts are sufficiently
inclusive (see Section 4.2).

The theoretical prediction for the signal rate is plagued by the uncertainties stemming from the
missing high-order perturbative corrections, as well as the knowledge of the PDF of the colliding
sea quarks. These have been studied in detail in [42, 45]. More precisely, NLO QCD and PDF
uncertainties are quantified in the supplemental material of Ref. [45] for a bc ! W

0 example (and
in Ref. [42] for bb ! Z

0) as a function of the vector boson mass mV 0 . These estimates are trivially
applicable for the corresponding quark-lepton contact interactions when replacing mV 0 with the
dilepton invariant mass

p
s. A relative uncertainty of ⇠ 10% is found on the differential cross sec-

tion in the most sensitive bins. Another potential issue comes from the PDF extraction, as recent
analyses also include Drell-Yan data, see e.g. Ref. [82]. While at the moment this data has a sub-
leading impact on the PDF determination, it will become important at the HL-LHC [83]. A proper
approach would be to perform a combined SMEFT and PDF fit. First steps in this direction show
discriminating power between EFT and PDF effects in the context of deep inelastic scattering [84].

4.2 Recast of the existing experimental searches

We use the analyses reported by ATLAS and CMS collaborations with one lepton plus missing
transverse momentum signature. For the ⌧ + ⌫ channel, we recast the searches in Refs. [85, 86] us-
ing 36.1 fb�1 and 35.9 fb�1 of data, respectively. In the case of `+⌫ final state, we use the ATLAS
139 fb�1 [87] and the CMS 35.9 fb�1 [88] analyses. The Monte Carlo (MC) simulation pipeline is
as follows: we use FeynRules [89] for the model generation, MadGraph5_aMC@NLO [90, 91]
for the partonic process simulation interfaced with Pythia 8 [92] to simulate the hadronic pro-
cesses, and finally Delphes [93] to get an estimate of the detector effects. We set a dynamical
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
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as a function of the dilepton invariant mass
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =
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x
fqi(x, µF )fq̄j (⌧/x, µF ) , (4.3)

where ⌧ = s/s0 and
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2

(Lud̄ + Ldū)⇥ |Vud|
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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as a function of the dilepton invariant mass
p
s. The interference with the SM is relevant for

|✏VL | ⇠ m
2
W /TeV2 or smaller. This holds irrespective of the initial quark flavors in d

j
ū
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(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is

Lqiq̄j (⌧, µF ) =
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass
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Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
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where s ⌘ (p1 + p2)2 and t = (p3 � p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. ↵ 6= �. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
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ū
i
! e

↵
⌫̄
↵

(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in ✏VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.

While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is
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We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass

p
s.

Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
p
s. The

5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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PDF and CKM suppression

Energy enhancement

(s/m2
W)2 ∼ 𝒪(105)

ϵcs
L ≲ 𝒪(0.01)

Δσ/σ
tails

≲ 𝒪(0.1)

e.g.

Back-of-the-envelope
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• We recast the available searches fitting the transverse mass distribution at the 
reconstruction level.

• Full-fledged simulations validated by reproducing the official SM prediction. The SM 
background systematics included conservatively.  The modified frequentist CLs used.

18

Recast of the existing searches
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Figure 2. Exclusion limits at 95% CL on c ! d(s)ē↵⌫↵ transitions in (✏↵↵dVL
, ✏

↵↵s
VL

) plane were ↵ = e (top
left), ↵ = µ (top right), and ↵ = ⌧ (bottom). The region colored in pink is excluded by D(s) meson decays,
while the region colored in blue is excluded by high-pT LHC.

5 Interplay between low and high energy

Once we have clarified possible caveats concerning high-pT limits on effective operators we are
ready to compare low and high-energy results and discuss their complementarity. The comparison
for scalar and tensor operators is quite direct because they receive contributions only from four-
fermion operators in the SMEFT, cf. Eqs. (2.8). Vector and axial operators, on the other hand,
receive two types of SMEFT contributions from: (i) four-fermion operators, and (ii) W vertex cor-
rections. As discussed in detail in Section 4, only (i) experience the energy enhancement exploited
by our analysis of the high-pT tails. In the following, we discuss the interplay between low-energy
and high pT bounds in four-fermion operators and then we obtain limits on W vertex corrections.

– 14 –

• High-pT limits are 
almost an order of 
magnitude stronger

due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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c
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ν

(*) For ν ≠ ντ low-pT weaker, high-pT unchanged
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The LHC flavor-physics program
The LHC can compete with classic low-energy flavor probes!
Take b ! u⌧�⌫̄ decays: Naturally linked to R

D(⇤) anomalies
I Rare processes: � ⇠ |Vub|

2

I Tricky final states: ⌧�, but also ⇡, ⇢, pp̄ . . .

B(B�!⌧�⌫̄)=1.09(24)⇥10�4 (PDG), B(B0!⇡�⌧+⌫̄)<2.5⇥10�4 (Belle)

I Current operators I Scalar and tensor operators

Data set Scalar Tensor
B0

! ⇡�⌧+⌫̄ [-1.75, 0.94] [-1.25, 0.57]
LHC 1.23 0.34

HL-LHC 0.37 0.10

Strong interplay between LHC and B physics!
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b → uτν

b
→

cτ
ν

due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.

2 Theoretical framework: c ! diē↵⌫�

2.1 The high-energy effective theory

We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is

LSMEFT �
1

v2

X

k

Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d

i
ē
↵
⌫
� tran-

sitions are

O
(3)
lq = (l̄L�µ⌧

I
lL)(q̄L�

µ
⌧
I
qL) , Oledq = (l̄LeR)(d̄RqL) ,

O
(1)
lequ = (l̄pLeR)✏pr(q̄

r
LuR) , O

(3)
lequ = (l̄pL�µ⌫eR)✏pr(q̄

r
L�

µ⌫
uR) ,

(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
D

I
µ �)(q̄L�

µ
⌧
I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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Figure 3. 95% CL regions for the combined fits of ✏↵�iSL
and ✏

↵�i
T to the charmed-meson decay data with

� = ↵ (red solid line) or � 6= ↵ (light-red dash-dotted line) and to monolepton LHC data (blue solid line).
Projections for the high-luminosity phase of the LHC (3 ab�1), obtained by rescaling the expected limits
with luminosity, are represented by dashed ellipses.

5.1 Four-fermion interactions

High-pT bounds on left-handed (V � A) four-fermion operators are almost an order of magnitude
stronger than those derived from meson decays. In Figure 2, we compare the regions excluded by
charmed-meson decays (cf. Table 2) and high-pT monolepton tails (cf. Table 4) in the (✏↵↵dVL

, ✏
↵↵s
VL

)

plane, assuming NP only in the SMEFT operator O(3)
lq . The three plots are for each lepton flavor

conserving combination ↵ = �, while for ↵ 6= � the improvement with respect to charm decays
is even more significant. These comparisons provide a striking illustration of the LHC potential to
probe new flavor violating interactions at high-pT .

The high-pT LHC bounds are also stronger than those from D(s)-meson decays in all channels
and WCs except for the pseudoscalar operators, constrained by the electronic and muonic D(s)

decays. As discussed in Section 3 and shown in Table 3, the latter strongly constrains any NP
producing a single scalar or tensor operator at the high-energy scale. Even in this scenario, high-pT
LHC limits are stronger for the tauonic operators and for the electronic tensor operators.

In NP scenarios where various operators with the same flavor entries are produced at the
matching scale, the complementarity between high-pT LHC and meson decays becomes more
pronounced. As discussed above, the quadratic contributions of NP dominate the high-pT limits,
allowing one to extract bounds on several operators simultaneously (see e.g. Figure 2). On the
other hand, the D(s) branching fractions depend on interference terms between WCs, and some
combinations remain unconstrained (tauonic operators) or poorly bounded by the low-energy data.

To illustrate this, we compare in Figure 3 the constraints on the (✏↵�iSL
, ✏

↵�i
T ) planes for µ =
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due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.

The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.
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We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, �C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is
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Ck Ok , (2.1)

where v ⇡ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck / v

2
/⇤2, with ⇤ being the scale of NP. We employ the Warsaw basis [50] for operators

of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c ! d
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(2.2)

with �µ⌫ = i
2 [�

µ
, �

⌫ ], ⌧ I the Pauli matrices, ✏pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read

O
(3)
�q = (�† i

$
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I
µ �)(q̄L�
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I
qL) , O�ud = (�̃† iDµ�)(ūR�

µ
dR) , (2.3)

where � is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W

vertices of the type  ̄�µ⌫ �Fµ⌫ . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.

1The SM extended by a light right-handed neutrino (⌫R) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l̄L⌫R)(ūRqL). For the full list see Eq. (2.1) in Ref. [51].
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Figure 3. 95% CL regions for the combined fits of ✏↵�iSL
and ✏
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T to the charmed-meson decay data with

� = ↵ (red solid line) or � 6= ↵ (light-red dash-dotted line) and to monolepton LHC data (blue solid line).
Projections for the high-luminosity phase of the LHC (3 ab�1), obtained by rescaling the expected limits
with luminosity, are represented by dashed ellipses.

5.1 Four-fermion interactions

High-pT bounds on left-handed (V � A) four-fermion operators are almost an order of magnitude
stronger than those derived from meson decays. In Figure 2, we compare the regions excluded by
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is even more significant. These comparisons provide a striking illustration of the LHC potential to
probe new flavor violating interactions at high-pT .
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and WCs except for the pseudoscalar operators, constrained by the electronic and muonic D(s)

decays. As discussed in Section 3 and shown in Table 3, the latter strongly constrains any NP
producing a single scalar or tensor operator at the high-energy scale. Even in this scenario, high-pT
LHC limits are stronger for the tauonic operators and for the electronic tensor operators.

In NP scenarios where various operators with the same flavor entries are produced at the
matching scale, the complementarity between high-pT LHC and meson decays becomes more
pronounced. As discussed above, the quadratic contributions of NP dominate the high-pT limits,
allowing one to extract bounds on several operators simultaneously (see e.g. Figure 2). On the
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• The SM prediction (NNLO QCD + NLO EW) suffices the experimental precision. 

• The PDF determination assumes the SM. The impact of the Drell-Yan data in 
the global PDF fit is small at the moment. The issue is there in the future.

• The uncertainty on the signal prediction from NLO QCD and PDF replicas 
estimated to be ~ 10 % on the rate in the most sensitive bin. Electroweak 
corrections at the similar level. 

i ↵ ✏↵↵i
VL

⇥ 102
|✏↵�i

VL
| ⇥ 102 |✏↵�i

SL,R
(µ)| ⇥ 102 |✏↵�i

T (µ)| ⇥ 103

(↵ 6= �) µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

d

e [�0.52, 0.86] 0.67 (0.42) 0.72 (0.46) 1.5 (0.96) 4.3 (2.7) 3.4 (2.2)

µ [�0.85, 1.2] 1.0 (0.38) 1.1 (0.42) 2.3 (0.86) 6.6 (2.4) 5.2 (1.9)

⌧ [�1.4, 1.8] 1.6 (0.68) 1.5 (0.55) 3.1 (1.1) 8.7 (3.1) 6.9 (2.5)

s

e [�0.28, 0.59] 0.42 (0.26) 0.43 (0.28) 0.91 (0.57) 2.8 (1.5) 2.2 (1.2)

µ [�0.46, 0.78] 0.63 (0.23) 0.68 (0.25) 1.4 (0.52) 4.0 (1.4) 3.1 (1.1)

⌧ [�0.65, 1.2] 0.93 (0.40) 0.87 (0.31) 1.8 (0.65) 5.2 (1.8) 4.1 (1.5)

Table 4. 95% CL limits on the value of the WCs of the charged-current operators obtained from high-pT
data (� = e, µ, ⌧ ). We also show in parenthesis the naive projections for the HL-LHC (3 ab�1) on the
expected limits, assuming that the error will be statistically dominated.

scale for renormalization and factorization scales, µR/F = mT . We use the ATLAS and CMS
Delphes cards, respectively, when making the simulations for each experiment. ROOT [94] is used
to apply the selection criteria of each analysis to the corresponding Delphes output, and to obtain
the expected yields for our signals in each bin of the reported transverse mass distributions.

We validated our setup by producing MC samples for W ! e
↵
⌫ + jets in the SM, and

comparing the yields with those reported by ATLAS and CMS. We reproduce their results within
10% to 20% accuracy. As we only use limited MC simulation capabilities, detector emulation
via Delphes, and no experimental corrections from data, as done in the experimental analyses, we
consider this level of agreement as an accurate reproduction of the experimental results from the
phenomenological perspective. The same techniques have been used and reported in [45]. Thus,
the relative error on the limits derived here from the high-pT data is expected to be below 10%

(�✏X/✏X ⇡ 0.5��/�).
The limits on the WCs are obtained by comparing our simulated signal events for the trans-

verse mass distributions to the background events in the corresponding collaboration analyses. For
the statistical analysis, we use the modified frequentist CLs method [95]. We compute the CLs
using the ROOT package Tlimit [96], and exclude WC values with CLs < 0.05. In our statisti-
cal analysis, we include the SM background systematic and statistical errors (added in quadrature)
provided by the collaborations for all bins. We ignore any possible correlation in the bin errors
when combining the bins, since these are not provided. For the vector operator, both NP-squared
and NP-SM interference contributions are computed. We do not include systematic errors for the
signal simulation in our analysis, as they are expected to be subdominant compared to the over-
all signal normalization uncertainty stemming from the theoretical prediction of the cross section
discussed in Section 4.1.

Our results are reported in Table 4 in terms of the WCs at two different scales µ = 1 TeV
and µ = 2 GeV, respectively.6 The resulting limits qualitatively agree with the naive ratios in the

6See Eq. (2.9) for the RGE solutions. The difference between SL and SR is O(1%) so we use a single column.
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How well do we know the bckg?

How well do we know the signal?

How well do we know PDFs?

PDF AND EFT FITS INTERPLAY

 
S. Carrazza, C. Degrande, S. Iranipour, J. Rojo and MU,  arXiv: 1905.05215

A. Greljo, S. Iranipour, Z. Kassabov, M. Madison, J. Moore, J. Rojo, MU, C. Voisey in progress

• Interplay between PDFs and determination of Wilson coefficients in EFT fits mostly ignored 

• PDF fits — PDFs extracted from experimental data without considering any potential high-scale 
contamination due to new physics 

• EFT fits — Wilson coefficients determined by assuming a priori that PDFs used in theory 
predictions are SM-like  

• In principle low-scale physics (PDFs) is separable from high-scale physics (EFT), but the 
complexity of the LHC environment might well intertwine them 

• Investigating this aspect would be a interesting goal of a LHC-EFT WG.  

• From PDF point of view: how to make sure that we do not absorb new physics effects in the fit of 
proton structure when new high energy data are included? 

• From EFT point of view: how would the bounds change if PDFs were fitted by consistently including 
the same operators that are included in EFT fits? 

• A study has been performed on DIS data, which paves the way to the simultaneous determination 
of PDFs and SMEFT coefficients. 

• Work in progress to assess how significant is interplay between PDFs and EFT fits in high-mass 
Drell Yan distributions  

• Ultimate goal: new generation of truly global fits, in which all ingredients that enter theoretical 
predictions are treated consistently. 

Theoretical predictions
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EFT validity

…the final topic
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[Backup]



s/M2
NP

MNPTeVGeV

EFT validity

• EFT expansion parameter 
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EFT results applicable: Meson decays
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MNPTeVGeV

EFT results applicable: Drell-Yan

s/M2
NP

EFT validity

• EFT expansion parameter 
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EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan

s/M2
NP• EFT expansion parameter 

• Perturbative unitarity suggests that the largest scales currently 
probed are at most few x 10 TeV for strongly coupled theories.

• Any suppression in the matching, such as loop, weak coupling, or 
flavor spurion, brings the actual NP mass scale down.

EFT validity
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EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan

s/M2
NP• EFT expansion parameter 

• Perturbative unitarity suggests that the largest scales currently 
probed are at most few x 10 TeV for strongly coupled theories.

• Any suppression in the matching, such as loop, weak coupling, or 
flavor spurion, brings the actual NP mass scale down.

EFT validity
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EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan?

Explicit models

EFT validity
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EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan?

Tree-level UV completions

Explicit models

EFT validity

29

EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan?

s-channel
• EFT bounds are 

overly conservative Flavourful Z’

Tree-level UV completions

Explicit models

EFT validity
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EFT results applicable: Meson decays
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MNPTeVGeV

EFT results applicable: Drell-Yan?

s-channel
• EFT bounds are 

overly conservative 

t / u-channel
• EFT bounds are 

a good proxy
LQ, RPV SUSY

Flavourful Z’

Tree-level UV completions

Explicit models

EFT validity
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EFT results applicable: Meson decays
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EFT results applicable: Drell-Yan

EFT results applicable: Meson decays

?

s-channel
• EFT bounds are 

overly conservative 

t / u-channel
• EFT bounds are 

a good proxy
LQ, RPV SUSY

Flavourful Z’

Tree-level UV completions

Explicit models

• This EFT exercise is useful even if the EFT validity is not 
guaranteed.

• If, in the EFT, the high-pT provides stronger limits, better carefully 
check the collider pheno of the model.

EFT validity
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EFT validity
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Leptoquark solutions

A total of six leptoquark solutions
I S1 and U

µ
1 produce both LH and RH solutions

I S1 and R2 produce scalar and tensor solutions
F One S1 scalar-tensor solution: ✏⌧

T
= �✏⌧

S
L
/4

F One S1-R2 “pure” tensor solution

U 1  L e p t o q u a r k   
 L H C  e x c l u s i o n   @   2 ⇥ RH

LH

Greljo, JMC & Ruiz-Álvarez, PRL122, 131803 (updated)

I All scenarios converge to EFT results for m LQ & 2 TeV

J. Martin Camalich (IAC) Flavored mono-tau searches at the LHC April 16th 2019 10 / 13

• Explicit model example

1811.07920

https://arxiv.org/abs/1811.07920
https://arxiv.org/abs/1811.07920


EFT validity
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• The most sensitive bin analysis

Supplemental material for “The Mono-Tau Menace: From B Decays to High-pT Tails”

Admir Greljo,1 Jorge Martin Camalich,1, 2, 3 and José David Ruiz-Álvarez4

1
Theoretical Physics Department, CERN, 1 Esplanade des Particules, 1211 Geneva 23, Switzerland
2
Instituto de Astrof́ısica de Canarias, C/ Vı́a Láctea, s/n E38205 - La Laguna, Tenerife, Spain
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Universidad de La Laguna, Departamento de Astrof́ısica, La Laguna, Tenerife, Spain
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Instituto de F́ısica, Universidad de Antioquia, A.A. 1226, Medelĺın, Colombia

I. DETAILS OF THE NUMERICAL ANALYSIS

A. Simulation and statistics

To perform our numerical collider studies we use
FeynRules 2.0 [1] to produce the model files and
MadGraph5 AMC@NLO v2.6.1 [2, 3] with the NNPDF 3.0
PDF set to generate samples of the inclusive process
pp ! ⌧hX +MET. For the EFT and W 0 simulations we
work at leading order in QCD but adding up to two jets
at the partonic level. This (↵s/⇡)-suppressed NP contri-
butions enter through e.g. gc̄ ! b̄⌧�⌫̄ [4] or gg ! cb̄⌧�⌫̄
on top of the numerically more significant bc̄ ! ⌧�⌫̄. For
the LQ studies, we simulate without jets at parton level in
the final state, keeping only the t-channel contributions
which are those directly connected to RD(⇤) . The reason
is that single- and pair-LQ production topologies appear
with the extra jets. These can increase significantly the
cross-section in the mono-tau channel for low LQ masses
but at the expense of introducing model dependence in
terms of, e.g., branching fractions to other possible decay
channels. Therefore, we adopt a conservative approach
and neglect these contributions by not adding jets at
the parton level. Note that pair- and single-LQ produc-
tion are, nevertheless, the target of direct searches (see
e.g. [5, 6]).

The output of MadGraph is matched to Pythia
8 v8.230 [7] for modeling the parton showers and
hadronization and, finally, to Delphes v3.4.1 [8] for de-
tector emulation with default ATLAS and CMS config-
urations. We compare our simulations to W 0 searches
in this channel performed by ATLAS with 36.1 fb�1 [9]
and CMS with 35.9 fb�1 [10]. Simulations are ran in-
dependently for each experiment and we apply the same
kinematic cuts described in their papers.

A good agreement, within a ⇠ 20%, is obtained be-
tween our simulated transverse mass distributions of the
⌧h (mT ) in W� ! ⌧�⌫̄ and those reported by the experi-
mental collaborations. This is illustrated in Fig. 3 where,
for the sake of comparison, we also overlay the contribu-
tions of two NP scenarios addressing the RD(⇤) anomaly.
In this Figure, the outcome of our simulations is labelled
as “W+jets” in blue while the o�cial W+jets simula-
tion provided by ATLAS and CMS collaborations are in
red. We do see an overall good agreement with some sta-
tistical fluctuations. As expected, we do see some mild
di↵erences among the two simulations that are consistent
with the fact that o�cial simulations are better tuned to
LHC collisions, the detectors are fully simulated and with

higher number of generated MC events.
The total signal is compared to the mT distribu-

tions measured by ATLAS and CMS assuming Poisso-
nian probabilities for the events in each bin [11]. In our
analysis of NP, we systematically take into account the
renormalization-group evolution of the WCs by assign-
ing µ equal to the average mT in each bin. Systematic
uncertainties of the SM backgrounds reported by the ex-
periments are incorporated in the analysis by means of
nuisance parameters that we assume to be normally dis-
tributed and uncorrelated. The results of the statistical
analyses presented in this work are done with likelihoods
which depend on one combination of WCs at a time
(e.g. “vector” or “scalar-tensor”), fixing the other WCs
to zero, and obtained after profiling over the systematic
uncertainties (see e.g. the PDG Review Sec. 39 [12]).

B. Sensitivity to New Physics of the mT bins

�
�

�

�

�
�

�
� �

�

�

�
�

�

�
��

�

�

�

�
�

�
�

�

�

�

� �

�

�

�
� � � � �

�
� �

�

�

�

�

�

�

�

�

� ATLAS 36.1 fb-1

� ATLAS 3 ab-1

� ATLAS 3 ab-1 (no N rescaling)

500 1000 1500 2000 2500 3000
1.00

1.01

1.02

1.03

1.04

1.05

1.06

mT [GeV]

�
Ja

ck

�
T

FIG. 1. Sensitivity of the di↵erent bins to the tensor e↵ective
operator in the mono-tau W 0 search of ATLAS (36.1 fb�1) [9].
We also show the projected sensitivity for the HL-LHC phase
assuming di↵erent scalings with luminosity.

As discussed in the main text, the RD(⇤) anomaly
points to a NP scale in the TeV range. Therefore, it
is important to investigate the partonic energies being
probed at the LHC in the mono-tau channel to check
the convergence and validity of the EFT analysis. With
this purpose in mind, we introduce a �2 for each bin of
mT that is defined by removing the corresponding data
point from the full �2. By studying this �2

Jack(mT ) one
can assess the sensitvity of the di↵erent bins to the ef-
fective operators. In Fig. 1 we show the values of the 1�
limits obtained from �2

Jack(mT ) for the tensor operator
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https://arxiv.org/abs/1811.07920
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