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New resonance = new physics

A very successful history. 

Question: where to look next?



Many searches, well covered

Many models, multiple final states, … 



My talk

Overview of some interesting cases.


With my own take and emphasis.


Highlight some directions, hopefully motivate more 
work. 



1. Connected to weak scale

Best motivated to be around TeV scale.



TeV-ish resonances

Connection to the weak scale is the best motivation 
for the new resonances to be nearby, that is, close 
to TeV. 


Examples: Composite Higgs, extra-dimension, etc. 


Historically, this has been a big motivation to look 
for them at the LHC. It remains to be the most 
motivated case. 



Resonances and their 
decay products.

Resonance can be spin 0, 1/2, 1, 2.


With a variety of quantum numbers.


Being related to the weak scale, their decay 
products tend to favor SM particles with sizable 
coupling to the Higgs:

W, Z, h, t, b, τ



Heavy bosons
h,

h,

XX, spin 0, 1, 2

W, Z,

W, Z, t, b,  τ

t, b,  τ

Production: DY, ggF, VBF… 
Final states: all combos

Multi-channel, broad searches

For example:



Heavy bosons
h,

h,

XX, spin 0, 1, 2

W, Z,

W, Z, t, b,  τ

t, b,  τ

From Goldstone equivalence theorem, for heavy X (~TeV), we 
expect to have channels with , and  .  

And the decay BR are fixed, not model dependent.

h ↔ ZL WL



Heavy bosons
h,

h,

XX, spin 0, 1, 2

W, Z,

W, Z, t, b,  τ

t, b,  τ

From Goldstone equivalence theorem, for heavy X (~TeV), we 
expect to have channels with , and  .  

And the decay BR are fixed, not model dependent.

h ↔ ZL WL

For example, for spin 0 and spin 2 resonances:  
BR(X → ZZ ) ≃ BR(X → hh) ≃ 0.5 × BR(X → WW )

For example, for spin 1 resonances:  
BR(X± → W±Z ) ≃ BR(X± → Wh) BR(X0 → W+W−) ≃ BR(X0 → Zh)



Heavy bosons
From Goldstone equivalence theorem, for heavy X (TeV), we 
expect to have channels with , and  .  

And the decay BR are fixed, not model dependent.

h ↔ ZL WL

For example, for spin 0 and spin 2 resonances:  
BR(X → ZZ ) ≃ BR(X → hh) ≃ 0.5 × BR(X → WW )

For example, for spin 1 resonances:  

BR(X± → W±Z ) ≃ BR(X± → W±h) BR(X0 → W+W−) ≃ BR(X0 → Zh)

For example, although Higgs final states are interesting, they 
aren’t completely independent. Need to be careful in whether 
it is the most sensitive channel.



Heavy fermions

W, Z, h

X
t, b, τ

Many searches, both single and pair production.

BR(T → Zt) ≃ BR(T → Zh) ≃ 0.5 × BR(T → bW )

Goldstone equivalence theorem works here as well:

Or similar relations for other quantum number of the heavy fermion.
For example:



2. The “others”.

Should not be forgotten.



Why these? 

Our motivation can be wrong. Nature may (have 
often) surprise us. 


Many well motivated scenarios have these 
additional states just due to model consistency. 


Example: gluino, slepton, kk-gluon, extra-Higgses…

“Islands off the coast of the continent” R. Sundrum, SEARCH25



A few examples

Hadronic resonances: KK-gluon, di-quark, … 

Z’: GUT U(1)’s, , , …Lμ − Lτ B − xL

Lepto-quark

Strongly coupled NP form bound state then decay 
x-oniums. 



A few examples
Vector-like quark/leptons

W, Z, h

X

u, d, s, c, μ, e

BR(E → Ze) ≃ BR(E → Ze) ≃ 0.5 × BR(E → νW )

Not necessarily top partners.  
But these could also be well motivated.  

For example:

For example: part of a natural model, or play a role in flavor



8 TeV?
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Figure 11: The observed 95% CL upper limits (black lines with points) on the product of the
cross section, branching fraction, and acceptance for resonant production of paired dijet reso-
nances decaying to a quark-gluon pair, with αtrue = M(X)/M(Y) = 0.25. The corresponding
expected limits (dashed lines) and their variations at the 1 and 2 standard deviation levels
(shaded bands) are also shown. Limits are compared to predictions for a scalar diquark [22]
(dot-dashed line) with couplings to pairs of up quarks, yuu= 0.4, and to pairs of vector-like
quarks, yχ= 0.6.
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1 Introduction
The potential to discover physics beyond the standard model (BSM) is the motivation of searches
for dijet resonances. These searches look for a pair of jets coming from the decay of a new par-
ticle, X.

The simplest searches, which have been conducted at the CERN LHC [1–18] using strate-
gies reviewed in Ref. [19], are for s-channel single production of dijet resonances produced in
proton-proton (pp) collisions, where there are two jets in the final state: pp → X → jj. Be-
cause of this simple topology, where X is produced directly from the partons in the proton and
must decay to the same partons, searches for single production place tight constraints on many
models of BSM physics.

A more complex process is pair production of a dijet resonance X decaying to two jets and
therefore yielding four jets in the final state. Two modes of production of the pair of new
particles are possible, resonant production with an intermediate resonance Y and non-resonant
production, both shown in Fig. 1, and each mode presents a unique opportunity for discovery.
We present a generic search for pairs of narrow dijet resonances in each production mode with
data corresponding to an integrated luminosity of 138 fb↑1 collected in 2016–2018 with the CMS
detector at the LHC, and we use results obtained from each mode to constrain a benchmark
model, as discussed below.
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Figure 1: (Left) Resonant production via a particle, Y, of pairs of dijet resonances, X. (Right)
Nonresonant production of pairs of dijet resonances.

Prior searches were for Lorentz-boosted low mass resonance pairs, produced via both reso-
nant [20] and nonresonant [21] mechanisms, and have been conducted using jet substructure
techniques to identify boosted resonances inside of jets. This analysis considers pairs of re-
solved dijet resonances, X, where both jets within each dijet resonance are individually recon-
structed, allowing the resonant and nonresonant searches to be sensitive to high resonance
masses: X masses greater than 0.5 TeV and Y masses greater than 2.0 TeV.

First, we consider resonant production of pairs of dijet resonances,

pp → Y → XX → (jj)(jj), (1)

where the intermediate state is a massive new particle, Y, decaying to identical dijet reso-
nances, X. As a benchmark, we consider a diquark model [22], where the intermediate state
is a diquark, S, produced from the annihilation of two up quarks, and the dijet resonance is a
vector-like quark, χ, that decays to an up quark (u) and a gluon (g) only;

uu → S → χχ → (ug)(ug). (2)

This scalar diquark is a good benchmark because it is produced with a large cross section, due
to the high probability of finding up quarks at high fractional momentum within the proton.

CMS collaboration, 2206.09997



3. A bit more exotic and     
challenging. 

Nature may really surprise us!



LHC, Higgs mass and landscape
Toy model of a landscape, N scalars Si .

If each scalar has two vacua ⇒ 2N vacua 

Can be a large landscape for N >> 1 (e.g. N～102 )

R.-T.  D’Agnolo, M. Ettengruber, LTW, in progress



LHC, Higgs mass and landscape
Toy model of a landscape, N scalars Si .

ℒ ⊃ H†H
N

∑
i,j

λijSiSj + . . . , N ≫ 1

Connection to the Higgs mass, Higgs couples to the scalars

If each scalar has two vacua ⇒ 2N vacua 

Can be a large landscape for N >> 1 (e.g. N～102 )

R.-T.  D’Agnolo, M. Ettengruber, LTW, in progress



Higgs to landscape scalars
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Large multiplicity O(10)

Followed by cascade among scalars

R.-T.  D’Agnolo, M. Ettengruber, LTW, in progress



Interesting alternative
h
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bb̄ /cc̄/τ τ̄

bb̄ /cc̄/τ τ̄

Rate into a particular final decay chain  , tiny. 
However, many possible channels,  total h → scalars can be sizable!

∝ λ2 ∼ 1/N2
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Rate into a particular final decay chain  , tiny. 
However, many possible channels,  total h → scalars can be sizable!

∝ λ2 ∼ 1/N2

⇒ b/c/  … , high multiplicity of final states 

but no fixed topology, no reconstructing particular resonances or 
decay chains.

τ



Are we ready for this?

sample.
This result is expected due to the general improvement of

-multiplicity observed earlier.
-

multiplicity for the DNNs trained on the “wrong” sample.

6

FIG. 5. The universality of the PFN tracks. The notation
“A ! B” in the figure means “trained on process A but
tested on process B”.

specific signal channel to a mixed 4b+6b+8b sample with
an equal amount of event numbers for each channel. To
be concrete, we use PFN track for this test. The result
of the signal e�ciency on the mixed sample is shown
in Fig. 5. The DNNs trained on an exclusive sample
still have a good performance on the mixed sample. For
example, with ✏S ⇠ 0.6, they have a rejection 1/✏B ⇠

500. The performance is better than that on the exclusive
`±⌫4b sample while worse than that on the `±⌫8b sample.
This result is expected due to the general improvement of
the performance with the b-multiplicity observed earlier.
We also observe here the improvement associated with b-
multiplicity for the DNNs trained on the “wrong” sample.
Moreover, DNNs trained with di↵erent exclusive samples
have similar performances on the mixed sample.

Classification accuracies SM
M0 = 30 GeV

M1 = 12 GeV

Tested on

Trained on
h ! bb̄ `±⌫4b `±⌫6b `±⌫8b

SM h ! bb̄ 67.1% 61.4% 58.1% 56.5%

M0 = 30 GeV

M1 = 12 GeV

`±⌫4b 69.3% 73.1% 69.7% 68.1%

`±⌫6b 72.3% 77.0% 76.5% 74.9%

`±⌫8b 74.4% 79.4% 79.9% 79.4%

4b + 6b + 8b � 76.4% 74.7% 73.6%

TABLE II. Testing the universality of the PFN with tracks
information.

In Table II, we show the classification accuracies of
DNNs trained on an exclusive sample and applied to
di↵erent samples, both exclusive and mixed. 4 It

4
The classification accuracy is defined as the ratio of “correct

predictions” to the length of the test dataset, where the

“prediction” for a given event is defined as the neuron with

maximal output. For instance, we count this event’s classification

as a signal if the neurons have output with r0 = 0.5, r1 = 0.1 and

r2 = 0.3. By this definition, the accuracy of a random prediction

is 33.3% for a three-neuron output DNN.

is interesting to note that the DNNs trained on lower
b-multiplicity samples perform better when they are
applied to higher multiplicity samples. For example,
the DNN trained on `±⌫4b sample (with an accuracy
of 73.1%) has an accuracy of 79.4% on the 8b sample.
Again, this observation implies the DNN trained in 4b
samples relies on the b (sub-)jet information. Note that
the DNNs also tag the SM h ! bb̄ events with 55%÷61%
e�ciency, implying that the b-jets and Higgs masses
played important roles in the signal and background
separation. When conducting a search for the exotic
decays, one can apply other well-trained and optimized
taggers for the h ! bb̄ process, and hence we do not take
this SM Higgs process as background when deriving the
limits in the next subsection.

B. Branching ratio upper limits for the exotic
decay

As an application of the techniques studied here, we
derive a projection for the sensitivity to the Higgs exotic
decays at the LHC and di↵erent future hadron colliders.

FIG. 6. The branching ratio upper limits for the exotic decays
at di↵erent luminosities, derived by the PFN tracks trained
on the corresponding channel. For the `±⌫4b channel, the
ATLAS result [50] is also plotted as reference.

The projections are obtained as follows. Given a cut
threshold rc, we collect the event numbers of the signal

and background samples that pass the cut, i.e. N (r0>rc)
S

and N (r0>rc)
B1 + N (r0>rc)

B2 . They can be interpreted to
the cross sections �S and �B after the cut. Therefore,
given an integrated luminosity L at the LHC, the

S. Jung, Z. Liu, LTW, K. Xie 2109.03294 
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Wh → ℓν + bs

New ideas to trigger and tag on this kind of final states?



Challange for Triggering: 
hadronic ALP

A. Hook, S. Kumar, Z. Liu, R. Sundrum, 1911.12364
ℒ ⊃

a
8π fa

GG̃ + …

“Window of opportunity”.  Solves strong CP problem with high quality. 
LHC within striking distance.  

O(cm) level displacement. Triggering on hard ISR severely restricting reach. 
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Form-factor
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Form-factor

E

Resonance

EFT
“Form factor”

Quite exotic.  
Similar to very broad resonance. 
Could be of more general shape. 
Are we ready for this?



Conclusions

Heavy resonance is an important BSM physics 
target.


Many cases well covered. But we can do much more


Many “conventional” resonances have similar final 
states (and BR),  easy to classify/consolidate. 


Expanding to more exotic cases. 
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Figure 8: The (a,c) expected and (b,d) observed lower limits on the 𝐿 and 𝑀 masses at 95% CL in the BR plane from
the combination of the two analysis channels for the production of (a,b) 𝐿𝐿 and (c,d) 𝑀𝑀̄, for all BR configurations
when assuming a total BR of 100% for 𝐿 → 𝑁𝑂, 𝐿 → 𝑃𝑄, and 𝐿 → 𝑅𝑂 decays or 𝑀 → 𝑁𝑄, 𝑀 → 𝑃𝑂, and 𝑀 → 𝑅𝑄

decays, respectively. The white lines represent the contours of fixed 𝑆VLQ.
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Decay of KK-graviton

 CAAG00n ! ek!R
2"1# J0$xGn %&

k!R$xGn %2jJ2$xGn %j
; (2)

where J0;2 denote Bessel functions and xGn ! 3:83, 7.02,
10.17, 13.32 gives masses of the first 4 KK gravitons:
mG
n ! ke#k!RxGn . Gauge KK masses are given by mA

n !
ke#k!R ' $2:45; 5:57; 8:7; 11:84%. For simplicity, we ne-
glect brane-localized kinetic terms for both graviton and
gauge fields. Thus, we have

 mG
1 ( 1:5mA

1 ; (3)

for the lightest KK masses for graviton and gauge fields.
As mentioned above, the decays of KK gravitons are

dominated by the top quark and Higgs (including longitu-
dinalW=Z using equivalence theorem). Let us consider the
top and bottom sector in detail to determine the couplings
to KK gravitons. Because of the heaviness of the top quark
combined with the constraint from the shift in Zb !b, one
possibility is to localize tR very close to the TeV brane with
$t; b%L having a profile close to flat [16]. Even with this
choice of the profiles, the gauge KK mass scale is con-
strained by Zb !b to be * 5 TeV, i.e., a bit higher than that
allowed by oblique EW data. However, a custodial sym-
metry to suppress Zb !b [18] can relax this constraint on the
gauge KK mass scale and moreover allows the other ex-
treme case: $t; b%L very close to the TeV brane and tR close
to flat and also the intermediate possibility with both tR and
$t; b%L being near, but not too close to TeV brane. The
bottom line is that, with this custodial symmetry and for
certain choices of profiles for tR and $t; b%L in the extra
dimension, gauge KK masses as low as )3 TeV can be
consistent with Zb !b as well [19]. For simplicity, we will
consider the extreme case with tR localized very close to
the TeV brane, with $t; b%L having close to a flat profile. It is
straightforward to extend our analysis to the other cases.
Moreover, we will assume that this helicity of the top quark
and similarly the Higgs are exactly localized on the TeV
brane. In reality, these particles have a profile peaked near
the TeV brane, but this will result in at most an O$1%
difference.

With this approximation, the couplings relevant for de-
cay are

 L G 3
ek!R

!MP
"#$"%&h$q%$&$x%T

tR;H
#% $x% (4)

giving the partial decay widths [20]

 "$G! tR !tR% ( Nc
$cxGn %2mG

n

320!
; (5)

 "$G! hh% ( $cx
G
n %2mG

n

960!
; (6)

 "$G! W*L W
#
L % (

$cxGn %2mG
n

480!
; (7)

 "$G! ZLZL% (
$cxGn %2mG

n

960!
; (8)

where Nc ! 3 is the number of QCD colors, c + k= !MP,
and we have neglected masses of final state particles in
phase space factors. These are the only important decay
channels for the n ! 1 graviton KK mode which is the
focus of our analysis in this work. For the case where
$t; b%L is localized very close to the TeV brane (with tR
being close to flat), we multiply the 1st formula by a factor
of 2 to include decays to bL. In this case, production of KK
gravitons from b !b annihilation can also be important. The
last 2 formulas correspond to decays to longitudinal polar-
izations: we have used the equivalence theorem (which is
valid up toM2

W;Z=E
2 effects, where E)mG

1 ) to relate these
decays to the physical Higgs. As mentioned above, we can
neglect decays to transverse W=Z (and similarly to gluon,
photon) due to volume [) log$ !MP=TeV%] suppression (in
amplitude) relative to longitudinal polarization. Similarly,
decays to light fermions are negligible (due to the Yukawa-
suppressed coupling to KK gravitons). We can also show
that the decays of KK gravitons to other KK modes are
suppressed.

Finally, for the intermediate possibility mentioned above
(with both tR and $t; b%L being near, but not too close to
TeV brane), the partial width of KK gravitons to top/
bottom quarks (and hence the total width) will be smaller
and hence the BR to ZZ will be larger.

IV. KK GRAVITON PRODUCTION

The relevant matrix elements for the process gg! VV,
with V ! W, Z, via KK gravitons are [21]
 

MG
'1'2'3'4

$gagb ! VV% ! #CAAG00n e
#k!R

!
xGn c
mG
n

"
2

'
X
n

(ab"A'1'2'3'4
&

ŝ#m2
n * i"Gmn

; (9)

where 'i refer to initial and final state polarizations, a, b
are color factors,

 "G !
13$cxGn %2mG

n

960!
(10)

is the total decay width of KK gravitons in our treatment,
and we have used !MPe#k!R ! mG

n =$xGn c%. As mentioned
before, xG1 ! 3:83 for the first graviton resonance. We have

 A**00 !A##00 ! 0; (11)

 A*#00 !A#*00

! $1# 1=&2
V%$&2

V # 2%"$t̂# û%2 # &2
Vŝ

2&ŝ
8M2

V
;

(12)

where &2
V ! 1# 4M2

V=ŝ and the hatted variables are in the

WARPED GRAVITONS AT THE CERN LHC AND BEYOND PHYSICAL REVIEW D 76, 036006 (2007)

036006-3
 CAAG00n ! ek!R

2"1# J0$xGn %&
k!R$xGn %2jJ2$xGn %j

; (2)

where J0;2 denote Bessel functions and xGn ! 3:83, 7.02,
10.17, 13.32 gives masses of the first 4 KK gravitons:
mG
n ! ke#k!RxGn . Gauge KK masses are given by mA

n !
ke#k!R ' $2:45; 5:57; 8:7; 11:84%. For simplicity, we ne-
glect brane-localized kinetic terms for both graviton and
gauge fields. Thus, we have

 mG
1 ( 1:5mA

1 ; (3)

for the lightest KK masses for graviton and gauge fields.
As mentioned above, the decays of KK gravitons are

dominated by the top quark and Higgs (including longitu-
dinalW=Z using equivalence theorem). Let us consider the
top and bottom sector in detail to determine the couplings
to KK gravitons. Because of the heaviness of the top quark
combined with the constraint from the shift in Zb !b, one
possibility is to localize tR very close to the TeV brane with
$t; b%L having a profile close to flat [16]. Even with this
choice of the profiles, the gauge KK mass scale is con-
strained by Zb !b to be * 5 TeV, i.e., a bit higher than that
allowed by oblique EW data. However, a custodial sym-
metry to suppress Zb !b [18] can relax this constraint on the
gauge KK mass scale and moreover allows the other ex-
treme case: $t; b%L very close to the TeV brane and tR close
to flat and also the intermediate possibility with both tR and
$t; b%L being near, but not too close to TeV brane. The
bottom line is that, with this custodial symmetry and for
certain choices of profiles for tR and $t; b%L in the extra
dimension, gauge KK masses as low as )3 TeV can be
consistent with Zb !b as well [19]. For simplicity, we will
consider the extreme case with tR localized very close to
the TeV brane, with $t; b%L having close to a flat profile. It is
straightforward to extend our analysis to the other cases.
Moreover, we will assume that this helicity of the top quark
and similarly the Higgs are exactly localized on the TeV
brane. In reality, these particles have a profile peaked near
the TeV brane, but this will result in at most an O$1%
difference.

With this approximation, the couplings relevant for de-
cay are

 L G 3
ek!R

!MP
"#$"%&h$q%$&$x%T

tR;H
#% $x% (4)

giving the partial decay widths [20]

 "$G! tR !tR% ( Nc
$cxGn %2mG

n

320!
; (5)

 "$G! hh% ( $cx
G
n %2mG

n

960!
; (6)

 "$G! W*L W
#
L % (

$cxGn %2mG
n

480!
; (7)

 "$G! ZLZL% (
$cxGn %2mG

n

960!
; (8)

where Nc ! 3 is the number of QCD colors, c + k= !MP,
and we have neglected masses of final state particles in
phase space factors. These are the only important decay
channels for the n ! 1 graviton KK mode which is the
focus of our analysis in this work. For the case where
$t; b%L is localized very close to the TeV brane (with tR
being close to flat), we multiply the 1st formula by a factor
of 2 to include decays to bL. In this case, production of KK
gravitons from b !b annihilation can also be important. The
last 2 formulas correspond to decays to longitudinal polar-
izations: we have used the equivalence theorem (which is
valid up toM2

W;Z=E
2 effects, where E)mG

1 ) to relate these
decays to the physical Higgs. As mentioned above, we can
neglect decays to transverse W=Z (and similarly to gluon,
photon) due to volume [) log$ !MP=TeV%] suppression (in
amplitude) relative to longitudinal polarization. Similarly,
decays to light fermions are negligible (due to the Yukawa-
suppressed coupling to KK gravitons). We can also show
that the decays of KK gravitons to other KK modes are
suppressed.

Finally, for the intermediate possibility mentioned above
(with both tR and $t; b%L being near, but not too close to
TeV brane), the partial width of KK gravitons to top/
bottom quarks (and hence the total width) will be smaller
and hence the BR to ZZ will be larger.

IV. KK GRAVITON PRODUCTION

The relevant matrix elements for the process gg! VV,
with V ! W, Z, via KK gravitons are [21]
 

MG
'1'2'3'4

$gagb ! VV% ! #CAAG00n e
#k!R

!
xGn c
mG
n

"
2

'
X
n

(ab"A'1'2'3'4
&

ŝ#m2
n * i"Gmn

; (9)

where 'i refer to initial and final state polarizations, a, b
are color factors,

 "G !
13$cxGn %2mG

n

960!
(10)

is the total decay width of KK gravitons in our treatment,
and we have used !MPe#k!R ! mG

n =$xGn c%. As mentioned
before, xG1 ! 3:83 for the first graviton resonance. We have

 A**00 !A##00 ! 0; (11)

 A*#00 !A#*00

! $1# 1=&2
V%$&2

V # 2%"$t̂# û%2 # &2
Vŝ

2&ŝ
8M2

V
;

(12)

where &2
V ! 1# 4M2

V=ŝ and the hatted variables are in the
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The probability distribution for a quark of energy E to
emit a longitudinally polarized gauge boson of energy xE
and transverse momentum pT (relative to quark momen-
tum) is approximated by [22]:

 

dPLV=f!x;p2
T"

dp2
T

#g
2
V$g2

A

4!2

1%x
x

!1%x"M2
V

&p2
T$!1%x"M2

V'2
: (A4)

The proton-level cross section can then be written as

 

"!pp! ZZ" 3
Z
dx1dx2dxW1 dx

W
2 dp

2
T1dp

2
T2

dPLW=u!xW1 ; p2
T1"

dp2
T1

dPLW=d!xW2 ; p2
T2"

dp2
T2

fu!x1; Q2"fd!x2; Q2""̂!ŝ" $ !u$ d"

(
Z
dx1dx2dxW1 dx

W
2 fu!x1; Q2"fd!x2; Q2" ) PLW=u!xW1 "PLW=d!xW1 ""̂!sx1x2xW1 x

W
2 " $ !u$ d"; (A5)

where in the second line, we have used the fact that [based
on Eq. (A4)] the average p2

T of the longitudinal V is given
by *!1% x"M2

V + !xW1;2E"2. Here, xW1;2E*mG
n * TeV is

roughly the energy of the longitudinal V in order to pro-
duce an on shell KK graviton.5 Hence, we can neglect pT’s

in the parton-level cross section, i.e., set ŝ ( sx1x2xW1 x
W
2

and integrate over pT’s to obtain total probabilities,
PLW=d!x" # PLW=u!x" ( g2=!16!2" ) !1% x"=x. Also, fu;d
are the u, d PDF’s; the u quark (or W$) can come from the
first proton and d quark (orW%) from the second proton or
vice versa. Expressions for contributions fromW=ZL emis-
sion from various other combinations of quarks and anti-
quarks inside the protons can be similarly obtained.
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Figure 8: The (a,c) expected and (b,d) observed lower limits on the 𝐿 and 𝑀 masses at 95% CL in the BR plane from
the combination of the two analysis channels for the production of (a,b) 𝐿𝐿 and (c,d) 𝑀𝑀̄, for all BR configurations
when assuming a total BR of 100% for 𝐿 → 𝑁𝑂, 𝐿 → 𝑃𝑄, and 𝐿 → 𝑅𝑂 decays or 𝑀 → 𝑁𝑄, 𝑀 → 𝑃𝑂, and 𝑀 → 𝑅𝑄

decays, respectively. The white lines represent the contours of fixed 𝑆VLQ.
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