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Introduction: the Higgs potential

SM Potential:
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BSM theories  more complicated shapes→

• Crucial questions about Electroweak Symmetry Breaking: What is the form of 
the Higgs potential?

Very challenging experimentally

requires trilinear and quartic 

Higgs self-couplings

Higgs p
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?

?

<latexit sha1_base64="hG72f6wzA8MNvjzelrlpCiGxMoI=">AAACEXicbVDJSgNBEO1xjXGLevTSGIR4CTPBoBch6EGPEcwC2ejpVJImPQvdNWIY5he8+CtePCji1Zs3/8bOctDEBwWP96q6q54bSqHRtr+tpeWV1bX11EZ6c2t7Zzezt1/VQaQ4VHggA1V3mQYpfKigQAn1UAHzXAk1d3g19mv3oLQI/DschdDyWN8XPcEZGqmTyTUnb8QKuknsdQbtAr2gOadQpE2EB4zpNVSTk3Yh6WSydt6egC4SZ0ayZIZyJ/PV7AY88sBHLpnWDccOsRUzhYJLSNLNSEPI+JD1oWGozzzQrXiyTUKPjdKlvUCZ8pFO1N8TMfO0Hnmu6fQYDvS8Nxb/8xoR9s5bsfDDCMHn0496kaQY0HE8tCsUcJQjQxhXwuxK+YApxtGEmDYhOPMnL5JqIe8U8/btabZ0OYsjRQ7JEckRh5yRErkhZVIhnDySZ/JK3qwn68V6tz6mrUvWbOaA/IH1+QM7t5v6</latexit>

m2
h = (125 GeV)2

<latexit sha1_base64="dzbqk7hB+/wCnnqadA5NpsH/km4=">AAACCXicbVDJSgNBEO1xjXEb9eilMQiewkyIy0UIetBjBLNAEkJPp5I06VnorgmGYa5e/BUvHhTx6h9482/sLAdNfFDweK+qu+p5kRQaHefbWlpeWV1bz2xkN7e2d3btvf2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moeYPrsV8bgtIiDO5xFEHLZ71AdAVnaKS2TZuTNxIFnTQZ0ktaKJ7RJsIDJvQGqmnatnNO3pmALhJ3RnJkhnLb/mp2Qh77ECCXTOuG60TYSphCwSWk2WasIWJ8wHrQMDRgPuhWMtkipcdG6dBuqEwFSCfq74mE+VqPfM90+gz7et4bi/95jRi7F61EBFGMEPDpR91YUgzpOBbaEQo4ypEhjCthdqW8zxTjaMLLmhDc+ZMXSbWQd0/zzl0xV7qaxZEhh+SInBCXnJMSuSVlUiGcPJJn8krerCfrxXq3PqatS9Zs5oD8gfX5A2XpmX8=</latexit>
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So far we know:

 location of minimum

 curvature around minimum

→
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Trilinear Higgs coupling: experimental status
• Experimental bounds on signal strength from HH production:   μHH < 2.4

[ATLAS 2211.01216] 
[CMS 2207.00043]  

ATLAS: [−0.4, 6.3]
CMS:    [−1.2, 6.5] @95 % CL

g H

g H

g

g

H

H

λHHH

[ATLAS 2211.01216]
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 enters at LO order 
 most direct probe

λHHH
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• Limit translated (ATLAS: including 
single-Higgs information) to limit on 

}
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• Additional source of information  HHH production


• Dependence on both trilinear  and quartic 

→

κ3 κ4

Triple Higgs production
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• Is it possible to obtain bounds on  and  from HHH production beyond 
theoretical bounds from perturbative unitarity?


• How big can deviations in  be in BSM theories from SM value ( )


• Is there potential to improve  constraints from HH production?

κ3 κ4

κ4 = 1

κ3
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• Process relevant for ,  is  scattering


• Jacob-Wick expansion allows to extract partial waves

κ3 κ4 HH → HH

Perturbative unitarity and Higgs couplings

<latexit sha1_base64="nDikmUy56cUlkeXVEO//cUlkpwk="></latexit>

aJfi =
�1/4(s,m2

f1
,m2

f1
)�1/4(s,m2

i1 ,m
2
i1)

32⇡s

1Z

�1

d cos ✓DJ
µiµf

M(s, cos ✓)

<latexit sha1_base64="oWlgpCronVLAkn40KesO/Epl6bU=">AAACHHicbVDLSgMxFM3UV62vUZdugkWoWMtMVXQjFN24rGAf0I4lk6ZtaCYzJBnpTOmHuPFX3LhQxI0Lwb8xnXahrRdyOJxzLzf3uAGjUlnWt5FaWFxaXkmvZtbWNza3zO2dqvRDgUkF+8wXdRdJwignFUUVI/VAEOS5jNTc/vXYrz0QIanP71QUEMdDXU47FCOlpZZ50nSJQrlBHkZ5GB/CSzi4L8IjGCUYazyGxUE0xihOeNxsmVmrYCUF54k9JVkwrXLL/Gy2fRx6hCvMkJQN2wqUM0RCUczIKNMMJQkQ7qMuaWjKkUekM0yOG8EDrbRhxxf6cQUT9ffEEHlSRp6rOz2kenLWG4v/eY1QdS6cIeVBqAjHk0WdkEHlw3FSsE0FwYpFmiAsqP4rxD0kEFY6z4wOwZ49eZ5UiwX7rGDdnmZLV9M40mAP7IMcsME5KIEbUAYVgMEjeAav4M14Ml6Md+Nj0poypjO74E8ZXz8xAJx2</latexit>

�(x, y, z) = x2 + y2 + z2 � 2xy � 2yz � 2xz

• Tree level unitarity:


Wigner functions

<latexit sha1_base64="5I8Iy1HTrsksga+KIE6VKZnSJgg="></latexit>

Ima0ii � |a0ii|2 =) |Rea0ii| 
1

2

[ATLAS 2211.01216] 
[CERN Yellow Rep. 1902.00134 ]  

ATLAS current bounds: [−0.4, 6.3]
CMS & ATLAS HH projections: [0.1, 2.3]
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(see also [Liu et al `18] )
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Extension of SM potential by operators

<latexit sha1_base64="SnF7aii9gH3uOw1klA0vwJB+W9g="></latexit>

VBSM =
C6

⇤2

✓
�†�� v2

2

◆3

+
C8

⇤4

✓
�†�� v2

2

◆4

+ . . .

<latexit sha1_base64="oJPEwNo88hCXg9K0fT71iy5bVgs="></latexit>

(3 � 1) =
C6v2

�⇤2
,

(4 � 1) =
6C6v2

�⇤2
+

4C8v4

�⇤4

' 6(3 � 1) +O

✓
1

⇤4

◆

[Boudjema, Chopin `96]
[Maltoni, Pagani, Zhao `18]Linear power expansion for higher order terms in  orders: Λ−1

Contributions to :κ3, κ4

vanishing 

dimension-8

Shaded region:
<latexit sha1_base64="J0HqxYFFGbbNCWxe5BfLb/lxyjs=">AAACMnicbVBNS8MwGE79nPOr6tFLcAieRjvm3MHDcBcFDxPcB6y1pFm6haUfJOlglP4mL/4SwYMeFPHqjzDretDNF0Ieng+S93EjRoU0jFdtZXVtfWOzsFXc3tnd29cPDjsijDkmbRyykPdcJAijAWlLKhnpRZwg32Wk646bM707IVzQMLiX04jYPhoG1KMYSUU5+o3lcYSTKmw6dTh5qKaJxVR6gKB1m92Kgpdw7qopV025KsuuSuroJaNsZAOXgZmDEsin5ejP1iDEsU8CiRkSom8akbQTxCXFjKRFKxYkQniMhqSvYIB8IuwkWzmFp4oZQC/k6gQSZuzvRIJ8Iaa+q5w+kiOxqM3I/7R+LL26ndAgiiUJ8PwhL2ZQhnDWHxxQTrBkUwUQ5lT9FeIRUu1I1XJRlWAurrwMOpWyeV427qqlxlVeRwEcgxNwBkxwARrgGrRAG2DwCF7AO/jQnrQ37VP7mltXtDxzBP6M9v0DnfColQ==</latexit>

4C8v4

�⇤4
<

6C6v2

�⇤2

Electroweak Chiral Lagrangian (HEFT): 
Higgs introduced as singlet and  and  are 

free parameters probes non-linearity
κ3 κ4

→
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Extension of SM potential by operators

<latexit sha1_base64="SnF7aii9gH3uOw1klA0vwJB+W9g="></latexit>

VBSM =
C6

⇤2

✓
�†�� v2

2

◆3

+
C8

⇤4

✓
�†�� v2

2

◆4

+ . . .

[Boudjema, Chopin `96]
[Maltoni, Pagani, Zhao `18]Linear power expansion for higher order terms in  orders: Λ−1

Contributions to :κ3, κ4

vanishing 

dimension-8

Shaded region:
<latexit sha1_base64="J0HqxYFFGbbNCWxe5BfLb/lxyjs=">AAACMnicbVBNS8MwGE79nPOr6tFLcAieRjvm3MHDcBcFDxPcB6y1pFm6haUfJOlglP4mL/4SwYMeFPHqjzDretDNF0Ieng+S93EjRoU0jFdtZXVtfWOzsFXc3tnd29cPDjsijDkmbRyykPdcJAijAWlLKhnpRZwg32Wk646bM707IVzQMLiX04jYPhoG1KMYSUU5+o3lcYSTKmw6dTh5qKaJxVR6gKB1m92Kgpdw7qopV025KsuuSuroJaNsZAOXgZmDEsin5ejP1iDEsU8CiRkSom8akbQTxCXFjKRFKxYkQniMhqSvYIB8IuwkWzmFp4oZQC/k6gQSZuzvRIJ8Iaa+q5w+kiOxqM3I/7R+LL26ndAgiiUJ8PwhL2ZQhnDWHxxQTrBkUwUQ5lT9FeIRUu1I1XJRlWAurrwMOpWyeV427qqlxlVeRwEcgxNwBkxwARrgGrRAG2DwCF7AO/jQnrQ37VP7mltXtDxzBP6M9v0DnfColQ==</latexit>

4C8v4
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<
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�⇤2

Electroweak Chiral Lagrangian (HEFT): 
Higgs introduced as singlet and  and  are 

free parameters probes non-linearity
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(3 � 1) =
C6v2

�⇤2
,

(4 � 1) =
6C6v2
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+

4C8v4

�⇤4

' 6(3 � 1) +O

✓
1

⇤4

◆

• Deviation in  enhanced 
by factor of 6!


• Can be checked with a 
concrete UV model

κ4
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BSM example: 2HDM

600 700 800 900 1000
mA [GeV]

1

5

10

15

20

∑
∏

allowed (current)

∑exp
∏ = 6.3 (current)

∑HL°LHC
∏ = 2.3 (projection)

2HDM type I, Æ = Ø ° º/2, mA = mH± , M = mH = 600 GeV, tan Ø = 2

Excluded by the experimental

bound on ∑∏:

∑(1)
∏ > ∑exp

∏ = 6.3 (current)

∑(2)
∏ > ∑exp

∏ = 6.3 (current)

HL-LHC projection
∑(2)

∏ > ∑HL°LHC
∏ = 2.3 (projection)

Excluded by NLO pert. unitarity

∑(2)
∏

∑(1)
∏

[Bahl, Braathen, Weiglein `22] 

• Consider the 2HDM as an example


• Prediction for  up to two-loop level:κ3

   Sizeable deviations for  

 even current experimental 
constraints can exclude 
otherwise allowed regions


κ3

→

Reproduce one-loop result (with 
FeynArts, FormCalc, LoopTools) 
and check the behaviour of κ4
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• Same benchmark Point of [Bahl, Braathen, Weiglein `22]  
cross-check  result


• Expectedly deviations in  induce sizeable deviations in 

→
κ3

κ3 κ4

600 700 800 900 1000 1100 1200
0
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10
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600 700 800 900 1000 1100 1200
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20

40
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Model example: 2HDM - trilinear vs quartic
<latexit sha1_base64="6SW+OxLsYgQDCGIIZJ/Ur82N1Ws="></latexit>

i =
�(0)
i + �̂(1)

i

�(0)
SM,i

<latexit sha1_base64="D3Dlq44hflrhx0laNFTZ2zOPkl0=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwICXRih6LXnqsYD+gKWWz3bRLN5uwOxFK6MmLf8WLB0W8+hu8+W/ctDlo64OBx3szzMzzY8E1OM63tbS8srq2Xtgobm5t7+zae/tNHSWKsgaNRKTaPtFMcMkawEGwdqwYCX3BWv7oNvNbD0xpHsl7GMesG5KB5AGnBIzUs4849rj0BAvAS/FF7QxXathTfDAEb1Ls2SWn7EyBF4mbkxLKUe/ZX14/oknIJFBBtO64TgzdlCjgVLBJ0Us0iwkdkQHrGCpJyHQ3nb4xwSdG6eMgUqYk4Kn6eyIlodbj0DedIYGhnvcy8T+vk0Bw3U25jBNgks4WBYnAEOEsE9znilEQY0MIVdzciumQKELBJJeF4M6/vEia52X3suzcVUrVmzyOAjpEx+gUuegKVVEN1VEDUfSIntErerOerBfr3fqYtS5Z+cwB+gPr8wecSZdL</latexit>

i 2 {3H, 4H}

<latexit sha1_base64="AM6VwvbCdxV81UzlwY08+UyimSo=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSElE0Y1QdNONUME+oI1hMr1ph84kYWYilpBfceNCEbf+iDv/xuljoa0HLhzOuZd77wkSzpR2nG9raXlldW29sFHc3Nre2bX3Sk0Vp5JCg8Y8lu2AKOAsgoZmmkM7kUBEwKEVDG/GfusRpGJxdK9HCXiC9CMWMkq0kXy7dIKFn9UeuolkAnJ8hW99u+xUnAnwInFnpIxmqPv2V7cX01RApCknSnVcJ9FeRqRmlENe7KYKEkKHpA8dQyMiQHnZ5PYcHxmlh8NYmoo0nqi/JzIilBqJwHQKogdq3huL/3mdVIeXXsaiJNUQ0emiMOVYx3gcBO4xCVTzkSGESmZuxXRAJKHaxFU0IbjzLy+S5mnFPa84d2fl6vUsjgI6QIfoGLnoAlVRDdVRA1H0hJ7RK3qzcuvFerc+pq1L1mxmH/2B9fkDX5+TXA==</latexit>

,mH0 = M
<latexit sha1_base64="AM6VwvbCdxV81UzlwY08+UyimSo=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSElE0Y1QdNONUME+oI1hMr1ph84kYWYilpBfceNCEbf+iDv/xuljoa0HLhzOuZd77wkSzpR2nG9raXlldW29sFHc3Nre2bX3Sk0Vp5JCg8Y8lu2AKOAsgoZmmkM7kUBEwKEVDG/GfusRpGJxdK9HCXiC9CMWMkq0kXy7dIKFn9UeuolkAnJ8hW99u+xUnAnwInFnpIxmqPv2V7cX01RApCknSnVcJ9FeRqRmlENe7KYKEkKHpA8dQyMiQHnZ5PYcHxmlh8NYmoo0nqi/JzIilBqJwHQKogdq3huL/3mdVIeXXsaiJNUQ0emiMOVYx3gcBO4xCVTzkSGESmZuxXRAJKHaxFU0IbjzLy+S5mnFPa84d2fl6vUsjgI6QIfoGLnoAlVRDdVRA1H0hJ7RK3qzcuvFerc+pq1L1mxmH/2B9fkDX5+TXA==</latexit>

,mH0 = M
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• Small rates at LHC

Prospects for the HL-LHC

Need dominant production & decays
‣ gluon fusion


‣ BRs:

<latexit sha1_base64="RX3lFe0Q8cchMNbR12CJqgxfp1U="></latexit>

BR(H ! bb̄) = 0.584

BR(H ! ⌧
+
⌧
�) = 6.627⇥ 10�2

BR(H ! ��) = 2.26⇥ 10�3

 and   

produce relatively few

events even for large

 

2b4τ 4b2γ

κ3 ≳ 4.5, κ4 ≳ 30

• Focus on  and   final states with  and  tagged -quarks, respectively6b 4b2τ 5 3 b

Backgrounds:

: dominant QCD contributions6b
:  4b2τ

(see also [Papaefstathiou, Robens, Xolocotzi`21])
<latexit sha1_base64="ygaGfmT6sTB9sexf0M5/sJP+Mw8="></latexit>

W
+
W

�
bb̄bb̄, Zbb̄bb̄,

tt̄(H ! ⌧⌧), tt̄(H ! bb̄),

tt̄(Z ! ⌧⌧), tt̄(Z ! bb̄), tt̄tt̄
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Event generation and pre-selection

pT(b) > 30 GeV
|η(τ)| < 2.5

pT(τ) > 10 GeV
|η(b)| < 2.5

Invariant mass of final states: ≳350 GeV
At least one pair of tagged states with 

mij ∈ [110,140]

• Events generated with 
MadGraph5_aMC@NLO


• Higgs states decayed 
with MadSpin

g

g

t̄

t̄

t
t̄

t̄

H

H

H

H
H

H

g

g

H

H

t̄

t

t

H

g

t̄
H

H

H
t

t

g

g

g

t

tt

t̄

t
H

H

H
H

Example HHH production diagrams

Pre-selection cuts:

(conservative) background

 K-factor of 2

signal K-factor of 1.7
[Florian, Fabre, Mazzitelli`20]
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Graph Neural Network
• Add nodes for tagged ,  and Missing Transverse 

Momentum


• Consider combinations of -quarks and  with 
reconstructed four-momentum 


• If  add extra node 


• Features for each node:   


b τ

b τ
(pi + pj)

mij ∈ [100,150] (GeV) Hi

[pT, η, ϕ, m, PDGID]

Dataset with signal &

 background graphs

• GNN trained on  sample


• Signal regions selected with cuts on background scores

(κ3, κ4) = (1,1)

2 EdgeConv layers + 
linear

GNN
<latexit sha1_base64="RWdA+w0LyOV4EgAywQ/gE6mcegc=">AAACL3icbVDLSgMxFM3UV62vqks3g0VooZQZURTclAriSiraWuiUkslkpqGZB8kdsQzzR278lW5EFHHrX5g+QNt6IHByzj0k99gRZxIM403LLC2vrK5l13Mbm1vbO/ndvaYMY0Fog4Q8FC0bS8pZQBvAgNNWJCj2bU4f7P7lyH94pEKyMLiHQUQ7PvYC5jKCQUnd/JVlM8+zknrRAvoEtpvcpaXy762Wds1S2bqwuBOCVGTGuilN4mk3XzAqxhj6IjGnpICmqHfzQ8sJSezTAAjHUrZNI4JOggUwwmmas2JJI0z62KNtRQPsU9lJxvum+pFSHN0NhToB6GP1byLBvpQD31aTPoaenPdG4n9eOwb3vJOwIIqBBmTykBtzHUJ9VJ7uMEEJ8IEimAim/qqTHhaYgKo4p0ow51deJM3jinlaMW5PCtXatI4sOkCHqIhMdIaq6BrVUQMR9IyG6B19aC/aq/apfU1GM9o0s49moH3/AKXcqNM=</latexit>⇢
P (S), P (B1), . . . , P (BN )

�



DESYª Panagiotis Stylianou | DESY Theory Workshop 2023 | 27/09/23 13

• Consider combinations of -quarks and  
with reconstructed four-momentum 




• If  add extra node 



b τ

(pi + pj)

mij ∈ [100,150] (GeV)
Hi

Dataset with signal &

 background graphs

• GNN trained on  sample


• Signal regions selected with cuts on background scores

(κ3, κ4) = (1,1)

2 EdgeConv layers + 
linear

GNN
<latexit sha1_base64="RWdA+w0LyOV4EgAywQ/gE6mcegc=">AAACL3icbVDLSgMxFM3UV62vqks3g0VooZQZURTclAriSiraWuiUkslkpqGZB8kdsQzzR278lW5EFHHrX5g+QNt6IHByzj0k99gRZxIM403LLC2vrK5l13Mbm1vbO/ndvaYMY0Fog4Q8FC0bS8pZQBvAgNNWJCj2bU4f7P7lyH94pEKyMLiHQUQ7PvYC5jKCQUnd/JVlM8+zknrRAvoEtpvcpaXy762Wds1S2bqwuBOCVGTGuilN4mk3XzAqxhj6IjGnpICmqHfzQ8sJSezTAAjHUrZNI4JOggUwwmmas2JJI0z62KNtRQPsU9lJxvum+pFSHN0NhToB6GP1byLBvpQD31aTPoaenPdG4n9eOwb3vJOwIIqBBmTykBtzHUJ9VJ7uMEEJ8IEimAim/qqTHhaYgKo4p0ow51deJM3jinlaMW5PCtXatI4sOkCHqIhMdIaq6BrVUQMR9IyG6B19aC/aq/apfU1GM9o0s49moH3/AKXcqNM=</latexit>⇢
P (S), P (B1), . . . , P (BN )

�

• Assumption: Same GNN efficiency for other values of 


• Flat optimistic b-tagging and -tagging efficiency


• Significance:

(κ3, κ4)

80 % τ

from [Cowan, Cranmer, Gross, Vitells `10]

<latexit sha1_base64="/PanSsMMtGXVnqov3SM8gNeOzwM="></latexit>

Z =

s

2

✓
(S +B) ln (1 +

S

B
)� S

◆

Graph Neural Network
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Showered and reconstructed results 5b
• Showering and reconstruction of events: Pythia, FastJet, Rivet


• HL-LHC luminosity of  and ATLAS-CMS combined luminosity of 
3/ab 6/ab

Signal region selected with cut 
on background score 


P[QCD] ≲ 0.5 %
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Showered and reconstructed results 3b2τ
•  more complicated due to multiple backgrounds


• Train on backgrounds: 


3b2τ multi-class 
classification

• Impose cuts on NN scores to reduce backgrounds:

<latexit sha1_base64="jaGffCrGFLB+i3m8EvMbOMX4SKY="></latexit>

P [W+
W

�
bb̄bb̄] < 0.03, P [Zbb̄bb̄] < 0.1, P [tt̄(H ! bb̄)] < 0.3

<latexit sha1_base64="a9vaLpahO+eXipRZjCYqGIbqWcs="></latexit>

W
+
W

�
bb̄bb̄, Zbb̄bb̄, tt̄(H ! ⌧

+
⌧̄�)
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Showered and reconstructed results 3b2τ
•  more complicated due to multiple backgrounds


• Train on backgrounds: 


3b2τ multi-class 
classification

<latexit sha1_base64="a9vaLpahO+eXipRZjCYqGIbqWcs="></latexit>
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+
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�
bb̄bb̄, Zbb̄bb̄, tt̄(H ! ⌧
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Combined Results
• Assumption: No correlations


• Simplified combination of significances (Stouffer method) 

<latexit sha1_base64="wxkjFkvv+IC/3W0nYStbwJYMlwY="></latexit>

Zcomb. =
Z3b2⌧ + Z5bp

2

Combination of further 
channels and improvements 
of tagging/reconstruction 

methods could enhance 
results further
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Understanding the ‘black box’: NN interpretations

• Tagged -jets and  
nodes ordered by 




• ‘Roughly’ 
reconstructed Higgs 
nodes ordered by 
‘closeness’ to   
GeV


•  ,  and PID more 
important than 
angular observables


• Higgs masses most 
important
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Which features are more important? Investigate with ‘Integrated Gradients’ 
method
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Lepton Colliders
• Complete picture of   lepton colliders?


• Inclusive  analysis with 

(κ3, κ4) →

ℓℓ → HHH + X H → bb̄

‣ At least  tagged -quarks with  GeV


‣ Tagging efficiency: 

5 b pT(b) > 30

80 %

• Important: For high energies -quarks 
are not only in the central part of 
detector  requires extended tagging 
capabilities 


• Negligible background from other SM 
processes

b

→
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Lepton Collider Results
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• Poissonian analysis: 


• Results similar to other works with dedicated analyses for 1 and 3 TeV, e.g.  
[Maltoni, Pagani, Zhao `18]

<latexit sha1_base64="0mJzcq4lfGITjYU8hZwcR6KENnE="></latexit>

µup =
1

2
F�1
�2


2(n+ 1); CL

�
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well-b
ehaved power expansion

21

HL-LHC vs. future lepton colliders
• HL-LHC can provide competitive results compared to  TeV collider


• High energy lepton collisions way more sensitive 

1

BUT  such machines 

more comparable 


to FCC

SM value: 

(κ3, κ4) = (1,1)
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BUT can provide complementary information

and be used in combination with di-Higgs

22

• If there is a sizeable deviation in , an even larger deviation in  is not 
unreasonable

κ3 κ4

Conclusions

Thank you!

sizeable  deviations allowed by unitarityκ4

• GNNs provide enhanced results at HL-LHC

‣ HL-LHC should be able to probe regions allowed by unitarity


‣ HHH not powerful enough to constrain  as well as di-Higgs boundsκ3

• HL-LHC competitive with  TeV lepton colliders but higher energies more 
sensitive

1



Backup

23
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Experimental constraints on κ3

[ATLAS 2211.01216] 
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Two-Higgs Doublet Model (2HDM)
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◆• Two-Higgs Doublet Model 
(2HDM)  a second doublet:→

Scalar Particle content:

Neutral scalars: , )


Neutral pseudoscalars: 

Charged scalars: 

H′ H(mH = 125 GeV
A

H±

Alignment limit  couplings of 
light Higgs same as SM


→

cos(β − α) = 0

• Free parameters:
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• 1-loop calculation for  with FeynArts, FormCalc, LoopTools in alignment limitκ3, κ4

Model example: 2HDM - calculation

H

H

H

H

H

H

H

H

H

H

H

H

H

H
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• 2HDM renormalisation 
constants calculated with 
on-shell conditions


• divergence cancellation 
checked analytically

Γ̂(1)
3H =

Γ̂(1)
4H =

zero momenta

zero momenta
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Edge Convolution

<latexit sha1_base64="U2wJgkxvZK3o+QlyLE1cUaTV1w8="></latexit>

m(l)
ij = ReLU

⇣
⇥(~x (l)

j � ~x (l)
i ) + �(~x (l)

i )
⌘

<latexit sha1_base64="y9BbiOXstoweHioSvdjOSb7Uhk0="></latexit>

~x(l+1)
i =

1

|N (i)|
X

j2N (i)

m(l)
ij

‘Message’ calculation:

Aggregation: update node features

Input features:     update iteratively with Edge Convolution operation:⃗x(0)
i →

linear layers

Edge Convolution operation
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• Fully-connected nodes for  and  final states


• Input features: 


• Additional node for Missing Transverse 
Momentum (MTM) in showered &  
reconstructed events

b τ

[pT, η, ϕ, E, m, PDGID]

Graph Embedding

• Consider combinations of -quarks and  
with reconstructed four-momentum 




• If  add extra node 



b τ

(pi + pj)

mij ∈ [100,150] (GeV)
Hi

1.

2.

FC: Fully-Connected

RN: Reconstructed Nodes
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Embedding performance

Dataset with signal &

 background graphs

• GNN trained on  sample


• Evaluate performance with Receiver Operating Characteristic (ROC) curves

(κ3, κ4) = (1,1)

2 EdgeConv layers + 
linear

GNN
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Training loss and accuracy
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Score distributions

0.0 0.2 0.4 0.6 0.8 1.0

P(Signal)

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

N
or

m
al

is
ed

co
un

ts

5b analysis

FC signal

FC background

RN signal

RN background

0.0 0.2 0.4 0.6 0.8 1.0

P(Signal)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

N
or

m
al

is
ed

co
un

ts

3b2ø analysis

FC signal

FC background

RN signal

RN background

0.0 0.2 0.4 0.6 0.8

P(Signal)

0.0

0.1

0.2

0.3

0.4

0.5

P
(W

W
bb

bb
)

Signal

WWbbbb

htt

Zbbbb

0.0 0.2 0.4 0.6 0.8 1.0

P(Signal)

0.0

0.1

0.2

0.3

0.4

0.5

P
(W

W
bb

bb
)

Signal

WWbbbb

htt

Zbbbb



DESYª Panagiotis Stylianou | DESY Theory Workshop 2023 | 27/09/23 32

• Definition:

Integrated Gradients

Attribution scores 

 importance of feature→

input baseline

Gradient of Neural 

Network F

• Easy to implement for Graph Neural Networks as well

‣ Does not take into account graph structures work in progress in Deep

Learning community

‣ Viable to understand important features expect mass of reconstructed 

Higgs to be important

[Sundararajan, Taly, Yan 1703.01365] Integrated Gradients:→
‣ axiomatic method

‣ uses Neural Network gradients  fast!

‣ requires a differentiable model

→ suitable for 
Neural Networks!
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• Axioms: 

• Completeness: sum of attributions equal to difference of network 
output for input and baseline values


• Sensitivity: when baseline and input have different values and different 
NN outputs, attributions should also be different


• Dummy: A zero input should yield no attribution


• Implementation Invariance: If two methods are equivalent (i.e. yield 
same scores for all inputs despite being different) then attributions 
should be identical


• Linearity: Attributions should be linear for linear combinations of 
networks  


• Symmetry: For a network symmetric for two variables 
, the attributions should be the same

aF1 + bF2

F(x, y) = F(y, x)

NN Interpretation axioms
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Reconstructed Higgs Mass
• Interpretation as expected:  

If a Higgs close to  GeV can be found  signal 


• Complete understanding would require to study correlations between 
observables  future work

125 ⟹

→
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Attribution vs. nodes

m

E

pT

•  and  from leading order 
particles is more important


•  is more important for the 
reconstructed Higgs closest to 
the SM mass value

E pT

m
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Lepton collider cross sections
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• Inclusive  analysis with 


• Cross sections small below  TeV 


• Note:  vs.  collider at  TeV has difference of less than on 
cross sections

ℓℓ → HHH + X H → bb̄

1

μ+μ− e+e− 10 5 %


