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flavor universality 

@ top – systems



multi-leptons signals – a window to NP
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- Rich & clean signals in the hadronic environment of the LHC

- Excellent test ground for NP (e.g., in pp → ttV, ttH, tV, tttt …): 
- Sensitive to many types of underlying NP 

(lepton-flavor violation, lepton universality violation, 
lepton-number violation - same sign leptons, CP violation …)

- easy to construct observables with charged leptons

- High-E/pT (TeV energies …) leptons still relatively unexplored

- Allows flavor-blind searches of flavor-changing underlying NP

- Correlated multi-lepton channels due to common underlying NP !  



Technion, HEP seminar 

multi-leptons signals – a window to NP

Shaouly Bar-Shalom  3“High pT correlated tests of lepton universality in lepton(s) + jet(s) processes; An EFT analysis”,
PLB(2020), 135908,  arxiv: 2005.06457, Afik, SBS, Cohen, Soni, Wudka

- Example: multi-leptons + top-quarks signals

- Source: SU(2) triplet 4-Fermi involving 3rd gen quarks and muons

- Use correlations to gain sensitivity to NP
- i.e., amonng no-lepton, mono-lepton & di-lepton signals of single-top production  

……



Some hints for NP in multi-lepton – top-quark systems ? 
with typical scale of NP around the TeV …
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B-anomalies

Required scale:  
L~ O(1) TeV ! 

Kamenik,Soreq,Zupan PRD2018 (1704.06005); 
Camargo-Molina,Celis,Faroughy PLB2018 (1805.04917); 
Ciuchini,Coutinho,Fedele,Franco,Paul,Silvestrini,Valli, 
EPJC2019 (1903.09632)

Z’ ?

New heavy states around the TeV-scale
generate top-leptons 4-Fermi
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muon g-2 anomaly
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e.g., a tensor ttll 4-Fermi term 
with L ~ few TeV



Our EFT parameterization for NP in top/bottom systems:
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(3), which are mediated by the tū`
+
`
� 4-Fermi operators in Table I.

TABLE I: The dimension six operators in the SMEFT, which potentially involve FC (t ! u) interactions between
top-quarks and leptons and may, therefore, be a source for lepton non-universal effects (see also text). The

subscripts p, r, s, t are flavor indices.
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FIG. 2: Representative Feynman diagrams for the lowest order single top-quark + di-lepton production channels with
no light jets pp ! t`

+
`
� (left) and with one light jet pp ! t`

+
`
� + j (middle and right) at the LHC, via the tū`

+
`
�

4-Fermi interaction (marked by a heavy dot).

We will henceforward adopt the parameterization used in [93] for the effective Lagrangian of the FC tū`
+
`
�

contact interactions (a similar parameterization for the tt̄`
+
`
� interactions has been used in [94, 95] for the study of

e
+
e
�
! tt̄), which was also used by the DELPHI [96] and L3 [97] collaborations at LEP2 to set bounds on the tcee

contact interactions resulting from the 4-Fermi operators of Table I (see also discussion below):
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where PL,R = (1 ⌥ �5)/2 and u represents a 1st or 2nd generation up-quark. In terms of the coefficients of the
effective operators in Table I, the vector-like (V `

ij), scalar-like (S`
ij) and tensor-like (T `

ij) couplings are given by (we
henceforward drop the superscript `):

VLL = ↵
(1)
`q � ↵

(3)
`q , VLR = ↵`u , VRR = ↵eu , VRL = ↵qe ,

SRR = �↵
(1)
`equ , SLL = SLR = SRL = 0 ,

TRR = �↵
(3)
`equ , TLL = TLR = TRL = 0 . (7)

These 4-Fermi interactions can be generated through tree-level exchanges of heavy vectors and scalars in the
underlying heavy theory (or their Fierz transforms). Note that no LL tensor or LL, LR and RL scalar terms are
generated at dimension 6; they can, however, be generated by dimension 8 operators and thus have coefficients
suppressed by ⇠ (v2/⇤4), where v = 246 GeV is the Higgs vacuum expectation value.

ScalarVector Tensor

can be generated through tree-level exchanges of heavy vectors & scalars 
(or their Fierz transforms).  

Typical bounds on such 4-Fermi interactions with 1st & 2nd gen quarks are 
L > O(10 TeV) – recent di-lepton searches give L > 20-30 TeV

Dictionary:



Matching – SMEFT (e.g., top-quark 4-Fermi):
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Our (t``)0 zero-jets single-top + di-lepton channel has, therefore, no significant, irreducible SM tree-level contribu-
tion: the process requires a FC t ! u insertion, and the leading order SM diagrams for this process are 1-loop and are
GIM suppressed. The combination of these effects renders the corresponding amplitude unobservably small within the
SM. On the other hand, the (t``)1 channel pp ! t`

+
`
�
j does have potentially significant SM contributions [78–82],

which is dominated by the EW associated production of a single-top with a Z-boson and an accompanying light-jet,
i.e., via ub ! tZj in the five-flavor scheme, followed by the decay Z ! `

+
`
� as shown in the left diagram of Fig. 1.

There is also a non-resonant contribution to (t``)1 (also depicted in Fig. 1) which is, however, sub-leading in the
SM, consisting of no more than ⇠ 15% of the total cross-section [79]. The process (t``)1 has been measured by
both ATLAS [83, 84] and CMS [85, 86] collaborations, who focused on the on-Z peak events, using a selection of
|m`+`� �mZ | < 10 GeV for the signal region. The total (full phase-space) cross-section was obtained by an extrapo-
lation using the efficiency and acceptance factors calculated for the SM kinematics. In a very recent search by CMS
[87], the effects of 4-Fermi tt̄`+`� operators (rather than the FC tui`

+
`
� operators relevant to our study) on the

(t``)1 process and other top(s) + di-lepton signals were studied (e.g., in pp ! tt̄`
+
`
�), where off-Z peak di-lepton

events were also considered with a selection |m`+`� � mZ | > 10 GeV, though they did not make use of the "hard"
selection m`+`�(OSSF ) > 1000 GeV that we utilize in this work.

Indeed, our main interest in this paper will be the potential NP effects that contribute to the OSSF cross-section
in the region of high di-lepton invariant masses, e.g., m`+`�(OSSF ) >

⇠ (100 � 1500) GeV. This will be the case, in
particular, for the EFT contributions we study below. As we show below, large deviations from the SM are expected
also off the Z-peak in the (t``)0 and (t``)1 single-top + di-lepton channels of (3), in the presence of new top-quark
couplings to leptons, which do not necessarily involve anomalous couplings of the SM gauge-bosons to the top-quark.
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FIG. 1: Representative lowest-order Feynman diagrams for the SM single top-quark + di-lepton production with one
light jet, pp ! t`

+
`
�
j. Diagrams are shown for the on-Z peak (left) and non-resonant `

+
`
� (right) production cases.

II. NEW PHYSICS SETUP AND SINGLE-TOP + DI-LEPTON PRODUCTION AT THE LHC

The NP will be parameterized by higher dimensional, gauge-invariant effective operators, O(n)
i , in the so-called SM

Effective Field Theory (SMEFT) framework [88–92]; the effective operators are constructed using the SM fields and
their coefficients are suppressed by inverse powers of the NP scale ⇤ [88–92]:

L = LSM +
1X

n=5

1

⇤n�4

X

i

↵iO
(n)
i , (4)

where n is the mass dimension of O(n)
i and we assume decoupling and weakly-coupled heavy NP, so that n equals the

canonical dimension. The dominating NP effects are then expected to be generated by contributing operators with the
lowest dimension (smallest n) that can be generated at tree-level in the underlying theory. The (Wilson) coefficients ↵i

depend on the details of the underlying heavy theory and, therefore, they parameterize all possible weakly-interacting
and decoupling types of heavy physics; an example of matching this EFT setup to a specific underlying heavy NP
scenario will be given below.

The dimension six operators (n = 6) include seven 4-Fermi operators, listed in Table I, that involve t and u quarks
and a pair of charged leptons and are relevant for the processes we consider. As will be discussed below, these operators
may also generate LFNU effects. In Fig. 2 we depict representative diagrams for the (t``)0 and (t``)1 processes in
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(3), which are mediated by the tū`
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TABLE I: The dimension six operators in the SMEFT, which potentially involve FC (t ! u) interactions between
top-quarks and leptons and may, therefore, be a source for lepton non-universal effects (see also text). The
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FIG. 2: Representative Feynman diagrams for the lowest order single top-quark + di-lepton production channels with
no light jets pp ! t`

+
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� (left) and with one light jet pp ! t`

+
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� + j (middle and right) at the LHC, via the tū`
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4-Fermi interaction (marked by a heavy dot).
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contact interactions (a similar parameterization for the tt̄`
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� interactions has been used in [94, 95] for the study of
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where PL,R = (1 ⌥ �5)/2 and u represents a 1st or 2nd generation up-quark. In terms of the coefficients of the
effective operators in Table I, the vector-like (V `

ij), scalar-like (S`
ij) and tensor-like (T `

ij) couplings are given by (we
henceforward drop the superscript `):
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These 4-Fermi interactions can be generated through tree-level exchanges of heavy vectors and scalars in the
underlying heavy theory (or their Fierz transforms). Note that no LL tensor or LL, LR and RL scalar terms are
generated at dimension 6; they can, however, be generated by dimension 8 operators and thus have coefficients
suppressed by ⇠ (v2/⇤4), where v = 246 GeV is the Higgs vacuum expectation value.

e,u,d = RH sin
glets …
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VRLVRR

SRR

TRR
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Current sensitivities (bounds …)

what do we know about the dim.6 (2t)(2l) & (tu)(2l) opts

Greljo,Marzocca, EPJ2017 (1704.09015)

Chala,Santiago,Spannowsky JHEP2019 (1809.09624)
also studied in:

Davidson,Mangano,Perries,Sordini EPJC2015 (1507.07163)
Durieux,Maltoni,Zhang PRD2015 (1412.7166)

Aguilar-Saavedra NPB2011 (1008.3562)
Boughezal,Chen,Petriello,Wiegand PRD2019 (1907.00997)

LHC:    L > ~ 0.5 TeV (scalar,vector: S,V =1)
L > ~ 1 TeV (tensor: T=1)

CMS:    from pp → tt+leptons search
JHEP2021 (2012.04120)

ATLAS:  our reinterpretation  of pp →  3l & 4l 
measurements in 2107.00404

B-physics(bb → ee, µµ) + gauge invariance: 
bbll → ttll for opts with left handed quark 

isodoublets (VLL and VRL)
L > ~ 2 TeV (VLL,VRL =1)

LEP:  L(tuee) > 0.5 – 1.5 TeV
(depending on Lorentz structure)

SBS,Wudka PRD1999
PLB2002 (0210041) ; EPJC2011 (1102.4455) 

LHC (pp → tt followed by t → µµ + jet):
L(tuµµ) ~ L(tuee) > ~ 0.4 – 1 TeV

(depending on Lorentz structure)

Flavor changing 
(tu)(2l) 

Flavor diagonal 
(2t)(2l) 
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collider signatures of ttll & tull 
contact terms
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+
`
�

4-Fermi interaction (marked by a heavy dot).

We will henceforward adopt the parameterization used in [93] for the effective Lagrangian of the FC tū`
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where PL,R = (1 ⌥ �5)/2 and u represents a 1st or 2nd generation up-quark. In terms of the coefficients of the
effective operators in Table I, the vector-like (V `

ij), scalar-like (S`
ij) and tensor-like (T `
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henceforward drop the superscript `):
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TRR = �↵
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These 4-Fermi interactions can be generated through tree-level exchanges of heavy vectors and scalars in the
underlying heavy theory (or their Fierz transforms). Note that no LL tensor or LL, LR and RL scalar terms are
generated at dimension 6; they can, however, be generated by dimension 8 operators and thus have coefficients
suppressed by ⇠ (v2/⇤4), where v = 246 GeV is the Higgs vacuum expectation value.

ScalarVector Tensor



tull: flavor changing 
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ttll: flavor diagonal

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

NP signals

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka



Technion, HEP seminar 

tull: flavor changing 
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ttll: flavor diagonal

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

NP signals

Multi-leptons signals - channels



tull: flavor changing 
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ttll: flavor diagonal

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

SM 
(irreducible Backg)

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka



tull: flavor changing 
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ttll: flavor diagonal

pp → tt, Z+jets, VV, ttV, tVV , followed by t and V decays …

PRD2021, (2101.05286), Afik, SBS, Soni, Wudka

background

Selections

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

mll (di-lepton inv-mass): a key discriminating parameter ! 



tull: flavor changing 
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ttll: flavor diagonal

2l: pp → tt
3l: pp → WZ 
4l: pp → ZZ

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

Dominant background after selections

pp → tt, Z+jets

Selections

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

mll (di-lepton inv-mass): a key discriminating parameter ! 



tull: flavor changing 
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ttll: flavor diagonal

2l: pp → tt
3l: pp → WZ 
4l: pp → ZZ

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

Dominant background after selections

pp → tt, Z+jets

negligible/zero Backg. with a high enough m
ll selection …

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka
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Expected sensitivities 



Simulations of events samples 

• Simulation: MadGraph5_aMC@NLO

• NP models: UFO models generated with FeynRules

• PDF set: NNPDF30LO (ttll) & MSTW2008lo68cl (tull)   - 5 flavor scheme

• Selections & cuts: MadAnalysis5 

• Parton shower: Pythia 8 

• Detector simulation: Delphes 3
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Expected sensitivity to 

FC tull 4-Fermi terms 

@ LHC
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Generic tuµµ NP (also applicable to tuee …)

“cut & count” : 95% CL bounds on NP from

tuµµ 4-Fermi

Λ(tull) > 3-5 TeV [ current lumi] Λ(tull) > 4-7 TeV [ HL-LHC ]

Λ(tcll) > 1-2 TeV [ current lumi] Λ(tcll) > 1.5-2.5 TeV [ HL-LHC ]

=> selection: di-lepton + exactly 1 b-jet

=> selection: tri-lepton (inclusive)
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Expected sensitivity to 

diagonal ttll 4-Fermi terms 

@ LHC
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Generic ttµµ NP (also applicable to ttee …) - “cut & count”

Di-lepton signal tri-lepton signal four-lepton signal

Sensitivity via tri-lepton signal:
(di-lepton comparable …)

Λ(VRR,TRR) ~ 2-3 TeV [ HL-LHC & mmin(µµ) > 800 GeV ]

“cut & count” : 95% CL bounds on NP from

ttµµ 4-Fermi
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Lepton Flavor Non-Universality (NP = ttµµ only …)

the case Λµ << Λe

sensitivity via MC sim of synthetic data



Ratio observables

di-lepton

tri-lepton

four-leptons

particularly useful/reliable: potentially minimize theor. & sys(exp) uncertainties (NLO QCD, loop-EFT, PDF …)

Construct generic LFU tests & search for asymmetric rates 
of 

muons vs electrons in multi-leptons signals



Ratio observables

di-lepton

tri-lepton

four-leptons

particularly useful/reliable: potentially minimize theor. & sys(exp) uncertainties (NLO QCD, loop-EFT, PDF …)

NP(ttµµ):

Construct generic LFU tests & search for asymmetric rates 
of 

muons vs electrons in multi-leptons signals



Λ > 1-2 TeV [ current lumi]

Λ > 2-4 TeV [ HL-LHC ]

95% CL bounds on LFNU ttll NP:

LFNU ttµµ NP – MC sim of synthetic data
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• Multi-leptons signals provide an excellent & rich testing 
ground of NP - in particular LFUV NP

@LHC13 & beyond

– good reasons to suspect TeV-scale NP/LFNU in 3rd gen fermion systems

– (q3q)(ll) – useful window into NP …

– Flavor-blind signals to detect FC underlying NP 
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B-anomalies:

28

B-anomalies: ( RD(*) , RK(*) ): may be connected – SU(2) …

b → sµµ/see:

( + dB/dq2 + P5’ + deviations in: BS → µµ , B0 → K0µµ, B+ → K+µµ, BS → fµµ, B0 → K*0µµ, B+ → K*+µµ )

b → ctn/cµn/cen :



Matching – underlying BSM scenarios (e.g., top-quark 4-Fermi):
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Yukawa & vector-like couplings to quark-lepton pair:

6

A. Examples of matching to underlying beyond the SM scenarios

Interesting examples of underlying heavy particle tree-level exchanges that can generate some of the tui`` operators
above include the R2-type scalar Leptoquark (this is the only scalar Leptoquark that does not induce proton decay)
and the U1-type vector Leptoquark, which transforms as (3, 2, 7/6) and (3, 1, 2/3) under the SU(3) ⇥ SU(2) ⇥ U(1)
SM gauge group, respectively. These two Leptoquarks can address both RK(⇤) and RD(⇤) anomalies as well as the
muon g � 2 one (see [98–105] for the R2 case and [106–111] for the U1 case), having the following couplings to a
quark-lepton pair [112] :

L
R2
Y = zēR

i?
2 q

i
� yūR

i
2✏ij`

j + h.c. , (8)
L
U1
Y � xq̄�µU

µ
1 `+ h.c. , (9)

where i, j are SU(2) indices and flavor indices are not specified (U1 can have additional dR�µeR and uR�µ⌫R couplings
which are not relevant to our setup). In particular, tree-level exchanges of R2 and U1 among the lepton-quark pairs
induce (after a Fierz transformation) [105, 113]:

U1 : ↵(1)
`q = ↵

(3)
`q = �

xx
?

2M2
U1

,

R2 : ↵qe = �
zz

?

2M2
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, ↵`u =
yy

?

2M2
R2

, ↵
(1)
`equ = 4↵(3)

`equ = �
yz

2M2
R2

, (10)

where MR2 and MU1 are the masses of R2 and U1, respectively. Thus, following our parameterization in Eq. 5, we
see that the 4-Fermi vector couplings VRL and VLR as well as the scalar and tensor couplings SRR and TRR can
be generated in the underlying heavy theory if it includes the Leptoquarks R2, and if this Leptoquark couples e.g.,
to top-muon and up-muon (or charm-muon) pairs. It is interesting to note that, although U1 contributes to the
operators O

(1)
`q and O

(3)
`q , it doesn’t generate the VLL vector interactions of (5), since ↵

(1)
`q = ↵

(3)
`q if O(1)

`q and O
(3)
`q are

generated by U1. On the other hand, it will generate the VLL terms for the corresponding down-quark operators, e.g.,�
¯̀�µPi`

� �
b̄�

µ
Pjs

�
, for which VLL = ↵

(1)
`q + ↵

(3)
`q , see e.g., [113].

A compilation of the various types of NP that can induce the dimension six 4-Fermi interactions in Table I can be
found in [44].

III. BOUNDS AND RELATED PHENOMENOLOGY

We now briefly summarize the current bounds and phenomenology aspects related to the tui`` 4-Fermi contact
interactions of Eq. 5.

A. The tuiee 4-Fermi operators involving two electrons

These operators can contribute to single top-quark + light-jet production at an e
+
e
� machine: e+e� ! t+j, where

the light-jet j originates from either a u or a c-quark. Accordingly, these operators were studied and constrained at
LEP2 by the DELPHI [96] and L3 [97] collaborations, who reported bounds ranging from ⇤ >

⇠ 600 GeV to ⇤ >
⇠ 1.4 TeV,

depending on the underlying NP mechanism, i.e., whether a scalar, vector or tensor-like tuiee 4-Fermi vertex is
involved, and assuming O(1) couplings for these interactions. A slight improvement can be obtained by combining
these LEP2 bounds with (the rather weak) bounds derived from the rare top decay to a pair of charged leptons and
a jet t ! `

+
`
�
j [43, 44, 47, 77, 114].4

B. The tuiµµ 4-Fermi operators involving two muons

The constraints on these operators are weak due to the absence of experimental bounds off the Z peak. In particular,
bounds on these operators can be derived from pp ! tt̄ production at the LHC, followed by t ! `

+
`
�
j by one of

4 The partial FC top decay width �``u = �(t ! `+`�u) due to the 4-Fermi tui`` scalar, vector and tensor interactions of (5) is:
�``u = (2⇡mt/3)[mt/(8⇡⇤)]4 ·

⇣
S2
RR + 4

P
V 2
ij + 48T 2

RR

⌘
[44, 77].

Tree-level exchanges of the heavy R2, U1 LQ’s (after Fierz):
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A. Examples of matching to underlying beyond the SM scenarios

Interesting examples of underlying heavy particle tree-level exchanges that can generate some of the tui`` operators
above include the R2-type scalar Leptoquark (this is the only scalar Leptoquark that does not induce proton decay)
and the U1-type vector Leptoquark, which transforms as (3, 2, 7/6) and (3, 1, 2/3) under the SU(3) ⇥ SU(2) ⇥ U(1)
SM gauge group, respectively. These two Leptoquarks can address both RK(⇤) and RD(⇤) anomalies as well as the
muon g � 2 one (see [98–105] for the R2 case and [106–111] for the U1 case), having the following couplings to a
quark-lepton pair [112] :
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where i, j are SU(2) indices and flavor indices are not specified (U1 can have additional dR�µeR and uR�µ⌫R couplings
which are not relevant to our setup). In particular, tree-level exchanges of R2 and U1 among the lepton-quark pairs
induce (after a Fierz transformation) [105, 113]:
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where MR2 and MU1 are the masses of R2 and U1, respectively. Thus, following our parameterization in Eq. 5, we
see that the 4-Fermi vector couplings VRL and VLR as well as the scalar and tensor couplings SRR and TRR can
be generated in the underlying heavy theory if it includes the Leptoquarks R2, and if this Leptoquark couples e.g.,
to top-muon and up-muon (or charm-muon) pairs. It is interesting to note that, although U1 contributes to the
operators O

(1)
`q and O

(3)
`q , it doesn’t generate the VLL vector interactions of (5), since ↵

(1)
`q = ↵

(3)
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generated by U1. On the other hand, it will generate the VLL terms for the corresponding down-quark operators, e.g.,�
¯̀�µPi`
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µ
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, for which VLL = ↵

(1)
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(3)
`q , see e.g., [113].

A compilation of the various types of NP that can induce the dimension six 4-Fermi interactions in Table I can be
found in [44].

III. BOUNDS AND RELATED PHENOMENOLOGY

We now briefly summarize the current bounds and phenomenology aspects related to the tui`` 4-Fermi contact
interactions of Eq. 5.

A. The tuiee 4-Fermi operators involving two electrons

These operators can contribute to single top-quark + light-jet production at an e
+
e
� machine: e+e� ! t+j, where

the light-jet j originates from either a u or a c-quark. Accordingly, these operators were studied and constrained at
LEP2 by the DELPHI [96] and L3 [97] collaborations, who reported bounds ranging from ⇤ >

⇠ 600 GeV to ⇤ >
⇠ 1.4 TeV,

depending on the underlying NP mechanism, i.e., whether a scalar, vector or tensor-like tuiee 4-Fermi vertex is
involved, and assuming O(1) couplings for these interactions. A slight improvement can be obtained by combining
these LEP2 bounds with (the rather weak) bounds derived from the rare top decay to a pair of charged leptons and
a jet t ! `

+
`
�
j [43, 44, 47, 77, 114].4

B. The tuiµµ 4-Fermi operators involving two muons

The constraints on these operators are weak due to the absence of experimental bounds off the Z peak. In particular,
bounds on these operators can be derived from pp ! tt̄ production at the LHC, followed by t ! `

+
`
�
j by one of

4 The partial FC top decay width �``u = �(t ! `+`�u) due to the 4-Fermi tui`` scalar, vector and tensor interactions of (5) is:
�``u = (2⇡mt/3)[mt/(8⇡⇤)]4 ·

⇣
S2
RR + 4

P
V 2
ij + 48T 2

RR

⌘
[44, 77].

R2,U1

VRL VLR SRR TRR

VLL



Matching to SMEFT: Correletions  … 
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Correlations among up-down sectors can be exploited to get an enhanced sensitivity

Example: gauge invariance relating top-bottom 4-Fermi:

=> VLL & VRL top and bottom couplings are related (t -> u/c VS b -> d/s): 

But caution: notice sign difference (VLL) – important 
when considering the underlying heavy physics …
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A. Examples of matching to underlying beyond the SM scenarios

Interesting examples of underlying heavy particle tree-level exchanges that can generate some of the tui`` operators
above include the R2-type scalar Leptoquark (this is the only scalar Leptoquark that does not induce proton decay)
and the U1-type vector Leptoquark, which transforms as (3, 2, 7/6) and (3, 1, 2/3) under the SU(3) ⇥ SU(2) ⇥ U(1)
SM gauge group, respectively. These two Leptoquarks can address both RK(⇤) and RD(⇤) anomalies as well as the
muon g � 2 one (see [98–105] for the R2 case and [106–111] for the U1 case), having the following couplings to a
quark-lepton pair [112] :
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where i, j are SU(2) indices and flavor indices are not specified (U1 can have additional dR�µeR and uR�µ⌫R couplings
which are not relevant to our setup). In particular, tree-level exchanges of R2 and U1 among the lepton-quark pairs
induce (after a Fierz transformation) [105, 113]:
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where MR2 and MU1 are the masses of R2 and U1, respectively. Thus, following our parameterization in Eq. 5, we
see that the 4-Fermi vector couplings VRL and VLR as well as the scalar and tensor couplings SRR and TRR can
be generated in the underlying heavy theory if it includes the Leptoquarks R2, and if this Leptoquark couples e.g.,
to top-muon and up-muon (or charm-muon) pairs. It is interesting to note that, although U1 contributes to the
operators O

(1)
`q and O

(3)
`q , it doesn’t generate the VLL vector interactions of (5), since ↵
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, for which VLL = ↵
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A compilation of the various types of NP that can induce the dimension six 4-Fermi interactions in Table I can be
found in [44].

III. BOUNDS AND RELATED PHENOMENOLOGY

We now briefly summarize the current bounds and phenomenology aspects related to the tui`` 4-Fermi contact
interactions of Eq. 5.

A. The tuiee 4-Fermi operators involving two electrons

These operators can contribute to single top-quark + light-jet production at an e
+
e
� machine: e+e� ! t+j, where

the light-jet j originates from either a u or a c-quark. Accordingly, these operators were studied and constrained at
LEP2 by the DELPHI [96] and L3 [97] collaborations, who reported bounds ranging from ⇤ >

⇠ 600 GeV to ⇤ >
⇠ 1.4 TeV,

depending on the underlying NP mechanism, i.e., whether a scalar, vector or tensor-like tuiee 4-Fermi vertex is
involved, and assuming O(1) couplings for these interactions. A slight improvement can be obtained by combining
these LEP2 bounds with (the rather weak) bounds derived from the rare top decay to a pair of charged leptons and
a jet t ! `

+
`
�
j [43, 44, 47, 77, 114].4

B. The tuiµµ 4-Fermi operators involving two muons

The constraints on these operators are weak due to the absence of experimental bounds off the Z peak. In particular,
bounds on these operators can be derived from pp ! tt̄ production at the LHC, followed by t ! `

+
`
�
j by one of

4 The partial FC top decay width �``u = �(t ! `+`�u) due to the 4-Fermi tui`` scalar, vector and tensor interactions of (5) is:
�``u = (2⇡mt/3)[mt/(8⇡⇤)]4 ·

⇣
S2
RR + 4
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⌘
[44, 77].

Resulting 4-Fermi (our parameterization):

- R2-type scalar LQ: generates VRL, VLR (vector), SRR (scalar), TRR (tensor) 4-Fermi

- U1-type vector LQ: no 4-Fermi interactions in up-sector (ttll,tull,tcll) ! (                              )

but generates bbll,bsll,bdll vector 4-Fermi for which 

6
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Interesting examples of underlying heavy particle tree-level exchanges that can generate some of the tui`` operators
above include the R2-type scalar Leptoquark (this is the only scalar Leptoquark that does not induce proton decay)
and the U1-type vector Leptoquark, which transforms as (3, 2, 7/6) and (3, 1, 2/3) under the SU(3) ⇥ SU(2) ⇥ U(1)
SM gauge group, respectively. These two Leptoquarks can address both RK(⇤) and RD(⇤) anomalies as well as the
muon g � 2 one (see [98–105] for the R2 case and [106–111] for the U1 case), having the following couplings to a
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where MR2 and MU1 are the masses of R2 and U1, respectively. Thus, following our parameterization in Eq. 5, we
see that the 4-Fermi vector couplings VRL and VLR as well as the scalar and tensor couplings SRR and TRR can
be generated in the underlying heavy theory if it includes the Leptoquarks R2, and if this Leptoquark couples e.g.,
to top-muon and up-muon (or charm-muon) pairs. It is interesting to note that, although U1 contributes to the
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A compilation of the various types of NP that can induce the dimension six 4-Fermi interactions in Table I can be
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We now briefly summarize the current bounds and phenomenology aspects related to the tui`` 4-Fermi contact
interactions of Eq. 5.

A. The tuiee 4-Fermi operators involving two electrons

These operators can contribute to single top-quark + light-jet production at an e
+
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� machine: e+e� ! t+j, where

the light-jet j originates from either a u or a c-quark. Accordingly, these operators were studied and constrained at
LEP2 by the DELPHI [96] and L3 [97] collaborations, who reported bounds ranging from ⇤ >

⇠ 600 GeV to ⇤ >
⇠ 1.4 TeV,

depending on the underlying NP mechanism, i.e., whether a scalar, vector or tensor-like tuiee 4-Fermi vertex is
involved, and assuming O(1) couplings for these interactions. A slight improvement can be obtained by combining
these LEP2 bounds with (the rather weak) bounds derived from the rare top decay to a pair of charged leptons and
a jet t ! `

+
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j [43, 44, 47, 77, 114].4

B. The tuiµµ 4-Fermi operators involving two muons

The constraints on these operators are weak due to the absence of experimental bounds off the Z peak. In particular,
bounds on these operators can be derived from pp ! tt̄ production at the LHC, followed by t ! `
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j by one of
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5

(3), which are mediated by the tū`
+
`
� 4-Fermi operators in Table I.

TABLE I: The dimension six operators in the SMEFT, which potentially involve FC (t ! u) interactions between
top-quarks and leptons and may, therefore, be a source for lepton non-universal effects (see also text). The

subscripts p, r, s, t are flavor indices.

4� Fermi : (L̄L)(L̄L)

O
(1)
lq (prst) (l̄p�µlr)(q̄s�

µqt)

O
(3)
lq (prst) (l̄p�µ⌧

I lr)(q̄s�
µ⌧ Iqt)

4� Fermi : (R̄R)(R̄R)

Oeu(prst) (ēp�µer)(ūs�
µut)

4� Fermi : (L̄L)(R̄R)

Olu(prst) (l̄p�µlr)(ūs�
µut)

Oqe(prst) (ēp�
µer)(q̄s�µqt)

4� Fermi : (L̄R)(L̄R) + h.c.

O
(1)
lequ(prst) (l̄jper)✏jk(q̄

k
sut)

O
(3)
lequ(prst) (l̄jp�µ⌫er)✏jk(q̄

k
s�

µ⌫ut)

u

g

t

`+

`�

•

g t

ūg

`+

`�
•

u g

tg

`+

`�
•

FIG. 2: Representative Feynman diagrams for the lowest order single top-quark + di-lepton production channels with
no light jets pp ! t`

+
`
� (left) and with one light jet pp ! t`

+
`
� + j (middle and right) at the LHC, via the tū`

+
`
�

4-Fermi interaction (marked by a heavy dot).

We will henceforward adopt the parameterization used in [93] for the effective Lagrangian of the FC tū`
+
`
�

contact interactions (a similar parameterization for the tt̄`
+
`
� interactions has been used in [94, 95] for the study of

e
+
e
�
! tt̄), which was also used by the DELPHI [96] and L3 [97] collaborations at LEP2 to set bounds on the tcee

contact interactions resulting from the 4-Fermi operators of Table I (see also discussion below):

Ltu`` =
1

⇤2

X

i,j=L,R


V

`
ij

�
¯̀�µPi`

�
(t̄�µ

Pju) + S
`
ij

�
¯̀Pi`

�
(t̄Pju) + T

`
ij

�
¯̀�µ⌫Pi`

�
(t̄�µ⌫Pju)

�
, (5)

Lq3qi`` =
1

⇤2
`

X

i,j=L,R


V

`
ij

�
¯̀�µPi`

�
(q̄3�

µ
Pjqi) + S

`
ij

�
¯̀Pi`

�
(q̄3Pjqi) + T

`
ij

�
¯̀�µ⌫Pi`

�
(q̄3�µ⌫Pjqi)

�
, (6)

where PL,R = (1 ⌥ �5)/2 and u represents a 1st or 2nd generation up-quark. In terms of the coefficients of the
effective operators in Table I, the vector-like (V `

ij), scalar-like (S`
ij) and tensor-like (T `

ij) couplings are given by (we
henceforward drop the superscript `):

VLL = ↵
(1)
`q � ↵

(3)
`q , VLR = ↵`u , VRR = ↵eu , VRL = ↵qe ,

SRR = �↵
(1)
`equ , SLL = SLR = SRL = 0 ,

TRR = �↵
(3)
`equ , TLL = TLR = TRL = 0 . (7)

These 4-Fermi interactions can be generated through tree-level exchanges of heavy vectors and scalars in the
underlying heavy theory (or their Fierz transforms). Note that no LL tensor or LL, LR and RL scalar terms are
generated at dimension 6; they can, however, be generated by dimension 8 operators and thus have coefficients
suppressed by ⇠ (v2/⇤4), where v = 246 GeV is the Higgs vacuum expectation value.

VRL VLR SRR TRR

VLL



tull: flavor changing 
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ttll: flavor diagonal

PRD2021,  (2101.05286), Afik, SBS, Soni, Wudka

No interference with SM 
(NP = QCD & SM=EW …)

selections: 
- mllmin (OSSF none-top) 
- No. of leptons
- No. of jets 

interference term subleading 
(using selections that optimize S/B & “kill” the 

SM contribution …)

The (cumulative) cross-section

mllmin - important discriminating parameter ! 

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka
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Generic tuµµ NP (also applicable to tuee …)

“cut & count” : @27 & 100 TeV proton collider

Λ(tull) > 8-13 TeV [ 27 TeV ]

Λ(tull) > 20-35 TeV [ 100 TeV ]

Λ(tcll) > 3-5 TeV [ 27 TeV ]

Λ(tcll) > 9-16 TeV [ 100 TeV ]
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Generic tuµµ NP (also applicable to tuee …)

“cut & count” : 95% CL bounds on tuµµ NP



Monte Carlo simulation 
of synthetic data

35

“cut & count”

• Generate (synthetic) realizations of a set of
experimental measurements yexp around yexp(xSM),
assuming some underlying overall uncertainty

– obtain the expected distribution of the data
P(x) assuming no NP …

• “Inject” NP into the data (into yexp) and choose a
“metric” to test the no NP hypothesis for each
realization.

- find xbest-fit (that minimizes the test-metric) for
each realization

- obtain the distribution P(xbest-fit)

- xbest-fit depends on NP parameters (Λ) …

P(xbest-fit) allows us to obtain the 
predicted sensitivities & bounds …
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High-PT  correlated tests of 
lepton-universality

in pp →leptons+jets

@ LHC & beyond

NP: (q3q)(ll) 4-Fermi terms 



NP:  SU(2) – triplet & singlet 4-Fermi (vector) opts

These 2 opts may be responsible for NP effects in:



NP:  SU(2) – triplet & singlet 4-Fermi (vector) opts

e.g., 



T ’s are ratio observables sensitive to LFNU …

normally distributed around the average T(SM)=1 overall uncertainties



Results – sensitivities :

Demonstrate on QCD-generated processes (therefore dominant):

Sensitivity depends on lower cut on 
dilepton invariant mass …



Results – sensitivities :

Demonstrate on QCD-generated processes (therefore dominant):

Λ ~ 3 TeV [current lumi & mmin(µµ) > 300 GeV]  
Λ ~ 5-6 TeV [ HL-LHC & mmin(µµ) > 700 GeV ]

Sensitivity depends on lower cut on 
dilepton invariant mass …



EFT-validity

Addresses the validity of the specific 
calculation within the EFT framework 

– depends on the details of the 
underlying heavy physics and the 

process at hand

Two “measures” to consider:



EFT-validity
Two “measures” to consider:

Addresses the validity of the specific 
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EFT-validity
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b-physics

collider signatures of bbll & bsll 
vector contact terms



bsll: flavor changing 
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bbll: flavor diagonal

background: tt, Z+jets, VV, ttV

PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen JHEP08 (2018), 056  (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen



bsll: flavor changing 

47

bbll: flavor diagonal

selections: exactly one b-jet (pp → ee/µµ + jb) & mll lower cut , mll > O(TeV)

mll - important discriminating variable 

background: tt, Z+jets, VV, ttV

PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen JHEP08 (2018), 056  (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen



Technion, HEP seminar 

bsll: flavor changing 
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bbll: flavor diagonal

selections: exactly one b-jet (pp → ee/µµ + jb) & mll lower cut , mll > O(1 TeV)

background: tt, Z+jets, VV, ttV

expected sensitivity: 
L ~ 8 TeV (L=140 fb-1) ; 10 TeV (L=3000 fb-1)

expected sensitivity: 
L ~ 4 TeV (L=140 fb-1) ; 8 TeV (L=3000 fb-1)

Significantly better than inclusive searches (pp → ee/µµ + X)

searches: ATLAS (PRL 2021), 
L ~ 2(ee) & 2.5(µµ) TeV @ L=140 fb-1searches: …

PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen JHEP08 (2018), 056  (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen



LFNU ttµµ NP – MC sim of synthetic data

/metric
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