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New mass scale?

Admir Greljo | Model building: Where to look?

• The observational evidence of BSM: 

• Neutrino oscillations:

• Cosmo/Astro observations: Dark Matter, Baryon asymmetry, Inflation, etc 
could be a physics of a very high energy scale (Sci-Fi for colliders)

1
1011 TeV

(LH)(HL)
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New mass scale?

Admir Greljo | Model building: Where to look?

• IF  anomalies are genuine new physics effect  
 Major Revolution in HEP

b → sℓ+ℓ−

⟹

• The observational evidence of BSM: 

ℒ ⊃
1

(40 TeV)2
(s̄LγμbL) (μ̄LγμμL)

E

E

E

E

4-fermion 
scattering at 
E ≫ vEW

• Neutrino oscillations:

• Cosmo/Astro observations: Dark Matter, Baryon asymmetry, Inflation, etc 
could be a physics of a very high energy scale (Sci-Fi for colliders)

1
1011 TeV

(LH)(HL)

𝒜 ∼
E2

(40 TeV)2
 Violation of perturbative 

unitary 
⟹

≲ 100 TeV

• Observational evidence! 
(Argument stronger than EW naturalness)

Di Luzio, Nardecchia;  
1706.01868

[See talk by Stangl et al]



The nightmare scenario
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• The only “big” operator in the SMEFT is: ℒ ⊃
1

(40 TeV)2
(Q̄2γμQ3) (L̄2γμL2)

The high-  collider nightmare scenario assumptions:pT

• The mediator particle behind this operators is too heavy for an on-shell production
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ℒ ⊃
1

(40 TeV)2
(c̄LγμtL) (μ̄LγμμL) ℬ(t → cμμ) ∼ 10−12

while
ℬ(t → Zc) ≲ 10−6 @ FCC − hh

• Top decays are not sensitive:

predicts
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• The only “big” operator in the SMEFT is: ℒ ⊃
1

(40 TeV)2
(Q̄2γμQ3) (L̄2γμL2)

The high-  collider nightmare scenario assumptions:pT

• The mediator particle behind this operators is too heavy for an on-shell production

p p

μ+ μ−

b s
→ →

AG, Marzocca; 1704.09015

Omfg fight and ae

NP tail

SM

mμμ

dσ
dmμμ

High-mass Drell-Yan tails

⟹
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𝒜 ∼
E2

(40 TeV)2
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The nightmare scenario
Omfg fight and ae

NP tail

SM

• Consider only the data 
below 

• Valid for , 
otherwise do direct 
searches

Mcut

MNP > Mcut

Mcut
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b → sμμ target
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• Hopeless for the LHC.

b → sμμ target

CMS, 
2103.02708
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below 
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otherwise do direct 
searches

Mcut
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• Possible improvements to this 
analysis; angular kinematics, soft 
b-jet, etc.

b → sμμ target 2 % sys
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The nightmare scenario
Azatov, Garosi, AG, Marzocca, Salko,Trifinopoulos; w.i.p

Omfg fight and ae

NP tail

SM

• Consider only the data 
below 

• Valid for , 
otherwise do direct 
searches

Mcut

MNP > Mcut

Mcut

• In , future colliders will likely 
catch the tail.

MNP ≳ 10 TeV

10

b → sμμ target 2 % sys
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• However, the scale indicated from the perturbative unitary tends to 
be overly pessimistic

• Example 1

 ci
[d]

Λd-4d,i
 ℒSM-EFT  =     ℒgauge     +    ℒHiggs       +     Σ              Oi

d³5  

Eg: Low-energy theory: QED + QCD
Accidental symm.: Flavor [  U(1)    ]
Violated by: Weak interactions  →  GF ~ (250 GeV)-2

Eg: Low-energy theory: SM,  2 generations
Accidental symm.: CP
Violated by: “Super-weak” interaction [L. Wolfenstein]:  

 n
f

(GF mtVtsVtd)2

4π2

Searching for violations of accidental symmetries 
is a powerful probe of high-scale dynamics, 
as we know from past examples...

 [SM 2]-EFT  

Introduction [The flavor of SMEFT ]

eiδ

L2
(s Γ d)2

_
 ~  (104 TeV)-2  ~  1 

L2

Energy

Λ

enhanced
symmetry

G. Isidori –  B-physics anomalies and the flavor of SMEFT                              University of Bern  – 13 Oct 2021 

mW ≈ 80 GeVGF ∼
g2

w

m2
W

Reasonable scenario?



12

Admir Greljo | Model building: Where to look?

• Example 1

• Example 2
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[d]

Λd-4d,i
 ℒSM-EFT  =     ℒgauge     +    ℒHiggs       +     Σ              Oi

d³5  

Eg: Low-energy theory: QED + QCD
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Violated by: “Super-weak” interaction [L. Wolfenstein]:  

 n
f

(GF mtVtsVtd)2

4π2
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is a powerful probe of high-scale dynamics, 
as we know from past examples...

 [SM 2]-EFT  
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L2

Energy

Λ

enhanced
symmetry
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is a powerful probe of high-scale dynamics, 
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 [SM 2]-EFT  

Introduction [The flavor of SMEFT ]

eiδ

L2
(s Γ d)2

_
 ~  (104 TeV)-2  ~  1 

L2

Energy

Λ

enhanced
symmetry

G. Isidori –  B-physics anomalies and the flavor of SMEFT                              University of Bern  – 13 Oct 2021 

mW ≈ 80 GeV

mt ≈ 170 GeV

GF ∼
g2

w

m2
W

[Taken from Isidori]

• However, the scale indicated from the perturbative unitary tends to 
be overly pessimistic

Reasonable scenario?
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mW ≈ 80 GeV

mt ≈ 170 GeV

GF ∼
g2

w

m2
W

[Taken from Isidori]

• In  case, 

•  could be “a mirage” 
 opportunities at high-  LHC 

b → sℓℓ

40 TeV
⟹ pT

• However, the scale indicated from the perturbative unitary tends to 
be overly pessimistic

Reasonable scenario?

ℒ ⊃
1

(40 TeV)2
(s̄LγμbL) (μ̄LγμμL)
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Flavour violation
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• General argument against high-scale strongly-coupled UV completion:5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

Physics Briefing Book, 1910.11775

b → sℓ+ℓ−

3q → 2q |Vts | ≈ 0.04

• Integrating our composite resonance 
tends to generate many operators in the 
SMEFT, in particular, 4Q and 4L FCNC.

• A consistent theory should have a well-
defined flavour symmetry and a 
symmetry breaking pattern (eg. MFV, 
U(2), partial compositeness, etc). 

• Thus,  transition should carry a 
corresponding flavour spurion 
suppression.

3q → 2q

ℒ ⊃
|Vts |

(8 TeV)2
(s̄LγμbL) (μ̄LγμμL)

 Scale ⟹ ≲ 20 TeV



μ

μ

bL

sL

Mediators

Admir Greljo | Model building: Where to look?

=

1 Use Typeset/TeX and DVI

τ−

τ+

b

b̄

b

b̄

τ−

τ+

1
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/
T
eX

a
n
d

D
V
I

τ
−

τ
+

b b̄

b b̄

τ
−

τ
+

Z′�
LQ

or + other loop models

See for example: 
Arcadi, Calibbi, Fedele, Mescia, 2104.03228

ℒ ⊃
1

16π2

|Vts |
(0.6 TeV)2

(s̄LγμbL) (μ̄LγμμL)
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or

This talk[See talk by Renner]



Models: Class I
The mediator mainly couples to muons 
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[or at least as much as to tau leptons]

gτ ≲ gμ

Models: Class II
The mediator dominantly couples to taus

gτ ≫ gμ

This talk

Admir Greljo | Model building: Where to look?



Models: Class I

Davighi, Kirk, Nardecchia, 2007.15016
AG, Stangl, Thomsen, 2103.13991

Hambye, Heeck; 1712.04871

AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518

•  of , , 
, etc

Z′ � U(1)Lμ−Lτ
U(1)B−3Lμ

U(1)B3−Lμ

•  charged under  gauge 
symmetry such that it couples 
only to  but not .

• The accidental symmetry is 
 

and 

LQ U(1)X

μ e, τ

U(1)B × U(1)e × U(1)μ × U(1)τ
LQ ≡ (−1/3, 0, −1, 0)

17

Altmannshofer, Gori, Pospelov, Yavin; 1403.1269, 
Crivellin, D’Ambrosio, Heeck; 1501.00993,  
Celis, Fuentes-Martin, Jung, Serodio; 1505.03079, 
Crivellin, Fuentes-Martin, AG, Isidori; 1611.02703,  
Alonso, Cox, Han,  Yanagida; 1705.03858,  
Bonilla, Modak, Srivastava, Valle; 1705.00915,  
Ellis, Fairbairn,Tunney; 1705.03447; 
Allanach, Davighi;1809.01158,  
Altmannshofer, Davighi, Nardecchia; 1909.02021,  
Allanach; 2009.02197,  
+ many more …

gτ ≲ gμ

Examples



 models: general remarksZ′�
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Targeted mass window

MX [GeV]
1 10 102 103 104 105 106

Z′�

10−1 107

Class I



• Tree-level b → sℓℓ

1 Use Typeset/TeX and DVI

τ−

τ+

b

b̄

b

b̄

τ−

τ+

Z′�

 models: general remarksZ′�

• Tree-level  oscillationsBs − B̄s

1
(40 TeV)2

=
gbsgμμ

M2
Z′ �

∝
g2

bs

M2
Z′�

⟹ 4π ≳ gμμ >
MZ′�

5 TeV

Admir Greljo | Model building: Where to look?
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MX [GeV]
1 10 102 103 104 105 106

Z′�

10−1 107

Class I



• Tree-level b → sℓℓ

1 Use Typeset/TeX and DVI

τ−

τ+

b

b̄

b

b̄

τ−

τ+

Z′�

 models: general remarksZ′�

• Tree-level  oscillationsBs − B̄s

1
(40 TeV)2

=
gbsgμμ

M2
Z′ �

∝
g2

bs

M2
Z′�

⟹ 4π ≳ gμμ >
MZ′�

5 TeV
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MX [GeV]
1 10 102 103 104 105 106

Z′�

10−1 107

B → KZ′� & Trident

Class I
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MX [GeV]
1 10 102 103 104 105 106

Z′�

10−1 107

Z → μμZ′�
pp → Z′� → μμ

μμ tails

t → cZ′�
Signatures:

[Explicit models in the Backup]

Class I



 models: general remarksLQ
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MX [GeV]
1 10 102 103 104 105 106

Scalar LQ
Vector LQ

10−1 107

Targeted mass window

[Explicit models in the Backup]

Class I



• Tree-level b → sℓℓ

 models: general remarksLQ

• One-loop  oscillations.  
Vector LQ comes with the .

Bs − B̄s
Z′�

1
(40 TeV)2

=
gbμgsμ

M2
Z′�

Admir Greljo | Model building: Where to look?
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+

b b̄

b b̄

τ
−

τ
+

LQ
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MX [GeV]
1 10 102 103 104 105 106

Scalar LQ
Vector LQ

10−1 107

[Explicit models in the Backup]

Class I



• Tree-level b → sℓℓ

 models: general remarksLQ

• One-loop  oscillations.  
Vector LQ comes with the .

Bs − B̄s
Z′�

1
(40 TeV)2

=
gbμgsμ

M2
Z′�
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b b̄

b b̄

τ
−

τ
+

LQ
• LHC bounds: LQ 

pair production 
 mLQ ≳ 1 TeV
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MX [GeV]
1 10 102 103 104 105 106

Scalar LQ
Vector LQ

10−1 107

b
μ

μ
b

[Explicit models in the Backup]
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Models: Class II

The mediator dominantly couples to taus

25

gτ ≫ gμ
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Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

Admir Greljo | Model building: Where to look?

Class II



27

Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

Admir Greljo | Model building: Where to look?

•  gauge invariance:SU(2)L

ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(c̄LγμbL) (μ̄Lγμνμ

L)

Class II
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Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

Admir Greljo | Model building: Where to look?

•  gauge invariance:SU(2)L

ℒ ⊃
|Vts |

(2 TeV)2
(c̄LγμbL) (τ̄Lγμντ

L)

Class II

⟹ δRD(*) = 𝒪( % )
(Remarkable!)
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Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

• Collider implications:  
New physics mostly coupled to third generation

Admir Greljo | Model building: Where to look?

•  gauge invariance:SU(2)L

ℒ ⊃
1

(2 TeV)2
(b̄LγμbL) (τ̄LγμτL)

ℒ ⊃
|Vts |

(2 TeV)2
(c̄LγμbL) (τ̄Lγμντ

L) ⟹ δRD(*) = 𝒪( % )
(Remarkable!)

 Scale ⟹ ≲ 5 TeV

Class II

high-  LHC!pT
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Third-generation dominance

• Since  , perhaps:  mτ ≫ mμ ℒ ⊃
|Vts |

(2 TeV)2

mμ

mτ
(s̄LγμbL) (μ̄LγμμL)

• Collider implications:  
New physics mostly coupled to third generation

Admir Greljo | Model building: Where to look?

•  gauge invariance:SU(2)L

ℒ ⊃
1

(2 TeV)2
(b̄LγμbL) (τ̄LγμτL)

ℒ ⊃
|Vts |

(2 TeV)2
(c̄LγμbL) (τ̄Lγμντ

L)

Z′ �
LQ

Faroughy, AG, Kamenik; 1609.07138

b b̄ → τ+ τ−

 Scale ⟹ ≲ 5 TeV

Class II

high-  LHC!pT

⟹ δRD(*) = 𝒪( % )
(Remarkable!)



Renormalizable structure achieved  
with vector-like fermions 

Positive features the
EFT reproduced
Calculability of 
ΔF=2 processes
Precise predictions  
for high-pT data

   

consistent 
with 
present 
data

SU(4)3×SU(3)1+2× [ SU(2)L×U(1)' ]
ψ1,2

ψ3

SM

→ LQ [U1] + Z' + G'

Speculations on UV completions

Di Luzio, Greljo,
Nardecchia, '17

In most PS-extended models collider
and low-energy pheno are controlled   
by the effective 4321 gauge group  
that rules TeV-scale dynamics

Despite the apparent complexity, the
construction is highly constrained

G. Isidori –  B-physics anomalies and the flavor of SMEFT                              University of Bern  – 13 Oct 2021 

The  model4321
Admir Greljo | Model building: Where to look?

• Pati-Salam vector leptoquark model

31 [LQ collider physics in the Backup]

Class II

1708.08450, 
1712.01368, 
1802.04274, 
1805.09328, 
1808.00942, 
1903.11517, 
1910.13474, 
2004.11376, 

…

https://arxiv.org/abs/1708.08450
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1802.04274
https://arxiv.org/abs/1805.09328
https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/1910.13474
https://arxiv.org/abs/2004.11376
https://arxiv.org/abs/1708.08450
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1802.04274
https://arxiv.org/abs/1805.09328
https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/1910.13474
https://arxiv.org/abs/2004.11376
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• Pati-Salam vector leptoquark model

5

B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [32] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [20], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [33].

Integrating out the heavy Uµ field at the tree level, the
following e↵ective dimension six interaction is generated

L
e↵
U

= �
1

M
2
U

J
µ†
U
J
µ

U
. (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds

Le↵
U

= �
�il�

†
kj

2M
2
U

[(Q̄i�µ�
a
Qj)(L̄k�

µ
�aLl) + (Q̄i�µQj)(L̄k�

µ
Ll)] ,

(11)

which finally leads to

L
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2

M
2
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⇥
Vcb(c̄L�

µ
bL)(⌧̄L�µ⌫L) + (b̄L�

µ
bL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |

2
/M

2
U

⌘

2|c
QQLL

| ' (4.3 ± 1.0) TeV�2. As a consequence, size-

able b b̄ ! ⌧
+
⌧
� signal at LHC is induced via t-channel

vector LQ exchange. A recast of existing ⌧
+
⌧
� searches

in this model is presented in the Section IVB 4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [34], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),4 with the following Yukawa interactions,

L� � Y
ij

L
d̄i(i�2�

⇤)†Lj + Y
i⌫

R
Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B

decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [34], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5 � 1 TeV)
take values respecting

✓
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R
Y

b⌧⇤
L

g2
w

◆✓
MW

M�

◆2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [34]) where gw ' 0.65 and MW ' 80 GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [34] finds that Y

s⌧

L
, Y

sµ

L
and Y

s⌫

R
are in

4
The case of several ⌫R is a trivial generalization which does not

a↵ect our main results.

general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M�. In particular, ATLAS [32] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M� < 625 GeV and tt̄⌫⌫̄ for
M� < 640 GeV, respectively. In addition, CMS [35] ex-
cludes at 95% CL M� < 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M� = 650 GeV, implies |Y

b⌫

R
Y

b⌧

L
| = 34 ± 9. Imposing a

(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M� . 1, leads to |Y

ij

L,R
| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel � exchange, and can e↵ectively
constrain |Y

b⌧

L
| (see Section IV B 4). A restrictive enough

bound in conjunction with Eq. (14) can in turn drive the
Y

b⌫

R
coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧

+
⌧
� signature at the

LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧

�
⌧
+ final state at 8 TeV pp collisions with

19.5 � 20.3 fb�1 of data [36]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross-section for
the Sequential SM (SSM) as reported in Fig. 8 of [36].
The rescaling factors are the signal event yields reported
in Table 4 of [36] divided by the predicted cross-section in
SSM from Fig. 8 of [36]. In particular, for the final selec-
tion bins defined with m

tot
T

> 400, 500, 600, 750 and 850
GeV, the excluded number of signal events at 95% CL
are Nevs > 21, 11, 5.3, 3.3 and 3.4, respectively. Here the
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Benchmark spectrum

Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
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2g1

(
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3g4gY

�2
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) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.

– 38 –

• Third-generation high-  signaturespT

• Exotic multi-lepton & 
multi-jet signatures  
(3rd fam.)

(a) (b) (c)

Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

decay channel is negligible for the fermion partners of the first and second family. Even for the
charm quark partner, we find B(C ! H̃0c) < 10�7 in the interesting parameter range.9

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation is, in
principle, possible via Eq. (2.2). The precise details depend on the scalar potential, however, we
expect scalar modes to be heavy enough such that on-shell 1 ! 2 decay is kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners are
1 ! 3 processes induced via an off-shell g0, Uµ or Z 0

µ mediator exchanged at tree-level. Typically,
a heavy fermion will decay to three SM fermions of which (at least) two are third generation,
or it will decay to another vector-like partner and two SM fermions (see representative Feynman
diagrams in Fig. 9 (top panel)). To a good approximation, we can integrate out heavy vectors and

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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Off-shell: Resonant LQ production
pp → Φ
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predicted from U(2) symmetry, lbs ⇠Vts, with high lumi-
nosity an interesting region will be probed. For example,
in the U(2) flavour models of Ref. [29,33,34,57] a small
value of lbs is necessary in order to pass the bounds from
B� B̄ mixing.

3) Single-operator benchmarks:
It is illustrative to show the limits on l q

bs when only one
flavour-diagonal coefficient Cqµ is non-vanishing, while fit-
ting at the same time DCµ

9 in Eq. (10). The expected 2s
limits with 36.1 fb�1 (3000 fb�1) are:

l u
bs > 0.072 (0.77), l u

bs <�0.097 (�0.76) ,

l d
bs > 0.049 (0.36), l d

bs <�0.032 (�0.34) ,
l s

bs > 0.007 (0.04), l s
bs <�0.004 (�0.03) ,

l c
bs > 0.003 (0.02), l c

bs <�0.004 (�0.02) ,

l b
bs > 0.002 (0.01), l b

bs <�0.002 (�0.006) .

(16)

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B
meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such models,
the effective operators in Eq. (1) are presumably generated
at the tree level.4 We focus here on the single mediator
models in which the required effect is obtained by inte-
grating out a single resonance. These include either an ex-
tra Z0 bosons [29,33,38,39,40,41,42,43,44,45,46,47,48,
49,50,51,52] or a leptoquark [53,54,55,56,57,58,28,59,
60,61,62] (for a recent review on leptoquarks see [63]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

µ ⇠
(1,1,0) and W 0

µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),
and vectors U µ

1 ⇠ (3,1,2/3), U µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [63]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z0 and W 0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
L , c(1)Qi jLkl

=�g(1),i j
Q g(1),kl

L , (17)

4Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [35,36,37]).

Fig. 5 Limits on the Z0 MFV model from pp ! µ+µ�. See text for
details.

obtained after integrating out the heavy vectors with inter-
actions L � Z0

µ Jµ +W 0a
µ Ja

µ , where

Jµ = g(1),i j
Q (Q̄igµ Q j)+g(1),kl

L (L̄kgµ Ll) ,

Ja
µ = g(3),i j

Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .

(18)

g(1),i j
Q ⇠ g⇤

⇣
1+aYuY †

u +bYdY †
d

⌘

i j
, (19)

A quark flavour-violating g(x),23
Q coupling and g(x),22

L are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions. g(1),iiQ = g⇤

g⇤

M0
Z
. 0.2

1 TeV
(20)

g⇤

M0
Z
. 3

1 TeV
(21)

g(1),22
L = g⇤ For example, assuming a Z0 with g(1),iiQ =

g(1),22
L = g⇤ and MFV structure (g(1),23

Q =Vtsg⇤), as dictated
by neutral meson oscillation constraints, we derive limits
on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,5 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 ⇡ 5g2

⇤/(6p).
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• For example gauged , etc.

• Production from valence quarks:
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3rd-gen-quark  modelsZ′�

• -quark interactions are of the form: 
 
 
 
 

• For example gauged , etc.

• Production from sea quarks:

Z′ �

U(1)B3−Lμ

gq = g*
0 0 0
0 0 Vts

0 V*ts 1

b

b̄ μ

μ
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Probing the Z 0 Parameter Space

Neutrino Tridents

Bs mixing
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⌫e scattering
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My Favorite Model

Z 0 based on gauging Lµ � L⌧ (He, Joshi, Lew, Volkas PRD 43, 22-24)

with effective flavor violating couplings to quarks
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

µ+

µ−

bL

sL

Q
Z ′

⟨φ⟩

⟨φ⟩

g′
g′YQbY ∗

Qs⟨φ⟩
2

2m2
Q

predicted Lepton
Universality Violation

in rare B decays!

Q: heavy vectorlike fermions with mass ⇠ 1 � 10 TeV
�: scalar that breaks Lµ � L⌧

Wolfgang Altmannshofer (UCSC) New results on rare B decays and implications March 29, 2021 12 / 14

• Simultaneous explanation 
of  not possible(g − 2)μ

Z0: Constraints from Bs-B̄s mixing
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• Constraints: 

1. Neutral meson mixing: 

2. Neutrino trident production νγ → νμμ

Z0: Constraints from Bs-B̄s mixing
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gμμ

mZ′�
≲

1
0.5 TeV

(  fit suggests left-handed lepton doublet is involved)b → sℓℓ

Altmannshofer, Gori, Martin-Albo, Sousa, Wallbank 1902.06765
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Figure 4: Constraints in the Wilson coe�cient plane C
bsµµ
9 vs. C

bsµµ
10 . Left: LFU ratios

only. Right: Combination of LFU ratios, combination of b ! sµµ observables,

BR(Bs ! µ
+
µ
�), and the global fit. The dashed lines show the constraints

before the recent updates [11, 13].

Figure 5: Constraints in the Wilson coe�cient planes C
bsµµ
9 vs. C

0 bsµµ
9 (left) and C

univ.
9

vs. �C
bsµµ
9 = �C

bsµµ
10 (right). The dashed lines show the constraints before

the recent updates [11, 13].

13

S3 = (3̄, 3,1/3)

ℒ ⊃ ηij Qi
LLj

LS3

* V-A structure  
Hiller, Schmaltz, 1408.1627, 
Dorsner, Fajfer, AG, Kamenik, Kosnik; 1603.04993, 
Buttazzo, AG, Isidori, Marzocca; 1706.07808, 
Gherardi, Marzocca, Venturini; 2008.09548 
+ many more ⟹

• Scalar LQ
SM NP example

b → sℓℓ decays

3

• Semileptonic: Theory can be controlled.


• Suppressed: NP can have large relative contribution.ηbμηsμ

M2
LQ

∼
1

(40 TeV)2

 model exampleLQ
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3

scale µM , to smelli, this tool automatically takes care
of the renormalization group running down to the me-
son scale as well as the intermediate matching to the
low-energy EFT [84–88] thanks to the wilson [89] pack-
age. It further uses flavio [90] to compute a large
list of electroweak-scale and low-energy precision observ-
ables, including charged LFV and LFU, magnetic mo-
ments, neutral meson mixings, semileptonic and rare me-
son decays, etc. The full list of observables included
in the initial version of smelli can be found in the
appendix of [82], but this list has been extended [91],
and we refer to [92] for the up-to-date version. We use
smelli v2.3.0, which takes into account the most re-
cent results for RK [35] and (g � 2)µ [36] as well as the
current world average of BR(Bs,d ! µµ) from [93], which
includes the most recent LHCb measurement [94]. With
this setup, we are now in position to perform a global fit
in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the ⌘
3L
3 ver-

sus ⌘
1L
3 = ⌘

1R
3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy

right-handed neutrinos are expected to be negligible in
the fit. Muon anomalies clearly prefer the parameter
space far away from the SM limit ⌘

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.42, 0.12) with a ��

2
' 56

compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [95] and
M1 & 1.4 TeV [96], while the final reach of HL-LHC is
projected in [97]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [98]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ

�

since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ

� [99].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

�, but none of the
complementary observables listed above receive a large
pull.

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [100] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
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FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

(0, 0, 1) ⌘1R
3 . The muoquark masses are set to M1 = M3 =

3 TeV.

gX = 0.1 and mass mX = 3TeV. The high-pT dimuon
tails [98] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [98]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX

or 14TeV for the benchmark point. Taking M
2
1,3 > 0

and small cross-quartic couplings, guarantees that S1,3

do not develop a VEV, and the part of the scalar poten-
tial relevant for symmetry-breaking is
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We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [98].
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scale µM , to smelli, this tool automatically takes care
of the renormalization group running down to the me-
son scale as well as the intermediate matching to the
low-energy EFT [84–88] thanks to the wilson [89] pack-
age. It further uses flavio [90] to compute a large
list of electroweak-scale and low-energy precision observ-
ables, including charged LFV and LFU, magnetic mo-
ments, neutral meson mixings, semileptonic and rare me-
son decays, etc. The full list of observables included
in the initial version of smelli can be found in the
appendix of [82], but this list has been extended [91],
and we refer to [92] for the up-to-date version. We use
smelli v2.3.0, which takes into account the most re-
cent results for RK [35] and (g � 2)µ [36] as well as the
current world average of BR(Bs,d ! µµ) from [93], which
includes the most recent LHCb measurement [94]. With
this setup, we are now in position to perform a global fit
in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the ⌘
3L
3 ver-

sus ⌘
1L
3 = ⌘

1R
3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy

right-handed neutrinos are expected to be negligible in
the fit. Muon anomalies clearly prefer the parameter
space far away from the SM limit ⌘

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.42, 0.12) with a ��

2
' 56

compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [95] and
M1 & 1.4 TeV [96], while the final reach of HL-LHC is
projected in [97]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [98]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ

�

since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ

� [99].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

�, but none of the
complementary observables listed above receive a large
pull.

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [100] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
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tails [98] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [98]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX

or 14TeV for the benchmark point. Taking M
2
1,3 > 0

and small cross-quartic couplings, guarantees that S1,3

do not develop a VEV, and the part of the scalar poten-
tial relevant for symmetry-breaking is
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2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
|H|

2
. (3)

We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [98].

- One-loop matching to SMEFT from 2003.12525
- 399 observables in smelli 1810.07698
- EW and flavor opservables, LFV, LFU, magnetic 
moments,  neutral meson mixing, semileptonic and 
rare  decays, etc.B, D, K
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Figure 12: Ratio of the differential dilepton production cross section in the dimuon and dielec-
tron channels Rµ+µ�/e+e� , as a function of m`` for (upper left) events with two barrel leptons,
(upper right) at least one lepton in the endcaps, and (lower) their combination. The ratio is ob-
tained after correcting the reconstructed mass spectra to particle level. The error bars include
both statistical and systematic uncertainties.

spin-1 and spin-2 resonances are the most stringent to date.

For spin-1 resonances that act as a mediator between SM particles and dark matter (DM), exclu-
sion limits are set in the mass plane of the mediator and DM particles. For large values of mDM,
mediator masses below 1.92 (4.64) TeV are excluded in a model where the mediator is a vector
(axial vector) with small (large) coupling to leptons. For mDM = 0, these limits are reduced to
1.04 and 3.41 TeV, respectively.

Two models of nonresonant signatures have been considered. In case of a four-fermion con-
tact interaction, lower limits on the ultraviolet cutoff parameter L range from 23.8 to 36.4 TeV
depending on the helicity structure of the interaction and the sign of its interference with the
SM Drell–Yan background. In the Arkani-Hamed, Dimopoulos, and Dvali model of large extra
dimensions, lower limits on the ultraviolet cutoff ranging from 5.9 to 8.9 TeV are set, depending
on the parameter convention.

The dimuon and dielectron invariant mass spectra are corrected for the detector effects and, for
the first time in this kind of analysis, compared at the TeV scale. No significant deviation from
lepton flavor universality is observed.
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2

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

L
SMEFT �

c(3)Qi jLkl

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

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

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

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

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

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

A (qi
p1

q̄ j
p2
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

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

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

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

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

Z = 2mZ
v (T 3

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

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

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

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

i j = euLek
R

i j =

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

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/s0 and

p
s0 is the proton-proton center

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

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

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

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

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

p
s0 = 13 TeV, assuming new

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

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

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

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

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

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

).

1

1 Introduction
The presence of new phenomena, both resonant and nonresonant, in the high-mass dilepton
final state is predicted by various theoretical models aiming to extend the standard model (SM)
of particle physics. In this paper, the production of new spin-1 or spin-2 resonances, as well as
the nonresonant production of high-mass lepton pairs, is considered.

The existence of new neutral gauge bosons is a possible signature of grand unified theories,
such as superstring and left-right-symmetric (LRS) models, that include a unification of the
three forces at a high energy scale [1, 2].

One persistent puzzle in modern particle physics is the large difference in the energy scale of
electroweak symmetry breaking and the energy scale of gravitation. This could be explained
in theories including spatial extra dimensions, where the gravitational force can propagate into
additional dimensions. In models by Arkani-Hamed, Dimopoulos, and Dvali (ADD) [3, 4],
the SM particles are confined to the traditional four dimensions of space and time, while in
models proposed by Randall and Sundrum (RS) [5] the SM particles could also propagate into
the additional dimensions. Possible signatures of these theories at LHC energies are graviton
excitations, either as distinct spin-2 high-mass resonances in the RS model, or as a series of
nearly mass-degenerate excitations that result in an overall nonresonant excess of events at
high mass in the ADD model.

Based on many astrophysical and cosmological observations, it is assumed that dark matter
(DM) accounts for the majority of matter in the universe [6]. Models have been proposed in
which the DM consists of particles that can interact with those of the SM via high-mass, weakly
coupled mediator particles [7]. These mediators could then be observed via their decay into SM
particles, including the dilepton final state.

It has long been speculated that the presence of three generations of quarks and leptons is a
sign that these particles are not fundamental but rather composed of constituent particles com-
monly called “preons” [8]. At energies observable at collider experiments, the preons would
be confined into bound states by a new interaction analogous to quantum chromodynamics
(QCD). This new interaction is characterized by an energy scale L, at which its effects would be
directly observable. At center-of-mass energies far below L, the presence of the preon bound
states would manifest itself as a flavor-diagonal “contact interaction” (CI) [9], resulting in a
nonresonant excess of events at high mass.

Hints for lepton flavor universality violation in several measurements recently reported by the
LHCb Collaboration [10–12], together with other flavor anomalies in B-meson decays summa-
rized in Ref. [13], have sparked interest in models for physics beyond the SM that could explain
these effects. These include models with heavy neutral gauge bosons [2] or leptoquarks [14].
Some of these models would result in a significant deviation from unity of the ratio of the
dimuon to dielectron differential cross section as a function of dilepton mass m`` ,

Rµ+µ�/e+e� =
ds(qq ! µ+µ�)/dm``

ds(qq ! e+e�)/dm``
, (1)

at high m`` [15].

Searches for high-mass Z0 gauge bosons in dilepton final states have a long history at the LHC,
with the CMS Collaboration having reported results using proton-proton (pp) collision data
from the LHC Run 1 (2010–2012) at

p
s = 7 TeV [16, 17] and 8 TeV [18, 19], and more recently

from the beginning of the LHC Run 2 (2015–2018) at 13 TeV [20, 21] using early data corre-
sponding to an integrated luminosity of 36 fb�1 collected in 2016. Similar searches have also

[AG, Marzocca] 
Eur.Phys.J. C77 (2017) no.8, 548  

CMS, 2103.02708

• Smooth distortions expected

• Recent CMS measurement of Rμ/e

LFU tests at High-pT
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• Partonic level cross section (charged currents example)

of Eq. (2.5) , is

d�̂

dt
=

G
2
F |Vij |

2

6⇡s2

"
(s+ t)2

�����
↵�m

2
W

s
� ✏

↵�ij
VL

����
2

+
s
2

4

�
|✏
↵�ij
SL

|
2 + |✏

↵�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

�̂(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

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

Rij ⌘
(Luid̄j + Ldj ūi)⇥ |Vij |

2

(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.

– 9 –

• 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. 

• The lack of interference tends to increase the cross section in the high-pT tails, 
and allows to set bounds on several NP operators simultaneously. 

• Different from low-energy decays.
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Cross section enhancements
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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?

Theoretical predictions

48

AG et al, 2104.02723
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• Plethora of topologies:

qi qj

p p

2 > 32 > 2

Drell-Yan versus eg. B-physics,  
D-physics, LFU, LFV, …  
1609.07138, 1704.09015, 
1811.07920, 1809.01161, 
2002.05684, 2003.12421, …

eg. 1704.06659, 
2005.06457, 
2008.07541 …

i

j
k

l
li

j

j

k

It is a vivid field of research…

Previous studies
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• Many improvements; soft b-
jet, angular kinematics, etc.
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↵ |✏↵↵
Vi

|
|✏↵↵

SLL,RR
(µ)| |✏↵↵

TL,R
(µ)|

µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

e 13 (3.9) 15 (4.5) 32 (9.5) 6.5 (2.0) 5.2 (1.6)

µ 7.0 (3.4) 8.1 (3.9) 17 (8.3) 3.5 (1.7) 2.8 (1.4)

⌧ 25 (12) 29 (13) 60 (28) 14 (6.6) 11 (5.2)

Table 6. 95% CL limits on the neutral-current WCs from pp ! e
↵
ē
↵ at the LHC, with i =

LL,RR,LR,RL. We also show in parenthesis the naive projections of the expected limits for the HL-
LHC (3 ab�1), assuming that the error will be statistically dominated.

Figure 4. Exclusion limits at 95% CL on c ! u`
+
`
� transitions in the (✏eeVi

, ✏
µµ
Vi

) plane, where i =
LL,RR,LR,RL. The region outside the red contour is excluded by D meson decays, while the region
outside the blue contour is excluded by high-pT LHC.

chiral enhancement in D ! `
+
`
� compared to the corresponding SM contribution. Furthermore,

the c ! u⌧
+
⌧
� transition is only accessible at high-pT , since the corresponding low-energy decays

are kinematically forbidden. Similar conclusions have been reached in the LFV channels [48].
Namely, the high-pT bounds on the µe channel are stronger than those from low-energy, with
the exception of the scalar operators, while for ⌧e and ⌧µ channels, high-pT tails offer the only
available limits.

Concerning the possible caveats to the high-pT limits, there are two major differences with
respect to the discussion for charge currents in Section 4.3. Firstly, the c ! u`

+
`
� SM amplitude

is extremely suppressed, as mentioned before. Thus, the dimension-8 interference with the SM
is negligible and unable to affect the leading dimension-6 squared contribution, even though the
two are formally of the same order in the EFT expansion. Nonetheless, semileptonic operators
with flavor-diagonal quark couplings which negatively interfere with the SM background can be
used to tune a (partial) cancellation between NP contributions in the tails. Secondly, most UV

– 20 –

c
u

ℓ
ℓ

• Tiny SM decay rates:  
short-distance contribution negligible, efficient 
GIM suppression, long-distance dominated

• Already strong experimental upper limits

• Practically null test of the SM sensitive to New 
Physics

c  u > l+ l- Drell-Yan

• Take NP solely affecting charm

ℒNP ≈
ϵℓℓ

V

15 TeV
(ℓ̄RγμℓR)(ūRγμcR)

• Calculate

BR(D0 → μ+μ−) ≲ 6 × 10−9

BR(D0 → μ+μ−) ∼ 𝒪(10−13)

LHCb

eg. 1909.11108

(*) c  u > tau+ tau- uniquely probed at high-pT50

[Fuentes-Martin, AG, Martin-Camalich, Ruiz-Alvarez] 
JHEP 11 (2020) 080

Example
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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.

51

Recast of the existing searches
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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!

J. Martin Camalich (IAC) Flavored mono-tau searches at the LHC April 16th 2019 12 / 13
Updated by JMC for Portoroz 2019

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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NP in

1811.07920

ν ≠ ντ

ν = ντ

LHC

R(D(*)) anomaly

[AG, Martin-Camalich, Ruiz-Alvarez] 
Phys.Rev.Lett. 122 (2019) no.13, 131803

R(D(*)) anomaly
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MNPTeVGeV

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

53
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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
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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

3
Universidad de La Laguna, Departamento de Astrof́ısica, La Laguna, Tenerife, Spain

4
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
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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

1811.07920
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• Five quark flavors accessible in the incoming proton PDFs

of Eq. (2.5) , is

d�̂

dt
=

G
2
F |Vij |

2
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"
(s+ t)2

�����
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2
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����
2

+
s
2

4

�
|✏
↵�ij
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|
2 + |✏

↵�ij
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|
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

�̂(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

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

Rij ⌘
(Luid̄j + Ldj ūi)⇥ |Vij |

2

(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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pp @ 13 TeV

Rij =
ℒui d

_
j
+ℒd j u_i

ℒu d
_ + ℒd u_

⨯
Vij 2

Vud 2

d u

d c

s u
s c

b c
b u

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
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10-4

10-3

10-2

10-1

100

s [TeV]

Rij

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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• The relative correction to the x-section in the tail

of Eq. (2.5) , is
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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

j
ū
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p
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5The transverse mass distribution (mT ⇡ 2 p`T ) also inherits negligible ✏SL � ✏T interference.
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2

(Lud̄ + Ldū)⇥ |Vud|
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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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5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.
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