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They are definitely talking to others …
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in collaboration with  
G. Buchalla, A. Celis, M. Capozi, S.P. Jones, M. Kerner, L. Scyboz,
1806.05162 and work in progress

built on results from  
Borowka, Greiner, GH, Jones, Kerner, Luisoni, Schlenk, Schubert, Zirke 
1604.06447,1608.04798

Outline
•Motivation

• Parametrisation of BSM effects in the Higgs sector

•  What can we learn from Higgs boson pair production on  
 the Higgs boson self-coupling?



The Higgs potential
SM Higgs potential: V (�) = �
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Questions:

• is the potential really of this form?

• how large (or small) can the triple Higgs coupling be?

n.b. � is a running coupling
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1p
2
(v + h)
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The Higgs potential
• could have higher terms in  � consistent with SM symmetries

• could have logarithmic dependence on Higgs field 
(e.g. Coleman-Weinberg type)

• could have exponential dependence ⇠ exp (�1/�)

see e.g. Reichert et al 1711.00019



How large can the triple Higgs 
coupling be? 
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there is no truly model-independent answer 

 Di Luzio, Gröber, Spannowsky 1704.03211

|�3h| . 6
• from Higgs portal models, assuming other couplings are close 
to SM:

• from unitarity (based on partial wave analysis for hh -> hh)
and perturbativity:  |�3h| . 6.5

 Di Vita, Grojean, Panico, Riembau, Vantalon 1704.01953

• models with more specific assumptions can lead to stronger bounds 
e.g. singlet scalar extension, Lewis, Sullivan 1701.08774

 Falkowski, Ratazzi 1902.05936

 Chang, Luty 1902.05556

• from vacuum stability and validity of EFT approach: |�3h| . 4

• perturbativity should break down at a scale . 13TeV/|�3|
�3 = (�� �SM)/�SM



Exp. prospects (High-Lumi LHC)
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HH decay channel



LHC timeline
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current limits on self-coupling:

ATLAS-Conf-2018-043:

CMS

�5.0  �  12.1 at 95% CL

1811.09689: �11.8  �  18.8 at 95% CL



gluon fusion to HH
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LO SM:

NLO SM  
(examples of virtual diagrams): g

g

t

H

H

unknown analytically
calculated numerically

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ’16  (with fixed top quark mass)

Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘18

Glover, van der Bij ‘88



BSM couplings in the Higgs sector
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SM:

gg ! HHLagrangian relevant for (at chiral dimension 4)

non-linear EFT framework:  
Electro-weak chiral Lagrangian (EWChL) [Buchalla et al. ’13]

• 3 scales: EW scale v, scale f  of Higgs sector dynamics,  
cut-off scale  ⇤ = 4⇡f )

• expansion parameters ⇠ = v2/f2 and f2/⇤2 = 1/(16⇡2)
(loop factor)

• SMEFT assumes ⇠ ⌧ 1, expansion in powers of ⇠

• Goldstone fields: U = exp (2i'aT a/v)
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non-linear EFT framework
EWChL: “loop expansion” 

based on chiral dimension d� = 2L+ 2

d�(@,  ̄ , g, y) = 1d�(Aµ,', h) = 0,

with

loop expansion

expansion in  
canonical  
dimension 1/⇤2



Relation to SMEFT
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SMEFT:

EWChL:

(restricted to Higgs sector + QCD)
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relations:



non-linear EFT: examples of diagrams
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LO diagrams:

NLO diagrams:

O(g4s) at diagram level

O(g2s)

d�  4

and 

(virtual corrections)
d�  6 and 



examples of diagrams
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NLO diagrams: real radiation corrections

thanks: Ludovic Scyboz



K-factors
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De Florian, Fabre, Mazzitelli ’17
NNLO rescaled HEFT

⇠ = 0SM values:

 Buchalla, Capozi, Celis, GH, Scyboz ‘18
NLO with full       dependence

top mass effects very important!

K-factors as functions of the BSM couplings

(mt ! 1) mt

�NLO/�LO



lambda variations: total cross sections
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implementation of option to vary     in POWHEG-BOX-V2
 GH, Jones, Kerner, Luisoni, Scyboz 1903.xxxx

focus on � (other couplings more easily accessible by other processes) 

uncertainties: scale variations by factor of 2 around µ0 = mhh/2
PDFs: PFD4LHC15_nlo30_pdfas

scale uncertainties reduced if combined with NNLO in mt ! 1 limit
Grazzini, Kallweit, GH, Jones, Kerner, Lindert, Mazzitelli; 1803.02463

same setup as 1703.09252
�
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lambda variations

maximal destructive interference  
between box-type and triangle-type  
contributions around 

chhh = �BSM/�SM ⇡ 2.4

cross section is quadratic  
polynomial in �
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HH invariant mass distribution



HH invariant mass distributions
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chhh = �BSM/�SM

dip in mhh distribution near 350 GeV for  chhh values around 2.4
chhh = 0 largest in this group



HH invariant mass distributions
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degenerate total cross sections have clearly distinct shapes  
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Higgs transverse momentum distributions

dip visible, but much  
less pronounced



benchmark points
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Carvalho, Dall’Osso, Dorigo, Goertz, Gottardo, Tosi ’15; 
Carvalho, Goertz, Mimasu, Gouzevitch, Aggarwal ‘17

benchmarks characterising “clusters” of BSM 
scenarios according to distribution shapes

choosing 2 examples

p
s = 14TeVresults are for 
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mhh distribution for benchmark point 8a

• also shows a dip, even though chhh = 1

• approximations (purple, green) quite different from full



mhh distribution for benchmark point 6

26dip enhanced, highly non-homogeneous K-factor



Summary & Outlook
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• calculated full NLO QCD corrections, leading to sizeable and non-
homogeneous K-Factors

• total cross sections degenerate with SM usually are very different 
at distribution level 

• 5 anomalous couplings within non-linear EFT framework in 
Higgs sector, at order d� = 6,↵3

s

• we will learn if/how strongly Higgs bosons are talking to themselves  
  at the HL-LHC

• to exclude chhh = 0 or chhh ⇡ 2.4 other couplings have to be
 taken into account

• implementation of     -variations in POWHEG coming soon�
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… we don’t really know how New Physics looks like …
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… we don’t really know how New Physics looks like …

… but the next generation probably does 
[kid’s drawings inspired by the MPP Open Day] 



Backup slides
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constraints on Hgg and top Yukawa couplings 

cggh ctand
are already quite well  
constrained from other processes  
(single Higgs, ttH)



iso-contours LO/NLO
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�/�SM

• sizeable distortions at NLO for larger values of  |chhh|

• allow to identify degeneracies with SM



Parametrisation of the NLO cross section
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only present at NLO
coefficients allow to reconstruct the total cross section  

 for arbitrary values of the couplings 
Ai

• for 14 TeV on https://arxiv.org/abs/1806.05162v1 as .csv tables
• for 13 and 27 TeV available on request

• also available in differential form for mhh distribution

https://arxiv.org/abs/1806.05162v1
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Frederix, Frixione, Hirschi, Maltoni, Mattelaer, 
Torrielli, Vryonidou, Zaro ‘14 

�ggHH ⇠ 10�3 �ggH

largest cross section from gluon fusion, but still

Higgs boson pair production channels

(in the SM)



Chromomagnetic operator

34

not contributing diagram types: 

(a),(b): d� = 6 but of order  g2sg2w (a), g2sc4h (b) 
(c),(d):

(e): L=2 interfered with real emission ! higher order 

not of order g4
s , suppressed by 1/16⇡2

(operator must come from contracted loop, see hep-ph/9405214)


