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๏Flavor physics 

๏We have hints of 
discrepancies, but not an 
established breaking of 
SM expectation 

๏R(D),R(D*) pull is 
driven by BaBar 

๏R(K) and R(K*) are 
driven by LHCb 

๏Independent checks by 
other experiments are 
welcome. Waiting for 
Belle II, CMS and ATLAS 
are doing something 
about it

A two-front mission
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LU tests at LHCb
๏ Previous LU tests:

•  with 
  

→ 2.2-2.5σ deviation from SM per bin
               LHCb arXiv:2103.11769

•  with 

→ agrees with SM at <1σ 
               LHCb, JHEP 05 (2020) 040

•  with 

→ 3.1σ deviation from the SM
      LHCb, JHEP 08 (2017) 055

B0 ! K*0!+!" 3 fb"1

RK*0 = 0.66+0.11
"0.07(stat) ± 0.03(syst) in [0.045,1.1] GeV2

RK*0 = 0.69+0.11
"0.07(stat) ± 0.05(syst) in [1.1,6.0] GeV2

#b ! pK"!+!" 4.7 fb"1

RpK" = 0.86+0.14
"0.11(stat) ± 0.05(syst) in [0.1,6.0] GeV2

B+ ! K+!+!" 9 fb"1

RK+ = 0.846+0.042
"0.039(stat)+0.013

"0.012(syst) in [1.1,6.0] GeV2
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๏ New tests of isospin partners  
of  and  with 

•
•

LHCb arXiv:2110.09501

RK+ RK*0 9 fb"1

B0 ! K0
S!+!"

B+ ! K*+!+!"

Martino Borsato - Heidelberg U.

LU test in  and K0
S K*+

๏ Results are in agreement with 
SM predictions and previous 
measurements at Belle

๏ Central values exhibit same 
pattern of deviation as isospin 
partners  and RK+ RK*0
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Lepton universality - summary

LHCb15: ⌧+ ! µ+⌫µ⌫⌧
[PRL 115, 111803 (2015)]

LHCb18:

⌧+ ! ⇡+⇡�⇡+(⇡0)⌫⌧
[PRL 120, 171802 (2018)]

[PRD 97, 072013 (2018)]

R(J/ ): B+
c ! J/ `+⌫`

⇡ 2� from SM

[PRL 120, 121801 (2018)]

All with 3 fb
�1

from

Run 1

Still dominated by B-factories:
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This talk[See talk by Renner]

๏High-pT searches 

๏Z’ and LQ searches are the main 
explanations for what is seen in B 
decays. Searching for Z’ and LQs are 
part of our physics program since Run 
I 

๏In this context, additional features 
(e.g., associated b-jet, 3rd-
generation dominance etc.) can be 
exploited to improve sensitivity 

๏More complete New Physics models open 
the possibility to apply SUSY-like 
methods (e.g., long-chain decays vs. 
reconstructing the LQ particles) 

๏New opportunities (e.g., t-channel 
mediation) 

๏See this talk at the CERN Flavor 
Anomalies workshop from October 2021

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

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

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

T
,

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

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

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

– 38 –

• Third-generation high-  signaturespT

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

(a) (b) (c)

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

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

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

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

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

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

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

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

T
,

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

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

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

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

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

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

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

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

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

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

T
,

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

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

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

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

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

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

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

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

9This is in contrast to the decays of (T,B) due to the large top quark mass. The predictions for the branching ratios
are B(T ! ht) ⇡ B(T ! Zt) ⇡ 0.5 and B(B ! Wt) ⇡ 1. Recent dedicated experimental searches exclude
MB < 1.35 TeV [106] and MT < 1.3 TeV [107]. These are below the indicated limits from electroweak precision
observables discussed in Sec. 4.1. That is, the collider searches for the third family partners are less relevant for the
spectrum on Fig. 8 (left panel).
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https://indico.cern.ch/event/1055780/contributions/4454307/attachments/2331147/3972633/Greljo-FAW2021.pdf
https://indico.cern.ch/event/1055780/
https://indico.cern.ch/event/1055780/
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B physics in a non-dedicated experiment
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High-Level  

Trigger
L1 trig

ger

1 KHz  
1 MB/evt

40 MHz

100 KHz

๏We are budgeted for ~1000 evt/sec (we could take more, 
but we run in troubles with offline resources) 

๏Experiments dedicate ~ 10% of their resources to B 
physics 

๏In special conditions, we can go beyond that (e.g., 
with B-parking)
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B physics in a non-dedicated experiment

๏The biggest challenge 
is to trigger on soft 
particles 

๏Electrons are 
particularly 
challenging 

๏ATLAS and CMS are 
investing resources on 
this 

๏ATLAS successfully 
deployed dielectron 
triggers (merged and 
resolved) taking ~ 
100 Hz by themselves

ATLAS-DAQ-PUB-2019-001/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-DAQ-PUB-2019-001/
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Run 2018 (13 TeV)CMSPreliminary

Commissioning: B→J/"(ee)K*(πK) decays
Invariant mass distribution obtained 
from candidate B→J/"(ee)K*(Kπ) 
decays, based on a fraction of the B 
Parking data set. 

Events are subject to requirements on: 
the pT of the daughters (K, π and e); 
the reconstructed ee and Kπ masses; 
and properties of the reconstructed 
vertices. An unbinned likelihood fit is 
performed with an exponential and 
Gaussian PDF for the background and 
signal, respectively.  

This distribution was used as part of 
the commissioning campaign, for which 
O(1%) of the B Parking data set was 
reconstructed with priority early in the 
2018 data taking run. 

This distribution provides a first 
observation of the resonant        
B→J/"(ee)K*(Kπ) decay in CMS 
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Reconstruction: efficiencies for low-pT electrons
The figure shows the reconstruction 
efficiency for PF electrons (blue squares) 
as a function of the generator-level 
electron pT. No identification criteria are 
applied to the PF electrons. 

The figure also shows the efficiencies 
obtained for low-pT GSF tracks (red 
circles) and electrons (green triangles) 
that are reconstructed from electron 
candidates of the seeding logic 
described in the previous slide, which 
uses a logical OR of the loose seeding 
working points (10% mistag rate) for 
the two BDTs. No identification criteria 
are applied to the low-pT electrons. 

!14

0 1 2 3 4 5 6 7 8 9 10
pgen

T [GeV]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

E
ffi

ci
en

cy

CMS Simulation Preliminary 2018 (13 TeV)

Low-pT GSF tracks (Seeding WP)
Low-pT GSF electrons (Seeding WP)
PF electrons

Trigger: CMS HLT rates with B parking
Rate of the CMS High Level Trigger 
(HLT), as a function of time, during the 
LHC fill 7108. The time interval covers 
approximately 13 hours in August 2018.  

A change in the CMS run number is 
indicated by a vertical grey dashed line. 
A change in the CMS prescale column is 
indicated by a vertical red dashed line.  

The rate for the CMS physics streams 
(black curve) falls from ~2 kHz during 
the fill.  

The rate for the B Parking stream (blue 
curve) increases in steps at changes in 
the prescale column during a CMS run, 
reaching as high as ~5 kHz. 

The L1 and HLT trigger menus are 
tuned to deliver an average throughput 
of ~2 GB/s for the B Parking data 
stream over the timescale of 1 week.
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๏CMS took data in 2018 at 
the end of the fill, when 
luminosity goes down and 
the other triggers take 
less resources 

๏Trigger strategy based on 
one displaced muon 

๏These data were parked 
since no CPU resources to 
process them promptly 

๏They were processed in 2019 
and we are now analysing 
them 

๏Early studies showed the 
capability of seeing soft 
electrons, thanks to a 
custom electron ID CMS-DP-2019-043

Trigger strategy
During June−Nov 2018, approximately 12 billion events were recorded with a trigger 
logic that requires the presence of a single, displaced muon. The sample comprises bb 
events with high purity. The muon candidate responsible for the positive trigger decision 
originates from the "tag-side" b hadron that undergoes a b→µX decay. The "signal-side" 
b hadron decays naturally as it is not biased by the trigger requirements.  

The L1 µ trigger logic requires |η| < 1.5 and is subject to the pT thresholds summarised 
in the table below. The HLT trigger logic also requires thresholds to be met on the pT and 
IPsig (track impact parameter significance), which improves the trigger purity. 

The thresholds evolve during a fill, as the instantaneous luminosity (!inst) falls, to 
maximise number of signal-side b hadron decays within acceptance. The trigger purity is 
determined from simulation to be in the range 60−90% depending on the thresholds.
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Settings Peak !inst  
[1034 cm-2 s-1]

L1 µ pT 
threshold 

[GeV]

HLT µ pT 
threshold 

[GeV]

HLT µ IPsig 
threshold

Trigger 
purity    

[%]

Peak rate 
[kHz]

1 1.7 12 12 6 92 1.5

2 1.5 10 9 6 87 2.8

3 1.3 9 9 5 86 3.0

4 1.1 8 8 5 83 3.7

5 0.9 7 7 4 59 5.4

µ

Tag-side: 
b→µX

Signal-side: 
unbiased 
b hadron 
decays

_

https://cds.cern.ch/record/2704495


๏Both experiments learned from what was done in Run2 

๏Trigger and analysis strategy improved 

๏Aiming at producing results during Run3 

๏We hope that this will help to clarify the situation

Plans for Run3
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Limit

~ Mass 
Upper 
Limit

๏A Z’ could be anywhere between a few GeV and O(10) TeV 

๏Since Run1, we are searching for it on the whole mass range 
accessible at the LHC

Allowed mass range

10



Z’ searches

11

8 Results

The dilepton invariant-mass distributions for the events that pass the full analysis selection are shown in
Figure 1. The event with highest reconstructed mass is a dielectron candidate with mee = 4.06 TeV, formed
of two electrons with ET = 2.01 TeV and ET = 1.92 TeV in the barrel region of the calorimeter. The event
with highest reconstructed mass in the dimuon channel has an invariant mass of mµµ = 2.75 TeV. Both
muon candidates are in the barrel section of the muon spectrometer and their transverse momenta are
pT = 1.82 TeV and pT = 1.04 TeV.

The fit to data3 is performed in bins of 1 GeV and uses the function in Eq. (1). In both channels, validation
tests using the extension of the functional form described in Section 6 did not yield any significant
improvement, so the function in Eq. (1) is used without modification.
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Figure 1: Distribution of the (a) dielectron and (b) dimuon invariant mass for events passing the full selection. Generic
zero-width signal shapes, scaled to 20 times the value of the corresponding expected upper limit at 95% CL on the
fiducial cross-section times branching ratio, with pole masses of mX =1.34, 2 and 3 TeV as well as background-only
fits are superimposed. The data points are plotted at the centre of each bin. The error bars indicate statistical
uncertainties only. The di�erences between the data and the fit results in units of standard deviations of the statistical
uncertainty are shown in the bottom panels.

The probability that the data are compatible with the background-only hypothesis is shown in Figure 2 as a
function of pole mass for zero-width signals. No significant excess is observed. The largest deviations from
the background-only hypothesis in the dielectron, dimuon and combined dilepton channels are observed at
masses of 774 GeV, 267 GeV and 264 GeV for zero-width signals with a local p0 of 2.9�, 2.4� and 2.3�
and a global significance of 0.1�, 0.3�, and zero, respectively.

Figure 3 shows the upper limits on the fiducial cross-section times branching ratio to two leptons of a single
flavour for generic resonances of various relative widths as a function of their mass. The observed limits
for pole masses ranging from 250 to 750 GeV are obtained with a spacing of 1 GeV. The granularity is
reduced above that mass, but remains below the experimental resolution of the ee channel. The observed
limit on the fiducial cross-section times branching ratio ranges from 3.6 (13.1) fb at 250 GeV to about
0.014 (0.018) fb at 6 TeV for the zero (10%) relative width signal in the combined dilepton channel. The

3 The resulting fit parameters for dielectron channel are: a = 178000±400, b = 1.5±1.0, p0 = �12.38±0.09, p1 = �4.295±0.014,
p2 = �0.9191±0.0027, p3 = �0.0845±0.0005; for dimuon channel are: a = 138700±400, b = 11.8±0.5, p0 = �7.38±0.12,
p1 = �4.132 ± 0.017, p2 = �1.0637 ± 0.0029, p3 = �0.1022 ± 0.0005.
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renormalization and factorization scales (4.5%), and the modeling of the PDFs (1%) are ascribed
to the signal cross section. We set upper limits at 90% CL on e2 as a function of the Z

D
mass,

as shown in Fig. 3. These are compared with recent results from the LHCb Collaboration [16,
43] and indirect constraints at 95% CL from measurements of the electroweak observables [9].
This search sets the most stringent limits to date in the ⇠30–75 and 110–200 GeV mass ranges.
Furthermore, limits from this search are competitive with those obtained in Ref. [16] at lower
masses.

 (GeV)
DZm

2 ε

6−10

5−10

4−10

3−10

11 20 30 40 50 100 200

90% CL observed limit
90% CL median expected limit
68% confidence interval for expected limit
95% confidence interval for expected limit
LHCb (90% CL) [arXiv:1910.06926]
Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]

 (scouting triggers) (13 TeV)-1 (standard triggers) and 96.6 fb-1137 fb

CMS

scouting triggers   standard triggers

Figure 3: Expected and observed upper limits at 90% CL on e2, the square of the kinetic mix-
ing coefficient, as a function of the Z

D
mass. Results obtained using the scouting (standard)

triggers are to the left (right) of the vertical purple line. Limits at 90% CL from the search per-
formed by the LHCb Collaboration [16] are shown in red, and constraints at 95% CL from the
measurements of the electroweak observables are shown in light blue [9].

In summary, a search has been presented for a narrow resonance decaying to a pair of muons
using proton-proton collision data recorded by the CMS experiment at

p
s = 13 TeV. The search

in the 45–75 and 110–200 GeV resonance mass ranges uses fully reconstructed data containing
a pair of muons with transverse momenta greater than 20 and 10 GeV, corresponding to an
integrated luminosity of 137 fb�1. The search in the resonance mass range of 11.5–45.0 GeV is
performed using data collected with high-rate dimuon triggers, corresponding to an integrated
luminosity of 96.6 fb�1. This is the first search that uses data with reduced trigger-level muon
information, collected with dimuon triggers that have transverse momentum thresholds of
3 GeV. The data are found to be consistent with the background prediction. The search sets
the lowest upper limits to date on the kinetic mixing coefficient of a dark photon in the ⇠30–75
and 110–200 GeV mass ranges.
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๏Also LQ bounded from above (at ~ 10 TeV) 

๏Lower bound from searches at the LHC (single and pair 
production)

Mass ranges
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2

Figure 1: Feynman diagrams for dominant leptoquark production modes at leading order:
pairwise (left), and in combination with a lepton (right). In the scenarios considered the LQS
may couple to tt or bn, while the LQV may couple to tn or bt .

products may not be resolved as individual jets.

The search is based on a data sample of proton-proton (pp) collisions at a center-of-mass energy
of 13 TeV recorded by the CMS experiment at the CERN LHC in the years 2016–18, correspond-
ing to an integrated luminosity of 137 fb�1.

2 The CMS detector
The central feature of the CMS detector is a 3.8 T superconducting solenoid magnet with an
inner diameter of 6 m. Within the magnet volume are the following subdetectors: a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter. Muons are detected in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. In addition, two steel and quartz-fiber hadron
forward calorimeters extend the detection coverage to regions close to the beam pipe. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [58]. Events of interest are
selected using a two-tiered trigger system [59]. The first level, composed of custom hardware
processors, uses information from the calorimeters and muon detectors to select events at a
rate of around 100 kHz within a fixed time interval of about 4 µs. The second level, known
as the high-level trigger, consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces the event rate to around
1 kHz before data storage.

3 Simulated data samples
Monte Carlo (MC) event generators are used to simulate the SM background processes and
the signal. These simulations are used to guide the design of the analysis, to estimate minor
backgrounds, and to interpret the results.

Background events are generated at leading order (LO) for the W + jets and Z/g⇤ + jets
processes using the generator MADGRAPH5 aMC@NLO 2.2.2 (2.4.2) [60] for simulated events
matched with 2016 (2017–18) data, while the next-to-LO (NLO) generator POWHEG 2.0 [61–66]
is used for tt , tW, and diboson processes, and MADGRAPH5 aMC@NLO at NLO for tt + W,
tt +Z/g⇤, tttt , tZq, and triboson production. Both MADGRAPH5 aMC@NLO and POWHEG are
interfaced with PYTHIA 8.226 (8.230) [67] for parton showering and hadronization using the
tune CUETP8M1 [68] or CUETP8M2T4 [69] (CP5 [70]) and the NNPDF 3.0 [71] (3.1 [72]) par-



๏Double and single production, more recently) t-channel 

๏For LFUV, 2nd & 3rd generation LQs are more relevant (bτ, bμ, etc)
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Figure 5: Expected and observed exclusion contours at the 95 % confidence level for pair-produced scalar up-
type leptoquarks with mixed decays to third-generation quarks and leptons from the first or second generation
LQu

mix ! Ca/1✓, as a function of the leptoquark mass and the branching fraction B(LQu
mix ! 1✓) into a charged

lepton and a 1-quark. These are the same contours as presented in Figs. 3 and 4. The mass ranges to the left of the
contours are excluded for a given branching fraction.
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๏Searches carried on in a 
similar way that an inclusive 
SUSY search 

๏Selection of final-state 
objects (leptons and jets) 

๏Events separated in various 
categories, matching 
different topologies) 

๏Background measured in 
control regions and scaled to 
signal 

๏Signal probed through the 
distribution of an inclusive 
kinematic quantity (ST) of 
functions of them (ML 
classifiers) 

๏Often sensitive to multiple 
production mechanisms

Strategy and Results
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๏A structured explanation 
of the anomalies (e.g., 
4321 model) imply a SUSY-
like scenario 

๏production of heavy 
colored particles 

๏cascade decays to 
lighter states 

๏multi-body final states 
with quarks and leptons 

๏expected third-
generation dominance 

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

– 26 –

Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

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

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

T
,

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

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

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

– 38 –

• Third-generation high-  signaturespT

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

(a) (b) (c)

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

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

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

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

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

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

– 26 –

Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

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

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

T
,

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

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

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is
massive and two massless.

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

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

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

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

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

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

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

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
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) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

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

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

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

T
,

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

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

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

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

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

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

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

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

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

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

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

for g0 to quarks,

and
p
3g4gY
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(
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) for the Z 0 to quarks (leptons).

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

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

g3
 q�

µT a q g0aµ ,

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

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

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

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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Figure 3: Postfit plots for 2017 (two leftmost columns) and 2018 (two rightmost columns) show-
ing the distributions of the main observables in the signal region for the different th multi-
plicity channels (from top to bottom: 0-th, 1-th, 2-th). The first and third column show the
background-only fits and the second and fourth columns show the fit including the signal
model.

SIG+BKG fit

VLL = Vector-like lepton 
(the lightest state in 4321 

model)
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Figure 4: Expected and observed 95% confidence level upper limits on the electroweak vector-
like lepton cross section times branching fraction, combining the 2017 and 2018 data and all th
multiplicity channels combined.

related to the difference between data and simulation in the th fake factors. All of these were
found to give substantially similar results to the main result presented here.

One change to the analysis model was made after unblinding since it is believed to be a more
accurate statistical model, regardless of the data. At the time of unblinding, a simpler model
of the fake factors and their uncertainties was used. This model did not fully propagate the
correlations in fake factors, and did not account for possible differences in the fake factors
between the derivation region and the main fit. The expected limits for the previous model
were somehwat lower, but within the central 68% interval of the model presented here. The
observed limits were also somewhat lower, but shifted less that the expected limits, and the
observed signal significance for the old model were approximately 10% larger.

10 Summary
The first search for vector-like leptons in the context of the 4321 model has been presented, us-
ing proton-proton collision data collected with the CMS detector at

p
s = 13 TeV, correspond-

ing to an integrated luminosity of 96.5 fb�1. The probed model consists of an extension of the
standard model with an SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0 gauge sector that can provide a com-
bined explanation to multiple anomalies observed in B hadron decays, which point to lepton
flavour nonuniversality. In the model, a leptoquark is predicted as the primary source of lepton
flavour violation while the UV-completion predicts additional vector-like fermion families. In
particular, vector-like leptons are investigated by their coupling to standard model fermions
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๏In the limit of large masses for new particles, the NP 
effect becomes a bsμμ contact interaction 

๏ATLAS searches for it in the dimuon spectrum

ATLAS-EXOT-2018-16

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-16/
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๏In the limit of large masses for new particles, the NP 
effect becomes a bsμμ contact interaction 

๏ATLAS searches for it in the dimuon spectrum

ATLAS-EXOT-2018-16

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-16/
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Figure 5: Histograms of log10
⇥
S/(S + B)

⇤
counting events in all bins, assuming a vector LQ

with mLQ = 1400 GeV and l = 1.0 (left), or mLQ = 2000 GeV and l = 2.5 (right). The
log10

⇥
S/(S + B)

⇤
is computed per bin of the postfit c and S

MET
T distributions, using an S+B

fit model. The total LQ signal strength (single, pair & nonresonant) is fitted simultaneously.
The lower panel shows the ratio of the observed data to the expected background from the S+B
fit. The expected background is grouped by jet categories in stacked histograms.
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Figure 6: The observed and expected upper limit on the total cross section of a scalar LQ signal
with l = 1 (left) and 2.5 (right) at 95% CL. The inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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Figure 7: The observed and expected upper limit on the total cross section of a vector LQ
signal with l = 1 (left) and 2.5 (right) at 95% CL. The top (bottom) row assumes a nonmin-
imal coupling of k = 1 (0). The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis.
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t-channel production
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๏CMS searches for LQ->bτ production, tuning the search to 
be sensitive also to t-channel production 

๏An excess is observed, which corresponds to 3.4 
significance under the t-channel hypothesis (less with 
single and double resonant production)

CMS-EXO-19-016
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Figure 1: Dominant Feynman diagrams of the signal at LO: single (left) and pair LQ production
(center), as well as nonresonant production of two t leptons via t-channel LQ exchange (right).

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors
from |h| < 3.0 to |h| < 5.2. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [49]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 µs. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
about 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [50].

3 Simulated samples
3.1 Background samples

Samples of simulated events are used to devise selection criteria, and estimate and validate
background predictions. The main sources of background are the pair production of top quarks
(tt), single top quark production, W and Z boson production in association with jets, denoted
as “W + jets” and “Z + jets”, diboson (WW, WZ, ZZ) production, and quantum chromody-
namics (QCD) production of multijet events. The W + jets and Z + jets processes are simulated
using the MADGRAPH5 aMC@NLO [51] generator (2.2.2 and 2.3.3) at LO precision with the
MLM jet matching and merging scheme [52]. The same generator is also used for diboson
production simulated at next-to-leading order (NLO) precision with the FxFx jet matching and
merging scheme [53], whereas POWHEG [54–56] 2.0 and 1.0 are used for tt and single top quark
production, respectively, at NLO precision [57–60]. The Z + jets, tt , and single top processes
are normalized using cross sections computed at next-to-next-to-leading order (NNLO) in per-
turbative QCD [61–63].

The event generators are interfaced with PYTHIA to model the parton showering and fragmen-
tation, as well as the decay of the t leptons. The PYTHIA parameters affecting the description
of the underlying event are set to the CUETP8M1 (CP5) tune for all 2016 (2017 and 2018) sam-
ples [64, 65], except for the 2016 tt sample, for which CUETP8M2T4 [66] is used. The NNPDF3.0
parton distribution functions [67] (PDF) with the order matching that of the matrix element cal-

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016/index.html


๏LFV anomalies are certainly intriguing but still far from being an 
established experimental fact 

๏It is our duty to join LHCb in the effort of establishing the 
presence of these anomalies 

๏Certainly our detectors are not designed to do so, but they are 
robust enough to be pushed there 

๏A lot of work happened towards this (e.g., di-electron trigger) in 
view of Run3.  

๏At the same time, we should keep pushing high-pT exploration 

๏If within LHC reach, LQs and Z’ will be found 

๏By tuning searches to specific models, we are pushing sensitivity 
improvement beyond sqrt(L)

Conclusions
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๏LQLQ -> tl tl: ATLAS-CONF-2022-052
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-052/

๏LQ -> btau tau: ATLAS-CONF-2022-037
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-037/

๏VLL taus: ATLAS-CONF-2022-044
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-044/

๏LQLQ->bv ttau / btau tv: SUSY-2019-18
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-18/

๏LQLQ->bv tl / bl tv: CONF-EXOT-2022-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/

๏LQ summary plots: ATL-PHYS-PUB-2022-012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-012/

๏bsll contact interactions: EXOT-2018-16 
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-16/

๏W’->tb: CONF-EXOT-2018-50
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043/

๏ttZ’->4-tops: CONF-EXOT-2018-44
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-048/

๏Heavy resonance combination: ATLAS-CONF-2022-028
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/ 

Recent relevant ATLAS searches
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For a complete list of public results see: 
https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/ExoticsPublicResults

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-048/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


Z’ to µµ: 
๏    CMS-EXO-18-008 (https://arxiv.org/abs/1808.03684) 
๏    CMS-EXO-19-018 (https://arxiv.org/abs/1912.04776) 
๏    CMS-EXO-19-019 (https://arxiv.org/abs/2103.02708) 
๏    CMS-EXO-20-014 (https://arxiv.org/abs/2112.13769) 
๏    CMS-EXO-21-018 (PAS) 

LQ (ele q):    
Scalar: 
๏    CMS-EXO-17-009 (https://arxiv.org/abs/1811.01197),  
๏    CMS-EXO-21-001 (https://arxiv.org/abs/2202.08676),  

LQ (muon q) 
Scalar: 
๏    CMS-EXO-17-003 (https://arxiv.org/abs/1808.05082),  
๏    CMS-EXO-21-001 (https://arxiv.org/abs/2202.08676),  

Vector: 
๏    CMS-B2G-16-027 (https://arxiv.org/abs/1809.05558)  

DM (1µ, 1j, met): 
๏    CMS-EXO-17-015 (https://arxiv.org/abs/1811.10151) 

LQ(τq) 
๏    CMS-EXO-17-009 (https://arxiv.org/abs/1811.01197),  
๏    CMS-EXO-19-015 (https://arxiv.org/abs/2012.04178) 
๏    CMS-EXO-19-016 (PAS) 
๏    CMS-EXO-21-001 (https://arxiv.org/abs/2202.08676), 

LQ (νq) 
๏    CMS-EXO-20-004 (https://arxiv.org/abs/2107.13021),  
๏    CMS-SUS-19-005 (https://arxiv.org/abs/1909.03460) 

Recent relevant CMS searches
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For a complete list of public results see: 
http://cms-results.web.cern.ch/cms-results/public-

results/publications/EXO/index.html
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https://arxiv.org/abs/1912.04776
https://arxiv.org/abs/2103.02708
https://arxiv.org/abs/2112.13769
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-018/index.html
https://arxiv.org/abs/1811.01197
https://arxiv.org/abs/2202.08676
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016/index.html
https://arxiv.org/abs/2202.08676
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