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1.96TeV

Bounds on new particles with O(1) couplings to SM generally exceed 1 TeV

[limits taken from ATLAS & CMS exotica & SUSY summary plots]



Light, weakly or feebly coupled particles — WIMPs, sterile neutrinos, dark 
photons, axion-like particles, … — remain viable BSM candidates. Their low 
masses suppress high‑pT signals, limiting detection @ energy frontier.  They 
are in general better explored @ intensity frontier


Thus, I focus on heavy BSM scenarios with O(1) couplings to the SM, often 
motivated by electroweak (EW) naturalness. When SM Higgs doublet is sole 
source of EW symmetry breaking, such BSM models can be described in a 
model-independent way using SM effective field theory (SMEFT)

Landscape of new physics
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Flavor of SMEFT @ dimension-6
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X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

[Buchmüller & Wyler, Nucl. Phys. B 268; Grzadkowski et al., hep-ph/1008.4884; …]



Flavor of SMEFT @ dimension-6
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(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

[Buchmüller & Wyler, Nucl. Phys. B 268; Grzadkowski et al., hep-ph/1008.4884; …]



From high to low scale
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1st example: CP violation @ high energies
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Four CP-violating SMEFT operators of type X2H2 & X3 contribute to diphoton 
decay of Higgs boson & diboson production

W

Z

W
u

d

h

γ

γ
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Anatomy of h→γγ
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CP-violating amplitude does not interfere with SM. X2H2 operators contribute @ tree 
level, while X3 operator is loop suppressed. Leading logarithmic (LL) corrections can 
be computed from 1-loop renormalization group equations (RGEs) 

[see for instance Alonso et al., 1312.2014; Dedes et al., 1805.00302]



1st example: CP violation @ low energies
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Electric dipole moments (EDMs) of SM fermions receive contributions from 
four CP-violating SMEFT operators of type X2H2 & X3 @ loop level 

h

γ

γ

f
f

f
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Anatomy of electron EDM
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X2H2 (X3) operators contribute @ 1 loop (2 loops). LL terms follow from known 1-loop 
SMEFT RGE. Result for de proportional to SM electron Yukawa coupling  

[see for instance Panico, Pomarol & Riembau, 1810.09413]
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How do constraints compare?
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Bounds from de are around 100 times stronger than those from h→γγ



How model-dependent are de limits?

12

If BSM physics strongly suppresses electron Yukawa coupling, electron EDM 
bounds weaken significantly. In SMEFT, this suppression can arise from a single 
Yukawa-like operator. Even though it needs fine-tuning @ sub-permille level, 
phenomenologically perfectly fine, since current data allows |κe| < 270

[see Altmannshofer, Brod & Schmaltz, 1503.04830; ATLAS, 1909.10235 for upper limits on electron Yukawa coupling]
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2nd example: top couplings @ high energies

13

3rd generation SMEFT operators of type ψ2H2D contribute to top production 
process such a single-top or top-pairs in association with a Z boson
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[discussion follows Brod et al., 1408.0792]

2nd example: top couplings @ low energies

In case of up-alignment, left-handed operators induce down-type Z-boson  
FCNCs following an MFV pattern in low-energy effective field theory (LEFT)  
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Top Yukawa coupling mixes left-handed singlet & triplet 3rd generation ψ2H2D 
operators in a non-trivial way @ 1-loop level

RGEs of 3rd generation ψ2H2D operators

[discussion follows Brod et al., 1408.0792; RGEs from Jenkins, Manohar & Trott, 1312.2014]
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Absence of tree-level modifications of djdiZ couplings not RGE invariant 

RGEs of 3rd generation ψ2H2D operators
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How do constraints compare?

17

Indirect constraints from flavor stronger than direct constraints from top data



How do constraints compare?
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Combination of flavor & EW precision observables resolves flat direction



How do constraints compare?
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Combined indirect bound tests scales of 6.4 TeV (12.5 TeV) & 3.7 TeV (4.9 TeV)



How model-dependent are flavor limits?
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Because top Yukawa breaks SM flavor symmetry, SMEFT RGE flow inevitably 
induces flavor violation, even from a flavor-universal BSM model. While direct 
UV flavor-violating contributions can suppress or cancel these effects, they 
must do so simultaneously in Bs, Bd, K, D & top sectors. This generically calls 
for a high degree of tuning of flavor structure of UV model 
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3rd generation four-quark operators can be probed @ tree level only in 4t, 2t2b || 
4b production. Present measurements all have sizeable uncertainties 

3rd example: direct tests of 4-top operators 

[see ATLAS, 2303.15061; CMS, 2303.03864 for latest 4t measurements]
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Bs mixingZ penguin

Peskin-Takeuchi parametersZ decaytop decay

3rd example: indirect tests of 4-top operators 

[see Boughezal et al., 1907.00997; Dawson & Giardino, 2201.09887; UH & Schnell, 2410.13304]



Peskin-Takeuchi parameter T
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Insertions of certain third-generation four-quark SMEFT operators radiatively 
induce custodial SU(2) symmetry breaking proportional to four powers of yt
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[see Allwicher et al., 2302.11584, 2311.00020; Stefanek, 2407.09593; UH & Schnell, 2410.13304]
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Peskin-Takeuchi parameter T

T parameter gets logarithmic corrections from SMEFT RGE flow. LL arise from 
(1-loop)2 mixing, while next-to-leading logarithm requires 2-loop calculation
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[UH, Schnell & Stefanek, unpublished]
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Is this SMEFT bound relevant?
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In flavor-anarchic Randall-Sundrum (RS) model with IR-localized right-handed 
top, KK gluon exchange gives a large tree-level contribution to right-right 4-top 
operator, with left-right (left-left) terms suppressed by factors of 5 (50)
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Is this SMEFT bound relevant?

[see Stefanek, 2407.09593 for discussion in composite Higgs context]
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Figure 16: The observed and expected cross-section 95% CL upper limits on the GKK signal. The theoretical
predictions for the production cross-section times branching ratio of GKK ! tt̄ at the corresponding masses are also
shown.
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(a) 30% width

 [TeV]
KK

gm
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 B
 [p

b]
× 

σ

3−10

2−10

1−10

1

10

210

310
Expected 95% CL upper limit
Observed 95% CL upper limit

σ 1 ±Expected 95% CL upper limit 
σ 2 ±Expected 95% CL upper limit 

=15% cross sectionΓLO KK gluon 

ATLAS -1 = 13 TeV, 36.1 fbs

(b) 15% width

Figure 17: The observed and expected cross-section 95% CL upper limits on the gKK signal for resonance widths of
(a) 30% and (b) 15%. The theoretical predictions for the production cross-section times branching ratio of gKK ! tt̄

at the corresponding masses are also shown.
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3.8 TeV

[ATLAS, 1804.10823] 

Is this SMEFT bound relevant?
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)

Indirect constraint from T parameter better than direct limit from LHC. This 
implies that explicit BSM model exist in which SMEFT bound is relevant 

Is this SMEFT bound relevant?



[top results from Degrande et al., 2402.06528]
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4-top operators: direct vs. indirect probes

Weak direct constraints if only SMEFT-SM interference is considered

2-top data, 95% CL 

4-top data, 95% CL 

SM

dimension-6 only
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4-top operators: direct vs. indirect probes

Flat directions partly resolved if SMEFT2 terms included in 2-top & 4-top fit 

2-top data, 95% CL 

4-top data, 95% CL 

SM

including dimension-8

[top results from Degrande et al., 2402.06528]
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4-top operators: direct vs. indirect probes

Raises questions about robustness of effective field theory (EFT) expansion

2-top data, 95% CL 

4-top data, 95% CL 

SM

including dimension-8

[top results from Degrande et al., 2402.06528]
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4-top operators: direct vs. indirect probes

2-top data, 95% CL 

4-top data, 95% CL 

SM

EW precision observables, 95% CL 

Indirect constraints similar in strength to best direct bounds from 4-top data
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4-top operators: direct vs. indirect probes

2-top data, 95% CL 

4-top data, 95% CL 

SM

EW precision observables, 95% CL 

They arise from dimension-6 terms & virtualities far below UV cut-off, so 
more robust than direct bounds as far as EFT expansion is concerned 
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4th example: top-lepton operators

[see for instance Altmannshofer et al., 2504.18664]
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The terms in the Lagrangian can be categorized as follows:

• The first line contains �F = 0 operators, which preserve flavor. The corresponding

Wilson coe�cients are C
LR
``qq and C

RR
``qq.

• The second and third lines correspond to �F = 1 operators, where flavor changes

occur either in the lepton or quark sector. The corresponding Wilson coe�cients are

C
LR
``tq, C

RR
``tq or C

LR
eµqq, C

RR
eµqq, respectively.

• The fourth and fifth lines represent �F = 2 operators, where flavor transitions occur

in both sectors. Those Wilson coe�cients are C
LR
eµtq, C

RR
eµtq, C

LR
µetq, and C

RR
µetq.

Note that our notation for the Wilson coe�cients follows [10] which slightly di↵ers from the

commonly used SMEFT notation [25, 26].

Using S-matrix analyticity and partial wave unitarity, one can derive sum-rule relations

that constrain the Wilson coe�cients [16]. In particular, under the assumptions detailed

in [16] and mentioned in the introduction, the signs of the �F = 0 Wilson coe�cients are

fixed. If the UV theory that gives rise to (1) is dominated by scalars, then one finds

C
LR
``qq < 0 , C

RR
``qq > 0 . (2)

If the UV is dominated by vectors, then one instead finds

C
LR
``qq > 0 , C

RR
``qq < 0 . (3)

In both cases, one finds that the size of the �F = 1 coe�cients is limited by the size of the

�F = 0 coe�cients [10, 16]
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4th example: top-lepton operators 

Using S-matrix analyticity & partial wave unitarity possible to derive 
sum rules that constrain Wilson coefficients of different ΔF sectors   
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The terms in the Lagrangian can be categorized as follows:

• The first line contains �F = 0 operators, which preserve flavor. The corresponding

Wilson coe�cients are C
LR
``qq and C

RR
``qq.

• The second and third lines correspond to �F = 1 operators, where flavor changes

occur either in the lepton or quark sector. The corresponding Wilson coe�cients are

C
LR
``tq, C

RR
``tq or C

LR
eµqq, C

RR
eµqq, respectively.

• The fourth and fifth lines represent �F = 2 operators, where flavor transitions occur

in both sectors. Those Wilson coe�cients are C
LR
eµtq, C

RR
eµtq, C

LR
µetq, and C

RR
µetq.

Note that our notation for the Wilson coe�cients follows [10] which slightly di↵ers from the

commonly used SMEFT notation [25, 26].

Using S-matrix analyticity and partial wave unitarity, one can derive sum-rule relations

that constrain the Wilson coe�cients [16]. In particular, under the assumptions detailed

in [16] and mentioned in the introduction, the signs of the �F = 0 Wilson coe�cients are

fixed. If the UV theory that gives rise to (1) is dominated by scalars, then one finds

C
LR
``qq < 0 , C

RR
``qq > 0 . (2)

If the UV is dominated by vectors, then one instead finds

C
LR
``qq > 0 , C

RR
``qq < 0 . (3)

In both cases, one finds that the size of the �F = 1 coe�cients is limited by the size of the

�F = 0 coe�cients [10, 16]
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and reads
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The same bound applies whether the UV is dominated by scalars of vectors. Given the

various choices we made throughout the derivation, equation (11) is only a necessary but

not a su�cient condition. In particular, stronger bounds may apply if one considers sets of

Wilson coe�cients that involve all three flavors of quarks and leptons simultaneously and if

the complex phases of the �F = 1 coe�cients are known.

We find that in the absence of �F = 1 coe�cients, CXY
``qq0 = C

XY
``0qq = 0 (which may for

example be the case in certain leptoquark scenarios), a similar calculation gives the stronger

condition
��CXY
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`0`qq0

�� 
q
CXY

``qqC
XY
`0`0q0q0 +

q
CXY

``q0q0C
XY
`0`0qq . (12)

Our goal is to explore the impact of the relations in equations (4), (11), and (12) in view

of the existing experimental information we have on the relevant Wilson coe�cients.

3. EXPERIMENTAL OBSERVABLES

In this section, we collect the most important experimental probes that are sensitive to

the various Wilson coe�cients that enter the sum-rule relations discussed above.

The chart in Figure 1 summarizes the full set of processes we consider and illustrates

the best probes of each class of Wilson coe�cients. Thick arrows indicate the observables

that have the highest sensitivity on each Wilson coe�cient. Dashed arrows indicate loop

level constraints which are less robust than those that arise at tree level (solid lines). The

coe�cients highlighted in red are analyzed in the context of EFT sum rule constraints for

the first time in our paper.

[see for example Remmen & Rodd, 2004.02885, 2010.04723; Altmannshofer et al., 2303.00781, 2504.18664]
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The terms in the Lagrangian can be categorized as follows:

• The first line contains �F = 0 operators, which preserve flavor. The corresponding

Wilson coe�cients are C
LR
``qq and C

RR
``qq.

• The second and third lines correspond to �F = 1 operators, where flavor changes

occur either in the lepton or quark sector. The corresponding Wilson coe�cients are

C
LR
``tq, C

RR
``tq or C

LR
eµqq, C

RR
eµqq, respectively.

• The fourth and fifth lines represent �F = 2 operators, where flavor transitions occur

in both sectors. Those Wilson coe�cients are C
LR
eµtq, C

RR
eµtq, C

LR
µetq, and C

RR
µetq.

Note that our notation for the Wilson coe�cients follows [10] which slightly di↵ers from the

commonly used SMEFT notation [25, 26].

Using S-matrix analyticity and partial wave unitarity, one can derive sum-rule relations

that constrain the Wilson coe�cients [16]. In particular, under the assumptions detailed

in [16] and mentioned in the introduction, the signs of the �F = 0 Wilson coe�cients are

fixed. If the UV theory that gives rise to (1) is dominated by scalars, then one finds

C
LR
``qq < 0 , C

RR
``qq > 0 . (2)

If the UV is dominated by vectors, then one instead finds

C
LR
``qq > 0 , C

RR
``qq < 0 . (3)

In both cases, one finds that the size of the �F = 1 coe�cients is limited by the size of the

�F = 0 coe�cients [10, 16]
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The same bound applies whether the UV is dominated by scalars of vectors. Given the

various choices we made throughout the derivation, equation (11) is only a necessary but

not a su�cient condition. In particular, stronger bounds may apply if one considers sets of

Wilson coe�cients that involve all three flavors of quarks and leptons simultaneously and if

the complex phases of the �F = 1 coe�cients are known.

We find that in the absence of �F = 1 coe�cients, CXY
``qq0 = C

XY
``0qq = 0 (which may for

example be the case in certain leptoquark scenarios), a similar calculation gives the stronger

condition
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Our goal is to explore the impact of the relations in equations (4), (11), and (12) in view

of the existing experimental information we have on the relevant Wilson coe�cients.

3. EXPERIMENTAL OBSERVABLES

In this section, we collect the most important experimental probes that are sensitive to

the various Wilson coe�cients that enter the sum-rule relations discussed above.

The chart in Figure 1 summarizes the full set of processes we consider and illustrates

the best probes of each class of Wilson coe�cients. Thick arrows indicate the observables

that have the highest sensitivity on each Wilson coe�cient. Dashed arrows indicate loop

level constraints which are less robust than those that arise at tree level (solid lines). The

coe�cients highlighted in red are analyzed in the context of EFT sum rule constraints for

the first time in our paper.

[see for example Remmen & Rodd, 2004.02885, 2010.04723; Altmannshofer et al., 2303.00781, 2504.18664]

Bounds make certain assumption about UV theory. In particular, limits only 
hold if Wilson coefficients dominated by either scalar or vector exchange    

4th example: top-lepton operators 
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Top-lepton operators: indirect bounds
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u, d u, d
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γ

Wilson coefficients with eμuu, eμcc & eμtt flavor content strongly bounded. 
E.g., in case of eμtt, μ→e conversion test scales of 100 TeV @ present. Future 

limits are expected to even be better by one or two orders of magnitudes

[see for instance Garosi, Marzocca, Sanchez & Stanzione, 2310.00047]



38

Top-lepton operators: indirect bounds

ΔF = 0 (ΔF = 0, 1) operators affect Z (B) decays @ 1-loop level. LL terms do 
not depend on specific UV realization & can be enhanced by top Yukawa. 
These contributions can be derived from 1-loop beta functions in SMEFT 

μ

μ
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c

b
s

W

e

e

Z

t

t

 [see for example Altmannshofer et al., 2303.00781 for relevant formulas]
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Top-lepton operators: direct bounds
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Rare top decay & single-top production provide relevant direct tree-level 
probes of ΔF = 1 & ΔF = 2 sectors, while top-pair & dilepton production 

most sensitive to ΔF = 0 sector with heavy & light flavor, respectively
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Top-lepton operators: direct vs. indirect tests
25

FIG. 9: Bar charts illustrating the various constraints on the Wilson coe�cients. The

vertical axis shows the new physics scale ⇤ that is probed, switching on a single Wilson

coe�cient at a time with absolute value 1. In cases for which the constraints for Wilson

coe�cient values of +1 and �1 di↵er, we show the stronger of the two. The upper (lower)

plot shows flavor-conserving (flavor-violating) Wilson coe�cients. The constraints on the

C
XY
µetq coe�cients are the same as the ones on the C

XY
eµtq coe�cients and not shown.

equation (11). A detailed study of the impact of complex Wilson coe�cients is left for future

work.

We start our discussion by focusing on lepton flavor-conserving rare top decays in sec-

tion 4.1. This section updates the results presented in [10]. In section 4.2 we cover lepton

flavor-violating rare top decays, which is a novel aspect.

[Altmannshofer et al., 2504.18664]

Top processs, dilepton production, Z & B decays provide complementary probes 



41

Top-lepton operators: direct vs. indirect tests
[Altmannshofer et al., 2504.18664]
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FIG. 11: Expected t ! cµ
+
µ
� branching ratios (dashed blue lines) in the “muon-charm

RR” scenario as function of the Wilson coe�cients CRR
µµtt and C

RR
µµtc. The regions shaded in

blue, red, and purple are excluded at the 95% C.L. by constraints from Z decays, B

decays, and tt̄ production in association with leptons, respectively. The light gray region

shows 95% C.L. limits from single top production at LEP. In the yellow regions of

parameter space, the “sum rule” relations of equation (4) are violated.
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FIG. 12: Expected t ! ce
+
e
� branching ratios (dashed blue lines) in the “electron-charm

LR” scenario as function of the Wilson coe�cients CLR
eett and C

LR
eetc. The regions shaded in

blue, red, and purple are excluded at the 95% C.L. by constraints from Z decays, B

decays, and tt̄ production in association with leptons, respectively. The light gray region

shows 95% C.L. limits from single top production at LEP. In the yellow regions of

parameter space, the “sum rule” relations of equation (4) are violated.

Target regions with rare top decay BRs in ballpark of 10-8 to 10-6 can be identified 



42

BSM rare top decay predictions: example RS

Possible to populate target regions after imposing limits on production of new dofs
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Figure 4: Branching ratio of the rare decays t ! cZ (left) and t ! ch (right) as
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Notice that, compared to the ZMA result in the minimal RS model [24], the mixing matrix
�u contains a additional term involving the zero-mode profile F (�cQi).
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BSM rare top decay predictions: example RS

As only O(4) improvements expected @ HL-LHC, target regions may not be testable 
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5th example: b→c anomalies 

Table 53: Measurements of R(D⇤) and R(D), their correlations and the combined average. The
superscript character is used to distinguish the measurements taken from the same experiment.

Experiment R(D⇤) R(D) ⇢

BABAR [406,407] 0.332 ± 0.024stat ± 0.018syst 0.440 ± 0.058stat ± 0.042syst �0.27
Bellea [408] 0.293 ± 0.038stat ± 0.015syst 0.375 ± 0.064stat ± 0.026syst �0.49
Belleb [409] 0.270 ± 0.035stat

+0.028

�0.025syst

Bellec [410] 0.283 ± 0.018stat ± 0.014syst 0.307 ± 0.037stat ± 0.016syst -0.51
LHCba [412] 0.281 ± 0.018stat ± 0.024syst 0.441 ± 0.060stat ± 0.066syst -0.43
LHCbb [414,415,425] 0.264 ± 0.011stat ± 0.018syst
LHCbc [416] 0.402 ± 0.081stat ± 0.085syst 0.249 ± 0.043stat ± 0.047syst -0.39
Belle II [417] 0.262 +0.041

�0.039stat

+0.028

�0.025syst

Average 0.286 ± 0.012 0.342 ± 0.026 �0.39
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Figure 26: Measurements of R(D) and R(D⇤) listed in Table 53 and their two-dimensional
average. The measurements from the same experiment are identified by the unique superscript
characters as defined in the text and in Table.53. Contours correspond to 68% CL (i.e. ��2 =
2.3). The black point with error bars, is the arithmetic average of the SM prediction for R(D⇤)
and R(D) reported in Table 52. More information is given in the text. An average of these
predictions and the experimental average deviate from each other by about 3.14�.

100

[HFLAV, 2411.18639]

Infamous tension of about 3σ in b→c data hinting @ lepton flavor non-universality 
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Any high-pT implications of RD & RD* puzzle?

Suppression of effective operator suggests that generic explanations 
of RD & RD* anomalies should lead to testable high-pT signatures
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Singlet vector leptoquark model 
One simplified BSM model that can address b→c anomalies & leads to interesting 
LHC signals is singlet vector leptoquark (LQ). Relevant LQ-fermion couplings are: 

[see for instance Cornella, Fuentes-Martin, Faroughy, Isidori & Neubert, 2103.16558]
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Singlet vector leptoquark model 
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RD & RD* anomalies point to ditau production as prime channel for LQ searches
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Ditau searches @ LHC Run 2

Four different analyses, all considering events without & with an extra b-jet

13

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1

10

210

310

410

510 Observed
 + single ttt

Diboson
QCD multijet
W + jets
DY + jets
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

, 0bµe

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10
1

10

210

310

410

510

610
Observed
 + single ttt

QCD multijet
Diboson
DY + jets
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

1b≥, µe

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1
10

210

310

410

510 Observed
hτ →j 

 + single ttt
DY + jets
Diboson
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

, 0bhτµ+hτe

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1
10

210

310

410

510 Observed
 + single ttt

hτ →j 
DY + jets
Diboson
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

1b≥, hτµ+hτe

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1

10

210

310

410 Observed
hτ →j 

DY + jets
 + single ttt

Diboson
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

, 0bhτhτ

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1

10

210

310

410
Observed

hτ →j 
 + single ttt

DY + jets
Other
Bkg. unc.

=1κ=1, β=2.5, λLQ, 2000 GeV, 
 fb22−

+25 = 48fitσVector, 

 (13 TeV)1−138 fb

CMS

1b≥, hτhτ

 [GeV]MET
TS

500 1000 1500 2000 2500

O
bs

. /
 B

kg
.

0.5

1

1.5

Figure 3: Postfit distributions of S
MET
T for the combined 2016–2018 data set after a simultaneous

fit of the background and vector LQ signal to the data. The last bin includes the overflow. The
eµ (top), `th (center), and thth (bottom) channels in the 0b (left) and �1b (right) categories
are shown. The fitted signal distribution for the total vector LQ signal (red line) with a mass
of 2000 GeV, l = 2.5, and k = 1 is overlaid. In each distribution, the lower panel shows the
ratio of the data (black markers) or the sum of the postfit signal and background (red line) to the
postfit background. The hatched band indicates the total postfit uncertainty in the background.
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Figure 1: The mtot
T for the b-veto (left) and b-tag (right) categories of the ⌧lep⌧had channel (top) and ⌧had⌧had channel

(bottom). The binning displayed is that entering into the fit. The predictions and uncertainties for the background
processes are obtained from the fit assuming the background-only hypothesis. Expectations from signal processes
are superimposed. Overflows are included in the last bin of the distributions.
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Ditau searches @ LHC Run 2

ATLAS data agrees with background but CMS sees a local excess of about 3σ 
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Figure 3: Postfit distributions of S
MET
T for the combined 2016–2018 data set after a simultaneous

fit of the background and vector LQ signal to the data. The last bin includes the overflow. The
eµ (top), `th (center), and thth (bottom) channels in the 0b (left) and �1b (right) categories
are shown. The fitted signal distribution for the total vector LQ signal (red line) with a mass
of 2000 GeV, l = 2.5, and k = 1 is overlaid. In each distribution, the lower panel shows the
ratio of the data (black markers) or the sum of the postfit signal and background (red line) to the
postfit background. The hatched band indicates the total postfit uncertainty in the background.
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Figure 1: The mtot
T for the b-veto (left) and b-tag (right) categories of the ⌧lep⌧had channel (top) and ⌧had⌧had channel

(bottom). The binning displayed is that entering into the fit. The predictions and uncertainties for the background
processes are obtained from the fit assuming the background-only hypothesis. Expectations from signal processes
are superimposed. Overflows are included in the last bin of the distributions.
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Singlet vector LQ searches @ LHC Run 2

[combination of singlet vector LQ limits from CMS, 2308.07826]
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Singlet vector LQ searches @ LHC Run 2

[combination of singlet vector LQ limits from CMS, 2308.07826]
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Singlet vector LQ searches @ LHC Run 2

[combination of singlet vector LQ limits from CMS, 2308.07826]
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Singlet vector LQ searches @ LHC Run 2

LHC Run 2 data starts cutting into parameter space preferred by b→c anomalies 
[combination of singlet vector LQ limits from CMS, 2308.07826]
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Singlet vector LQ searches @ HL-LHC

All singlet vector LQ explanations of RD & RD* anomalies testable @ HL-LHC
[UH & Polesello, 2012.11474; Cornella, Fuentes-Martin, Faroughy, Isidori & Neubert, 2103.16558]
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Beyond simplified LQ models

UV-complete LQ models typically contain new dofs such as a heavy gluon G′, 
a Z′, vector-like leptons L & additional Higgses. New states cannot be arbitrarily 
heavy in realizations that address b→c anomalies

[Di Luzio et al., 1708.08450, 1808.00942; Bordone et al., 1712.01368; Greljo & Stefanek, 1802.04274; …]
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VLLs in gauged vector LQ models

Figure 4.3: Upper left: 1� and 2� regions in the (�RD⇤ , �(�mBs)) plane preferred by the low-energy
fit, with ⇤bs = 1TeV. Upper right: �(�mBs) as a function of �RD⇤ in the UV complete model for
di↵erent values of ML, fixing MU = 4 and �s⌧

L = 0.15. Lower plots: Preferred 1� and 2� regions for
�(�mBs) as a function of the vector-like lepton mass for MU = 4TeV. As in the other plots, orange
and purple correspond to the benchmarks �b⌧

R = 0 and �b⌧
R = �1.
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[Cornella et al., 2103.16558]

preferred

Curbing contributions to Bs mixing requires VLLs with masses not far from 1 TeV




VLL production in context of gauged vector LQ models addressing b→c 
anomalies expected to lead to high-multiplicity final states with τ, b, t & ET,miss
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VLLs in gauged vector LQ models

[see for instance Di Luzio et al., 1808.0094; Cornella, Fuentes-Martin, Faroughy, Isidori & Neubert, 2103.16558]
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LHC Run 2 searches start to become sensitive to interesting VLL mass range
[see also CMS, 2208.09700]

VLLs searches triggered by B anomalies
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Figure 12: Observed (solid line with markers) and expected (dashed line) 95% CL upper limits on the VLL pair
production cross-section (fVLL) times branching ratio (⌫') to third generation quarks and leptons as a function of
<VLL. The limits presented in black lines are obtained after combining all five signal regions. The inner green (outer
yellow) band corresponds to the ±1f (±2f) uncertainty around the combined expected limit. The 95% CL expected
upper limits in the three individual channels (1ghad �31 MST, 1ghad �31 BJET and �2ghad �31 MSDT) are shown
for comparison. The solid red line represents the theory prediction of the VLL pair production cross-section at NLO
in QCD.

with the largest impact on the signal strength originates from the background MC statistical uncertainty
as well as from the CC̄ + jets background modelling. In general, good agreement between the data and
predicted background yields is found across all event categories. The observed ?0 is checked for each
explored signal scenario, and the smallest value is found to be 0.13, corresponding to a local significance
of 1.1f, for the 400 GeV signal point.

In the absence of any significant excess, upper limits on the signal production cross-section for each of
the signal scenarios considered are derived by using @` in the CLs method [142, 143]. For a given signal
scenario, values of the production cross-section (parameterised by `) yielding CLs < 0.05, where CLs is
computed using the asymptotic approximation [141], are excluded at �95% confidence level (CL).

Figure 12 shows the 95% CL upper limits on the VLL pair production cross-section times branching
ratio as a function of <VLL. The observed and expected 95% CL lower limits on <VLL are 910 GeV and
970 GeV, respectively. When accounting for systematic uncertainties, the cross-section limits degrade by
only 8% for VLL masses around 1 TeV, and they degrade by 25% � �70% for VLL masses below 0.6 TeV.
The upper limits on the VLL production cross-section, calculated using pseudo-experiments for the CLs
method, are consistent with the presented results within 5% in the most sensitive regions. However, for
<VLL below 600 GeV or above 1100 GeV, the limits derived from pseudo-experiments are up to 20%
higher due to low background yields in the most sensitive bins.

This analysis, the first search from the ATLAS Collaboration for VLLs decaying through *1 to third
generation SM fermions, excludes the 600 GeV VLL mass, which is a representative point within the mass
range where the CMS Collaboration reports an excess, including a 2.8f excess at this specific mass [43].
The observed ?0 in the analysis presented here for the same representative signal mass point is 0.18,

30

[ATLAS, 2503.22581]

910 GeV
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HL-LHC may boost limit to 1.3 TeV or higher with experimental improvements
[see also CMS, 2208.09700]

VLLs searches triggered by B anomalies
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yellow) band corresponds to the ±1f (±2f) uncertainty around the combined expected limit. The 95% CL expected
upper limits in the three individual channels (1ghad �31 MST, 1ghad �31 BJET and �2ghad �31 MSDT) are shown
for comparison. The solid red line represents the theory prediction of the VLL pair production cross-section at NLO
in QCD.

with the largest impact on the signal strength originates from the background MC statistical uncertainty
as well as from the CC̄ + jets background modelling. In general, good agreement between the data and
predicted background yields is found across all event categories. The observed ?0 is checked for each
explored signal scenario, and the smallest value is found to be 0.13, corresponding to a local significance
of 1.1f, for the 400 GeV signal point.

In the absence of any significant excess, upper limits on the signal production cross-section for each of
the signal scenarios considered are derived by using @` in the CLs method [142, 143]. For a given signal
scenario, values of the production cross-section (parameterised by `) yielding CLs < 0.05, where CLs is
computed using the asymptotic approximation [141], are excluded at �95% confidence level (CL).

Figure 12 shows the 95% CL upper limits on the VLL pair production cross-section times branching
ratio as a function of <VLL. The observed and expected 95% CL lower limits on <VLL are 910 GeV and
970 GeV, respectively. When accounting for systematic uncertainties, the cross-section limits degrade by
only 8% for VLL masses around 1 TeV, and they degrade by 25% � �70% for VLL masses below 0.6 TeV.
The upper limits on the VLL production cross-section, calculated using pseudo-experiments for the CLs
method, are consistent with the presented results within 5% in the most sensitive regions. However, for
<VLL below 600 GeV or above 1100 GeV, the limits derived from pseudo-experiments are up to 20%
higher due to low background yields in the most sensitive bins.

This analysis, the first search from the ATLAS Collaboration for VLLs decaying through *1 to third
generation SM fermions, excludes the 600 GeV VLL mass, which is a representative point within the mass
range where the CMS Collaboration reports an excess, including a 2.8f excess at this specific mass [43].
The observed ?0 in the analysis presented here for the same representative signal mass point is 0.18,
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VLL mass range motivated by RD & RD* anomalies should be testable @ HL-LHC
[see also CMS, 2208.09700]

VLLs searches triggered by B anomalies
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Figure 12: Observed (solid line with markers) and expected (dashed line) 95% CL upper limits on the VLL pair
production cross-section (fVLL) times branching ratio (⌫') to third generation quarks and leptons as a function of
<VLL. The limits presented in black lines are obtained after combining all five signal regions. The inner green (outer
yellow) band corresponds to the ±1f (±2f) uncertainty around the combined expected limit. The 95% CL expected
upper limits in the three individual channels (1ghad �31 MST, 1ghad �31 BJET and �2ghad �31 MSDT) are shown
for comparison. The solid red line represents the theory prediction of the VLL pair production cross-section at NLO
in QCD.

with the largest impact on the signal strength originates from the background MC statistical uncertainty
as well as from the CC̄ + jets background modelling. In general, good agreement between the data and
predicted background yields is found across all event categories. The observed ?0 is checked for each
explored signal scenario, and the smallest value is found to be 0.13, corresponding to a local significance
of 1.1f, for the 400 GeV signal point.

In the absence of any significant excess, upper limits on the signal production cross-section for each of
the signal scenarios considered are derived by using @` in the CLs method [142, 143]. For a given signal
scenario, values of the production cross-section (parameterised by `) yielding CLs < 0.05, where CLs is
computed using the asymptotic approximation [141], are excluded at �95% confidence level (CL).

Figure 12 shows the 95% CL upper limits on the VLL pair production cross-section times branching
ratio as a function of <VLL. The observed and expected 95% CL lower limits on <VLL are 910 GeV and
970 GeV, respectively. When accounting for systematic uncertainties, the cross-section limits degrade by
only 8% for VLL masses around 1 TeV, and they degrade by 25% � �70% for VLL masses below 0.6 TeV.
The upper limits on the VLL production cross-section, calculated using pseudo-experiments for the CLs
method, are consistent with the presented results within 5% in the most sensitive regions. However, for
<VLL below 600 GeV or above 1100 GeV, the limits derived from pseudo-experiments are up to 20%
higher due to low background yields in the most sensitive bins.

This analysis, the first search from the ATLAS Collaboration for VLLs decaying through *1 to third
generation SM fermions, excludes the 600 GeV VLL mass, which is a representative point within the mass
range where the CMS Collaboration reports an excess, including a 2.8f excess at this specific mass [43].
The observed ?0 in the analysis presented here for the same representative signal mass point is 0.18,
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Summary & outlook

62

• EDM measurements provide model-independent probes of CP-violating effects @ 
energy scales far beyond LHC reach. Satisfying low-energy constraints requires a 
mechanism that suppresses all light fermion Yukawa couplings 


• Top Yukawa breaks accidental SM symmetries, causing a flavor-trivial, custodial 
SU(2)-invariant UV theory to flow to one with flavor & SU(2) breaking. This leads 
to correlations between top physics & EWPOs, flavor physics, offering powerful & 
complementary indirect probes of 3rd generation quark operators 


• BSM scenarios proposed to explain b→c anomalies in many cases predict high-
multiplicity final states with τ, b, t & ET,miss. HL-LHC offers excellent potential to 
probe a wide range of these models & corresponding new dofs 



Backup
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For down-alignment, RGE generates flavor off-diagonal Wilson coefficients 

RGEs of 3rd generation ψ2H2D operators
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How model-dependent is ρ parameter limit?

65

If UV-complete BSM model breaks custodial SU(2) symmetry, e.g. in Higgs 
sector, ρ parameter typically receives a tree-level contribution. This direct 
contribution must cancel unavoidable 1-loop RGE effect in SMEFT driven by 
top Yukawa coupling, requiring a tuning @ level of O(10%)
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Singlet vector LQ searches @ LHC Run 2

LHC Run 2 data starts probing parameter space preferred by RD & RD* anomalies 

Figure 10: Comparison of central values and confidence intervals on 2gW from this measurement and measurements
probing the g-lepton anomalous magnetic moment [142–144].
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Figure 11: Coupling limits as a function of mass of a vector leptoquark coupling to a g-lepton and a 1 quark. Shown
are the observed (solid line) and expected limits (dashed line), along with the expected 68% (inner green band) and
95% (outer yellow band) confidence intervals, and the region preferred by measurements of ⌫-hadron decays (shaded).
Leptoquarks (a) coupling exclusively to left-handed fermions and (b) coupling to left-handed and right-handed
fermions with equal magnitude and opposite sign are shown.

obtains a local significance between 3.4 and 3.7 standard deviations for the scalar and vector leptoquark
models, using a benchmark leptoquark mass of 2 TeV and coupling equal to 2.5. This analysis excludes
these benchmark parameter values for scalar and vector leptoquark models.
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Non-zero lepton PDFs allow for resonant LQ production in hadron colliders
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

In Fig. 2 the distributions of the invariant mass mej of the
electron and the leading jet are displayed for the SM back-
grounds, and for a benchmark minimal scalar LQ with mass
M = 3 TeV and �eu = 1, after applying the event selection
described above. An integrated luminosity of 100 fb�1 under
LHC Run II conditions is assumed. Our benchmark LQ has
a width of � ' 60 GeV. One observes that the sum of the
SM backgrounds is a steeply falling distribution, while the
LQ signal exhibits a narrow peak as indicated by the black
line. The tt̄, and s- and t-channel single top backgrounds
are not shown, since they are very small.

Systematic uncertainties are treated as follows in our
analysis. The scale (PDF) uncertainties a↵ecting the dom-
inant W� + j background have been determined with
MadGraph5 aMCNLO. They amount to 4.6% (1.2%), 12%
(4.2%) and 41% (57%) for m`j values of 1 TeV, 3 TeV and
5 TeV, respectively. No systematic uncertainty is applied
to the signal predictions.6 The individual sources of uncer-
tainty are added in quadrature which results in total sys-
tematic background uncertainties of 4.7%, 13% and 70%
for m`j values of 1 TeV, 3TeV and 5TeV, respectively.

LHC constraints. The resonance line shape of the
LQ signal is modelled by a relativistic Breit-Wigner that
is fitted to the distribution of events after showering, re-
construction and cuts. In this way the broadening of the

6
We have checked that the scale (PDF) uncertainties of the signal

amount to less than 10% (3%) for LQ masses in the range of 1TeV

to 5TeV. These uncertainties would hence a↵ect the limits on the

couplings �`q at the few percent level only.

peak by PDF, parton shower and non-perturbative e↵ects
is described. We find that compared to (2) the peak is
broadened by the latter e↵ects by a factor of 6.0, 3.1 and
2.2 for a LQ mass of 1 TeV, 3TeV and 5TeV, respectively.

The statistical significance of any localised excess in the
m`j distribution is quantified using a sliding window ap-
proach after binning the background and signal predictions.
The bin size is thereby taken to be equal to the m`j res-
olution.This resolution is estimated by combining the in-
formation on the dilepton and dijet mass resolutions given
in [41, 54] and [55, 56], respectively. Using a simple error
propagation, we find that in the electron case the experi-
mental mass resolution amounts to 2.3%, 1.7% and 1.6%
at 1TeV, 3 TeV and 5 TeV, respectively. In the muon case
the corresponding numbers are 6.7%, 12% and 17%. The
width of the search window is then varied from a minimum
of twice the m`j resolution up to 2 TeV, and the optimal
width is determined for each signal hypothesis such that
the LQ signal deviates most significantly from the smooth
background distribution. The significance is calculated as
a Poisson ratio of likelihoods modified to incorporate sys-
tematic uncertainties on the background using the Asimov
approximation [57].

Figs. 3 and 4 display the most relevant 95% confidence
level (CL) limits on the magnitude of the couplings �`q as
a function of the mass M for minimal scalar LQs. All pos-
sible flavour combinations involving an electron or a muon
and an up (u), a down (d), a strange (s) or a charm (c)
quark are considered. The bounds that derive from our
novel search strategy for resonant single LQ production
are displayed as red (LHC Run II constraints) and or-
ange (projections) shaded regions. The dashed-dotted red,
solid red and dashed orange lines assume an integrated
luminosity of 36 fb�1, 139 fb�1 and 300 fb�1 for pp colli-
sions at

p
s = 13 TeV, respectively, while the dotted or-

ange lines assume 3 ab�1 of
p

s = 14 TeV data. The
most stringent limits on the mass of minimal first- [9]
and second-generation [7] scalar LQs, obtained from pair-
production (PP) searches, are indicated as black lines.
These limits are based on 36 fb�1 of LHC Run II data and
correspond to M > 1435 GeV and M > 1530 GeV for first-
and second-generation LQs, respectively. Notice that PP
via t-channel exchange of a lepton has not been considered
in the CMS analyses. As shown in [18] this simplification
has, however, a minor impact for |�`q| . 1. Following [18]
we include the lepton exchange contribution and indicate
the PP bounds by dotted black lines for |�`q| > 1. The
green lines correspond to the Drell-Yan (DY) bounds de-
rived in [18] from the CMS results [58], while the yellow
lines depict the single production (SP) projections [18] of the
CMS LHC Run I search [59]. Both sets of bounds assume
36 fb�1 of pp collisions at

p
s = 13 TeV. The couplings �eq

with q = u, d are also subject to the constraints arising from
atomic parity violation, and from parity-violating electron
scattering experiments that measure the weak charge (QW )
of protons and nuclei. The relevant 95% CL bound reads
|�eq| < 0.17M/TeV [18] and is shown in the upper two pan-
els of Fig. 3 as a dashed blue line. As is evident from these
panels, in the case of �eu (�ed) the hypothetical 139 fb�1

bounds obtained from s-channel single LQ production are
more stringent than the constraints from QW measurements
for M . 3.2 TeV (M . 2.1 TeV). At the end of the HL-
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Figure 4: Upper limit at 95% CL on the coupling strength l of a scalar LQ to b quarks and t
leptons (left), and to light-flavor quarks and t leptons (right). Regions above the hatched lines
correspond to the expected exclusions.
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fraction is expected, and even larger suppressions are expected for any first-generation fermion.
For this analysis, we have considered only the dominant decays, i.e. decays to third-generation
fermions.

The analysis selection is driven by the flavour content of the VLL decay products. Given the
expectation of two third-generation quarks in every VLL decay, we search for pairs of VLLs by
selecting events with a high b jet multiplicity. These events are further categorized by the num-
ber of t leptons. For each t multiplicity, dedicated selections are made to divide the category
into a signal-enriched “signal region” (SR) and one or multiple background-enriched “control
regions” (CRs). Table 1 shows the t multiplicity categories and the decay modes of the differ-
ent VLL pairs that contribute to each category. While topologies with electrons or muons in the
final state (coming from top quark or tau decays) are possible, we focus only on all-hadronic
final states in this analysis.

Table 1: Illustrative contributions from different VLL production and decay modes to the 0-t ,
1-t , and 2-t signal regions. The decay products in parentheses represent the objects coming
from the intermediate vector leptoquark, U, in the decay. In the table, no distinction is made
between particles and antiparticles, the multiplicities of each decay mode are not shown, and
the impacts of object misidentification are not considered. The charged and neutral VLLs are
represented by E and N; j represents any quark other than t or b.

Tau VLL production Final
multiplicity + decay mode state

0 t
EE ! b(tnt )b(tnt ) 4b + 4j + 2nt

EN ! b(tnt )t(tnt ) 4b + 6j + 2nt

NN ! t(tnt )t(tnt ) 4b + 8j + 2nt

1 t

EE ! b(bt)b(tnt ) 4b + 2j + t + nt

EN ! b(tnt )t(bt) 4b + 4j + t + nt

EN ! b(bt)t(tnt ) 4b + 4j + t + nt

NN ! t(bt)t(tnt ) 4b + 6j + t + nt

2 t
EE ! b(bt)b(bt) 4b + 2t
EN ! b(bt)t(bt) 4b + 2j + 2t
NN ! t(bt)t(bt) 4b + 4j + 2t

A maximum likelihood fit is performed simultaneously across all t multiplicity categories,
including both SRs and CRs, to determine the signal strength for each VLL mass hypothesis.
Within each region, differential distributions are used as input to the fit. The distributions are
chosen to provide additional separation between the signal and backgrounds. In the fit, the
data are also separated by the year in which it was collected (either 2017 or 2018), to ensure a
good description of the data-taking and detector conditions in each case.

Machine learning techniques are used to build two deep neural network (DNN) classifiers [25–
27] to separate signal events from background events. One of the classifiers, DNNQCD, is
trained to distinguish signal from quantum chromodynamic (QCD) multijet events and is used
to define the signal region in the 0-th category. The other DNN, DNNtt , is trained to discrimi-
nate between signal and tt events and its output distribution is used in the fit for the 1-th and
2-th categories.

Tabulated results for this analysis are provided in HEPData [28].
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Figure 4: Expected and observed 95% CL upper limits on the product of the VLL pair produc-
tion cross section and the branching fraction to third generation quarks and leptons, combining
the 2017 and 2018 data and all th multiplicity channels. The theoretical prediction in the 4321
model for electroweak production of VLLs is also shown.

CMS performed first dedicated search for VLLs in gauged vector LQ model, 
exploring final states with at least three b-jets & two 3rd-generation leptons 
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fraction is expected, and even larger suppressions are expected for any first-generation fermion.
For this analysis, we have considered only the dominant decays, i.e. decays to third-generation
fermions.

The analysis selection is driven by the flavour content of the VLL decay products. Given the
expectation of two third-generation quarks in every VLL decay, we search for pairs of VLLs by
selecting events with a high b jet multiplicity. These events are further categorized by the num-
ber of t leptons. For each t multiplicity, dedicated selections are made to divide the category
into a signal-enriched “signal region” (SR) and one or multiple background-enriched “control
regions” (CRs). Table 1 shows the t multiplicity categories and the decay modes of the differ-
ent VLL pairs that contribute to each category. While topologies with electrons or muons in the
final state (coming from top quark or tau decays) are possible, we focus only on all-hadronic
final states in this analysis.

Table 1: Illustrative contributions from different VLL production and decay modes to the 0-t ,
1-t , and 2-t signal regions. The decay products in parentheses represent the objects coming
from the intermediate vector leptoquark, U, in the decay. In the table, no distinction is made
between particles and antiparticles, the multiplicities of each decay mode are not shown, and
the impacts of object misidentification are not considered. The charged and neutral VLLs are
represented by E and N; j represents any quark other than t or b.

Tau VLL production Final
multiplicity + decay mode state

0 t
EE ! b(tnt )b(tnt ) 4b + 4j + 2nt

EN ! b(tnt )t(tnt ) 4b + 6j + 2nt

NN ! t(tnt )t(tnt ) 4b + 8j + 2nt

1 t

EE ! b(bt)b(tnt ) 4b + 2j + t + nt

EN ! b(tnt )t(bt) 4b + 4j + t + nt

EN ! b(bt)t(tnt ) 4b + 4j + t + nt

NN ! t(bt)t(tnt ) 4b + 6j + t + nt

2 t
EE ! b(bt)b(bt) 4b + 2t
EN ! b(bt)t(bt) 4b + 2j + 2t
NN ! t(bt)t(bt) 4b + 4j + 2t

A maximum likelihood fit is performed simultaneously across all t multiplicity categories,
including both SRs and CRs, to determine the signal strength for each VLL mass hypothesis.
Within each region, differential distributions are used as input to the fit. The distributions are
chosen to provide additional separation between the signal and backgrounds. In the fit, the
data are also separated by the year in which it was collected (either 2017 or 2018), to ensure a
good description of the data-taking and detector conditions in each case.

Machine learning techniques are used to build two deep neural network (DNN) classifiers [25–
27] to separate signal events from background events. One of the classifiers, DNNQCD, is
trained to distinguish signal from quantum chromodynamic (QCD) multijet events and is used
to define the signal region in the 0-th category. The other DNN, DNNtt , is trained to discrimi-
nate between signal and tt events and its output distribution is used in the fit for the 1-th and
2-th categories.

Tabulated results for this analysis are provided in HEPData [28].
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Figure 4: Expected and observed 95% CL upper limits on the product of the VLL pair produc-
tion cross section and the branching fraction to third generation quarks and leptons, combining
the 2017 and 2018 data and all th multiplicity channels. The theoretical prediction in the 4321
model for electroweak production of VLLs is also shown.

Expected limit on VLL mass of 650 GeV but 2.8σ excess observed for mass 
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Figure 9. As Figure 6 but comparing a LQ and a Z
0 signal hypothesis. The black curves

correspond to the SM expectations of the DY background provided by CMS in the publication [54].
The red curves represent the LQ NLO predictions assuming g4 = 1, MU = 2TeV and MG0 = 2TeV,
while the blue histograms illustrate the LO Z

0 predictions for g
0
Z = 1 and MZ0 = 2TeV. Further

details such as the choice of the flavour-dependent Z
0-boson couplings ⇣

ij
 can be found in the

main text.

can be found at the beginning of Section 5. The red curves are the LQ NLO predic-
tions obtained using our POWHEG-BOX code and they employ the parameter choices g4 = 1,
MU = 2TeV and MG0 = 2TeV. The Z 0 predictions have instead been obtained at LO using
MadGraph5_aMCNLO together with the implementation of (C.1) provided in the article [62].
Our Z 0-boson event samples correspond to g

0
Z = 1, ⇣33 = 1 and MZ0 = 2TeV, while setting

all remaining flavour-dependent couplings ⇣
ij
 to zero. From both panels one observes that

the m
tot
T spectra of the Z

0 signal are on average harder than the distributions resulting
from LQ exchange. This is expected because the Z

0 signal arises from s-channel exchange,
while the LQ contributions are dominantly associated to t-channel scattering. It is also
evident from the two plots that a simple cut-and-count analysis based on the observable
m

tot
T will only have limited power to distinguish between a LQ and a Z

0 hypothesis. Multi-
variate discriminants that incorporate the event kinematics of the selected ditau events in
both the no b -tag and the b -tag category are likely to enhance the sensitivity to different
realisations of the 4321 model. A dedicated analysis of this issue is however clearly beyond
the scope of this appendix.
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Z′ exchange in s-channel leads to harder signal than t-channel LQ exchange
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correspond to the SM expectations of the DY background provided by CMS in the publication [54].
The red curves represent the LQ NLO predictions assuming g4 = 1, MU = 2TeV and MG0 = 2TeV,
while the blue histograms illustrate the LO Z

0 predictions for g
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Z = 1 and MZ0 = 2TeV. Further

details such as the choice of the flavour-dependent Z
0-boson couplings ⇣
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 can be found in the

main text.

can be found at the beginning of Section 5. The red curves are the LQ NLO predic-
tions obtained using our POWHEG-BOX code and they employ the parameter choices g4 = 1,
MU = 2TeV and MG0 = 2TeV. The Z 0 predictions have instead been obtained at LO using
MadGraph5_aMCNLO together with the implementation of (C.1) provided in the article [62].
Our Z 0-boson event samples correspond to g

0
Z = 1, ⇣33 = 1 and MZ0 = 2TeV, while setting

all remaining flavour-dependent couplings ⇣
ij
 to zero. From both panels one observes that

the m
tot
T spectra of the Z

0 signal are on average harder than the distributions resulting
from LQ exchange. This is expected because the Z

0 signal arises from s-channel exchange,
while the LQ contributions are dominantly associated to t-channel scattering. It is also
evident from the two plots that a simple cut-and-count analysis based on the observable
m

tot
T will only have limited power to distinguish between a LQ and a Z

0 hypothesis. Multi-
variate discriminants that incorporate the event kinematics of the selected ditau events in
both the no b -tag and the b -tag category are likely to enhance the sensitivity to different
realisations of the 4321 model. A dedicated analysis of this issue is however clearly beyond
the scope of this appendix.
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