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Outline

No BSM signal 
discovered at LHC

• Turn to less abundant processes 
for new-physics searches


• Efficient exploitation of correlations 
in data required


• Model-independent techniques

Content: 
• Focus on 4-top production


• BSM resonances in 4-top


• Non-resonant searches

GNN analysis→

2HDM example→

Higgs-philic ALP→
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[Cao, Chen, Liu `16]

[Cao, Chen, Liu, `16]

 productiontt̄tt̄
• Rare process, but recently observed 

by ATLAS, CMS 
[ATLAS 2303.15061] 
[CMS 2305.13439]


• SM cross section at NLL accuracy 
[Beekveld, Kulesza, Valero `22]


• Access to Yukawa coupling 


• Independent of Higgs width


• Combine with  for insights on 
other couplings / width  [Cao, Chen, 
Liu `16] 

yt

tt̄H

current observed

current observed 3
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• Two same-sign di-lepton (2SSDL) final state:                                                                            





• Three leptons (3L):


pp → tt̄tt̄ → ℓ+ℓ+/ℓ−ℓ− + jets + b-quarks

pp → tt̄tt̄ → ℓℓℓ + jets + b-quarks

Considered Processes for SM

Pre-selection: 
• 


• 


• 


• At least 20 GeV of missing energy

pT(ℓ) > 10 GeV &  |η(ℓ)| < 2.5
pT(b) > 20 GeV &  |η(b)| < 2.5
pT( j) > 20 GeV &  |η( j)| < 4.5

Multiple final 
states with rich 

kinematics

Exploit correlations in 
data with Machine 

Learning

70% tagging efficiency 

nowadays pessimistic, but we 
neglect mis-tagging
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Simulated SM Backgrounds
• 2SSDL backgrounds:

• 3L backgrounds:
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SM Significance

GNN
<latexit sha1_base64="aG/Ic6S22DY1CBkL4DbDjp+LNEg=">AAACHXicbVDLSgMxFM34rPVVdekmWIQWpMxIRZelblxWtA/olJJJ02loJjMkd8QyzI+48VfcuFDEhRvxb0wfgrYeCBzOOZebe7xIcA22/WUtLa+srq1nNrKbW9s7u7m9/YYOY0VZnYYiVC2PaCa4ZHXgIFgrUowEnmBNb3g59pt3TGkeylsYRawTEF/yPqcEjNTNlV2P+76b1AousHtIbrgviUiLJ/hHqRI69FUYy15anIbTbi5vl+wJ8CJxZiSPZqh1cx9uL6RxwCRQQbRuO3YEnYQo4FSwNOvGmkVmD/FZ21BJAqY7yeS6FB8bpYf7oTJPAp6ovycSEmg9CjyTDAgM9Lw3Fv/z2jH0LzoJl1EMTNLpon4sMIR4XBXuccUoiJEhhCpu/orpgChCwRSaNSU48ycvksZpyTkr2dflfKU6qyODDtERKiAHnaMKukI1VEcUPaAn9IJerUfr2Xqz3qfRJWs2c4D+wPr8BugEom8=</latexit>⇢
P (Signal), P (Background)

�

CMS
• Use ROC curves to obtain 

optimal working point gives 
score threshold to accept event


• ‘Simplified’ significance 
 for our simulated 

gives  for 2SSDL and 
 for 3L


• Reasonable estimates for BSM 
expected with our analysis

→

NS / NB + NS

∼ 4.6
∼ 3

3L

[CMS 2305.13439]
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Scalar resonances - why 4-top?

7
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Fermion Yukawa 

couplings:

gff̄h ∼ mf

Heavier?
BSM scalars dominant 

coupling to tops?

Resonances in  !⟹ tt̄

• However:

Distortion of peak from 
signal-background
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HBSM

[ATLAS 1707.06025]

• Many works focus on different types of resonances (e.g. [Darme, Fuks, Maltoni `21], 
[Cao et al `21])  focus on scalar resonances→
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• Simplified Lagrangian:

Scalar Resonance searches

<latexit sha1_base64="w6eFHW9CbzLHNoWo/my6LVWKhE8="></latexit>

Lsimp =
1

2
(@S)2 � M2

S

2
S2 � mt

v
[⇠S t̄LtRS + h.c]

Resonant Contributions: 

Interference Contributions:

<latexit sha1_base64="bvKfbuLC9z8EIBon0OGezjjUTOw="></latexit>

d�new ⇠ |Mres|2dLIPS
<latexit sha1_base64="Db/O6JkI/Bd/u0lnawCb5nrd51I="></latexit>

d�inf ⇠ 2Re (MbkgM⇤
res) dLIPS

• Interference effects that can 
distort mass peak are relatively 
small


• More significant for  but 
in this case sensitivity is also 
limited


• For CP-odd case interference 
should be vanishing when 
studying CP-even observables

ξS → 0
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• Train GNN for different masses  for fixed width ratios  and 
 = 1

MS ΓS /MS = 0.1
ξS

Results with GNN

• Can in principle set 
constraints on , 
however sensitivity is 
limited

ξS < 1

• 2σ confidence limits on 
scalar mass with CP-
even and CP-odd 
couplings (3/ab for 
13TeV collisions)
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• Map to type-2 2HDM with particle content:


• CP even:  (SM-like Higgs) ,  and 


• CP odd: 

h H H±

A

Mapping to 2HDM

<latexit sha1_base64="bduuy7aYB+UspB8TIe2uzeyfKp8="></latexit>

L2HDM � �mt

v

�
⇠ht̄th+ ⇠H t̄tH � i⇠At̄�

5
tA

�
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• Parameters in terms of 2HDM couplings:
<latexit sha1_base64="GDSdk2FcAp5Hdm8Z6zob+9eS9+w="></latexit>

⇠h =sin(� � ↵) + cos(� � ↵)

⇠H =cos(� � ↵)� sin(� � ↵)

⇠A =cot(�)

[Kanemura, Yokoya, Zheng `15]

• Sizeable multi-top interactions expected
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• Scan parameter space (2HDecay and HiggsBounds) for current data and 
extrapolated


• Sensitivity improvements mostly lead by  and 


• Overlay 2SSDL resonance search results

H+ → tb̄ H → τ+τ−

Exclusions

4-top 2SSDL

exclusion at 

HL-LHC
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• Scan parameter space (2HDecay and HiggsBounds) for current data and 
extrapolated


• Sensitivity improvements mostly lead by  and 


• Overlay 2SSDL resonance search results

H+ → tb̄ H → τ+τ−

Exclusions

4-top 2SSDL

exclusion at 

HL-LHC

• Effects from signal-signal interference?


• Possible mixing effects from BSM states?

• Currently investigating for Two-
Higgs Doublet Models 


• Collaborative effort with ATLAS 
experimentalists at DESY
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• SMEFT Lagrangian


• Sensitivity to 4-heavy 4-fermion operators in SMEFT [Aoude et al `22] 

• Complements top-fits from top-pair production

SMEFT Prospects from four-tops
<latexit sha1_base64="wO109Zwvr5Arx6uxRpb2ZljhdLU="></latexit>

LSMEFT = LSM +
X

n�5

X

i

C(n)
i

⇤n�4
O

(n)
i

Not unexpected, sizeable 
EW even at NLO [Frederix, 

Pagani, Zaro `18]

[Aoude et al `22]

Care needed! Significant  
and   contributions

α2
SαEM

α2
Sαt
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• Motivated EFT-related example: parameter    [Englert et al `19] 

• Can be understood as an oblique correction:

Ĥ

Non-resonant new interactions

• Introduce through                                    

<latexit sha1_base64="JRDApAXtpoUWNLG7wgw0M6mqArU="></latexit>

�i�(p2,m2
H
) =

1

p2 �m
2
H

� Ĥ

m
2
H

• Associated modifications of couplings
<latexit sha1_base64="NR/ONmJpXWcCgOYeMRj203XgEck="></latexit>
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<latexit sha1_base64="AJs61FUVjnoC9Q81jjUqHKhgOR0="></latexit>
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<latexit sha1_base64="PwhztzMiqmXXLT1Df9hq4d3s2f4="></latexit>

L
Ĥ

=
Ĥ

m
2
H

|DµD
µ�|2

Higgs propagator modification

Effect of  can be more important in 4-topĤ⟹
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 bounds from experimentsĤ
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• Previous CMS 95% upper limit: 


• Recent ATLAS paper also placed bounds on 

Ĥ < 0.12

Ĥ
Small excess from SM!

[ATLAS 2303.15061]

[CMS 1908.06463]
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An example: 4-top for Higgs-philic ALP

16

[Herrero, Morales `20,`21, `22]
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The leading order HEFT Lagrangian relevant for this study is given as follows
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Non-linear 
construction, 

Higgs is a singlet

[Brivio et al `14]
[Buchalla, Cata, Krause`14]
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<latexit sha1_base64="aVDXcr+V8SGVJo1MSHXP5Z9nEJk="></latexit>

LALP

LO
=

1

2
@µA@µA� 1

2
M2

AA2 + a2D
⇣
i v2Tr[U⌧3U† Vµ]

@µA
fA

F2D

⌘

<latexit sha1_base64="GGdGC0PLfPPQ5R6fSlQZXih0BCA="></latexit>
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Vµ = (DµU)U †

{{

ALP field
How to 

constrain new 
couplings and 

mass? [Brivio et al `17]

Non-linear introduction of an Axion-Like Particle (ALP):

• Chiral Electroweak Lagrangian (HEFT):
[Anisha, Das Bakshi, Englert, PS `22 (preprint)]
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An example: 4-top for Higgs-philic ALP
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[Herrero, Morales `20,`21, `22]
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LALP

LO
=

1

2
@µA@µA� 1

2
M2

AA2 + a2D
⇣
i v2Tr[U⌧3U† Vµ]

@µA
fA

F2D

⌘

<latexit sha1_base64="GGdGC0PLfPPQ5R6fSlQZXih0BCA="></latexit>

F2D =
⇣
1 + 2⇣12D

H

v
+ ⇣22D

⇣
H

v

⌘2
+ ...

⌘

<latexit sha1_base64="fSvbE39OR1u3IveQdhERYfPtxSk=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0Wom5KIRTdCURcuK5i20MQwmUzaoZMHMxOhhHyJG3/FjQtFBFf6N07aLLT1wjBnzrmXO+d4CaNCGsa3VllaXlldq67XNja3tnf03b2uiFOOiYVjFvO+hwRhNCKWpJKRfsIJCj1Get74qtB7D4QLGkd3cpIQJ0TDiAYUI6koV2/ZXsx8MQnVldkhkiOMWNbNc1e90vwCNq5nyDq27jPbR8Mh4bmr142mMS24CMwS1EFZHVf/tP0YpyGJJGZIiIFpJNLJEJcUM5LX7FSQBOExGpKBghEKiXCyqb0cHinGh0HM1YkknLK/JzIUisKB6iwMiHmtIP/TBqkMzp2MRkkqSYRni4KUQRnDIivoU06wZBMFEOZU/RXiEeIIS5VoTYVgzlteBN2TptlqGren9fZlGUcVHIBD0AAmOANtcAM6wAIYPIJn8AretCftRXvXPmatFa2c2Qd/Svv6ASCoo7I=</latexit>

Vµ = (DµU)U †

{{

ALP field
How to 

constrain new 
couplings and 

mass? [Brivio et al `17]

Non-linear introduction of an Axion-Like Particle (ALP):

• Chiral Electroweak Lagrangian (HEFT):
[Anisha, Das Bakshi, Englert, PS `22 (preprint)]

In non-linear case ALP-Higgs-Z coupling is 
leading order

H

A

Z
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Virtual contributions in 4-top Virtual contributions in di-Higgs

ALP in loop

h

g

g

h

g

g

h

g

g

h

g

g

h

g

g

<latexit sha1_base64="5UrRFmyU4KdwXMXDLVqcIRy5l2s=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoseilx4r2A9oQ9lsN+nSzSbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/ERwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo+NUUdamsYhVzyeaCS5ZGzgI1ksUI5EvWNef3M787gNTmsfyHrKEeREJJQ84JWCkoV0NcYgHiodjIErFj7iJm0O75tSdOfAqcQtSQwVaQ/trMIppGjEJVBCt+66TgJcTBZwKNq0MUs0SQickZH1DJYmY9vL58VN8apQRDmJlSgKeq78nchJpnUW+6YwIjPWyNxP/8/opBNdezmWSApN0sShIBYYYz5LAI64YBZEZQqji5lZMx0QRCiavignBXX55lXTO6+5l3bm7qDVuijjK6BidoDPkoivUQE3UQm1EUYae0St6s56sF+vd+li0lqxipor+wPr8AV5Lk/A=</latexit>

gg ! HH

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>
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<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H
<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

-4 -2 0 2 4

-2

-1

0

1

23/ab extrapolation

An example: 4-top for Higgs-philic ALP
• Main probes for ALP mass  34 GeV:≳

Projection with 
only statistics

[CMS-PAS-FTR-18-03]

[Anisha, Das Bakshi, Englert, PS `22 (preprint)]



DESYª FH discussion | 10/07/23 | P. Stylianou 19

Conclusions
• ML techniques enhance sensitivity to SM 4-top production

utilised by experiments  

• Sensitivity to resonances  4-top can complement searches of top-pair 
production suffering from destructive signal-SM interference


• Complementary information to parameter models of UV-complete models (e.g. 
representative 2HDM type II) 


• Measurement of  can provide insights on non-resonant interactions: small 
deviation in observed data from ATLAS


•  particularly useful for models with new states coupled to Higgs

→

Ĥ

Ĥ

Thank you!
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• Signal Region Selection: 


• represent events as fully-connected bidirectional graphs


• Graph Neural Network (GNN) for signal-background discrimination 


• Supervised learning: background  0, signal  1


• Each node is assigned node features  as input


• Node features updated for each ‘message passing layer’ with Edge 
Convolution


• ‘Graph Readout Operation’: mean  gives a vector for ‘graph properties’

→ →

⃗x(0)
i

→

Backup: Edge Convolution

<latexit sha1_base64="0+GVLMnU7h3gnrrQ6g0nuMkv2yw="></latexit>

~x(l+1)
i =

1

|N (i)|
X

j2N (i)

ReLU

✓
⇥ · (~x(l)

j � ~x(l)
i ) + � · (~x(l)

i )

◆
Linear Layers

Nodes in ‘neighbourhood’ of  (connected)i
m(l)

ij
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Backup: Network Architecture

<latexit sha1_base64="0+GVLMnU7h3gnrrQ6g0nuMkv2yw=">AAAFTHicbVNdb9MwFE23bozysQ0eebHoEK0mpmYCwQvSBjzsgaLC1mbq3EaO47be4iSKnXWN5R/HH+Cd/8EbQsJps61JainS1Tnnnut7neuEHuWi1fpdWVuvbmw+2HpYe/T4ydPtnd1nPR7EESZdHHhBdO4gTjzqk66gwiPnYUQQczxiOVefU966JhGngX8mZiEZMDT26YhiJDRk7/yE1wTLG2XToWx4+2ZTgY8AjiKEpakk9HSuABJi5MlvSjVoE8AoxRSAPGa2vASQ+jmBZgS5ERJyLH+Qr12lAYeOxw0AzyZEIACxGwjQyAqnZZvKvgRvQB7RpfYB7ExoIWFx06ZqLmyb9k69ddCaH1AOzCyoG9np2LvrHLoBjhnxBfYQ5xdmKxQDiSJBsUdUDcachAhfoTG50KGPGOEDOZ+1Aq804oJREOnPF2COLmdIxDifMUcrGRITXuRScBV3EYvRh4GkfhgL4uNF oVHsARGA9OGASyOChTfTAcIR1XcFeIL0Qwn9vLkqjsNyTchwMuMUc1WrQZ9MccAY8l0JvxBPoG5PZdFQLh5OI0rllZyOp1OtO6VjhoZntrSsFRKEliXHx6skSU7SXyFJci79VS6TW4UtT4p0+9RRcg8G+idNdyLrqX2q1F5B6bK0JTdtHbRta3hY4pMlvl/mE3LH921SZPm9O7etIovvWVxmk+mSsyzN2k3mo74TlEetFUlOUZq0myQ5j/KgtSLn0S973DugUvItBRO99Kqm19QsLmU56B0emO8OWt/f1o8+ZQu7ZbwwXhoNwzTeG0fGidExugauvK60K72KVf1V/VP9W/23kK5VspznRu5sbP4HDq3bvg==</latexit>

~x(l+1)
i =

1

|N (i)|
X

j2N (i)

ReLU

✓
⇥ · (~x(l)

j � ~x(l)
i ) + � · (~x(l)

i )

◆

m(l)
ij

Signal: labeled as 1

Background: labeled as 0

linear layersEdgeConv:
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• Total visible invariant mass and  show the best discriminative features 
between SM signal and SM background for 2SSDL

HT

Backup: Representative Distributions
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• Simplified Lagrangians with scalars, pseudoscalars and vector resonances (e.g. 
[Darme, Fuks, Maltoni `21], [Cao et al `21])


• Scalar to EFT matching

Backup: Resonances vs EFT in 4-top

<latexit sha1_base64="/GIeVKhBxnO9Zn//zWz0WOgdh4k=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKKboSiG3dWtA9oYplMJ+3QySTM3Agl5APc+CtuXCji1g9w5984bQNq64GBwznncucePxZcg21/WXPzC4tLy4WV4ura+sZmaWu7oaNEUVankYhUyyeaCS5ZHTgI1ooVI6EvWNMfXIz85j1TmkfyFoYx80LSkzzglICROqVy6lIi0qss69zcOfgMuz5RKWQYfphJ2RV7DDxLnJyUUY5ap/TpdiOahEwCFUTrtmPH4KVEAaeCZUU30SwmdEB6rG2oJCHTXjo+JsP7RuniIFLmScBj9fdESkKth6FvkiGBvp72RuJ/XjuB4NRLuYwTYJJOFgWJwBDhUTO4yxWjIIaGEKq4+SumfaIIBdNf0ZTgTJ88SxqHFee4Yl8flavneR0FtIv20AFy0AmqoktUQ3VE0QN6Qi/o1Xq0nq03630SnbPymR30B9bHN9Yrmtg=</latexit>

O
1
S = t̄tt̄t

Need dim-8 operators, e.g.

Scalars

• Differences between EFT and resonances for small couplings and masses
[Darme, Fuks, Maltoni, `21] [Darme, Fuks, Maltoni, `21]


