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Outline
๏ Combination of full NLO with NNLO_approx 
๏ Combination of full NLO with high energy expansion 
๏ QCD corrections to non-linear EFT description of Higgs 

boson pair production 
๏ Implementation in POWHEG, parton shower effects 

๏ Shape analysis to improve constraints on anomalous 
couplings
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based on/in collaboration with

1806.05162 Buchalla, Capozi, Celis, GH, Scyboz

1903.08137 GH, Jones, Kerner, Luisoni, Scyboz

1908.08923 Capozi, GH

 Grazzini, GH, Jones, Kallweit, Kerner, Lindert, Mazzitelli 1803.02463

1907.06408 Davies, GH, Jones, Kerner, Mishima, Steinhauser, Wellmann



Higgs boson pair production
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1906.02025

(95% CL)

1811.09689

these limits rely on  
theory predictions



Higgs boson pair production in gluon fusion

• FTapprox:

mt ! 1

approximations:
Leading Order 

(LO)

Next-to-Leading  
Order (NLO)

• Born-improved HTL:

mt ! 1 (HTL):limit

NLO real:  
full      -dependencemt

NLO virtual:  
Born-improved HTL

d�NLO

mt!1 ⇥ d�LO(mt)

d�LO
mt!1

________N = 
NLO real NLO virtual

sometimes also called HEFT 
  (“Higgs Effective Field Theory”)

Dawson, Dittmaier, Spira ‘98

Glover, van der Bij ‘88

Maltoni, Vryonidou, Zaro ‘14
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Higgs boson pair production in gluon fusion
approximations

• soft gluon resummation NNLL  Shao, Li, Li, Wang ’13; De Florian, Mazzitelli ‘15

De Florian, Mazzitelli ’13 

• including all matching coefficients  Grigo, Melnikov, Steinhauser ’14 

Grigo, Hoff, Steinhauser  ’15 • supplemented with   expansion  1/mt

• differential NNLO  De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhöfer, Mazzitelli, Rathlev ‘16

• NNLL soft gluon resummation on top of NNLO_approx De Florian, Mazzitelli  ‘18

• partial  N^3LO  mt ! 1

mt ! 1• total cross section NNLO in  limit

• contribution to real-virtual NNLO  

• high energy expansion  

• (partial) NLO EW corrections 

• threshold +            expansion Gröber, Maier, Rauh  ‘17

• expansion in Bonciani, Degrassi, Giardino, Gröber ‘18

Davies, Mishima, Steinhauser, Wellmann ’18, ’19; Mishima ‘18

Banerjee, Borowka, Dhani, Gehrmann, Ravindran ‘18

Davies, Herren, Mishima, Steinhauser ’19

Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao ’18
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Born-improved NLO HEFT 
50% too large, 

m2
hh = (ph1 + ph2)

2

FTapprox ~ 40% too large

at large invariant 
masses   mhh :

top quark loops can be resolved at large energies

mt ! 1 not a good approximation for  mhh & 2mt
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Higgs boson pair production at full NLO

µR = µF = mhh/2

Borowka, Greiner, GH, Jones, Kerner,  
Schlenk, Schubert, Zirke ‘16 

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



Promote to NNLO_approx

7 Javier Mazzitelli

 Grazzini, GH, Jones, Kallweit, Kerner, Lindert, Mazzitelli ’18
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three approximations:

• NLO-improved NNLO HEFT

• Born-projected 

• “approximate Full Theory”

bin-by-bin rescaling at observable level by NNLO HEFT K-factor

d�NLO�i.NNLOHEFT

dmhh
=

d�NLO

dmhh
⇥ d�HEFT

NNLO/dmhh

d�HEFT
NLO /dmhh

reweight each NNLO event by the ratio  Bornfull/BornHEFT

different final state multiplicities in single/double real part need projection
use qT recoil method Catani, De Florian, Ferrera, Grazzini ‘15

only piece where 
mt dependence enters

part: at n-loops in HEFT, X=2-n extra partons: reweight

with 

O(↵4
s)

(not unique)

NNLO_approx
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NNLO_FTapprox: 
mostly overlaps with 
NLO uncertainty band 

larger corrections at 
production threshold 

scale uncertainties 
much reduced

NNLO_approx: mhh
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similar pattern as 
at NLO:
Born-projected has 
wrong scaling behaviour 
in the tail

NNLO_approx: pT,hh

        larger corrections
and uncertainties than 
for 

NLO is first non-trivial 
order for 
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NLO + high energy expansion

Davies, Mishima, Steinhauser, Wellmann ’18, ’19; Mishima ‘18

high energy limit:
expansion of form factors for 

combination with Padé approximants for finite virtual part 

dots:
pySecDec

improves convergence

solid lines:
Padé improved

dashed:
energy expansion

high 



NLO + high energy expansion
high energy expansion: large uncertainties for  

full NLO result: 
phase space points which are sparse in the high energy region

large uncertainties for

2-loop virtual part encoded in a grid based on 



NLO + high energy expansion
high energy expansion: large uncertainties for  

full NLO result: 
phase space points which are sparse in the high energy region

large uncertainties for

combine the two approaches! Davies, GH, Jones, Kerner, Mishima,  
Steinhauser, Wellmann ‘19

2-loop virtual part encoded in a grid based on 



13

NLO + high energy expansion

KIT-improved grid https://github.com/mppmu/hhgrid

important at high CMS energies, high invariant mass, pTh 
(e.g. boosted Higgs analysis, FCC)

https://github.com/mppmu/hhgrid
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gg ! HHLagrangian relevant for

non-linear Effective Field Theory (EFT): 
[Buchalla et al. ’13]

5 anomalous couplings

BSM couplings in the Higgs sector

(“Electro-Weak Chiral Lagrangian EWChL”)

�Ld�4 = �mt

✓
ct
h

v
+ ctt

h2

v2

◆
t̄ t� chhh

m2
h

2v
h3

+
↵s

8⇡

✓
cggh

h

v
+ cgghh

h2

v2

◆
Ga

µ⌫G
a,µ⌫

LO diagrams:

O(g2s)

d�  4

and 

( SM: ctt = 0, cggh = cgghh = 0 )

cggh cgghh

chhh ctt
ct



NLO QCD corrections
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virtual corrections:

real corrections:

Example diagrams
Buchalla, Capozi, Celis, GH, Scyboz ‘18

2-loop SM-like

1-loop EFT



Comparison with approximation
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 Buchalla, Capozi, Celis, GH, Scyboz ’18, ‘19

relative size of corrections as functions of the BSM couplings

NLO with full       dependencemt

mt ! 1

De Florian, Fabre, Mazzitelli ’17
NNLO rescaled HTL

⇠ = 0SM values:

(mt ! 1)

see also 
Gröber, Mühlleitner, Spira, Streicher ‘15
NLO mt ! 1

<latexit sha1_base64="MJG7UGA3Qq1W3jzJjxP674VlPHc=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqWyq2PZW9OKxgrWF7lKyabYNzWaXZFZYSv+GFw+KePXPePPfmG0rqOiDgcd7M8zMCxIpDLjuh1NYWV1b3yhulra2d3b3yvsHdyZONeMdFstY9wJquBSKd0CA5L1EcxoFkneDyVXud++5NiJWt5Al3I/oSIlQMApW8qIBeBB7QoWQDcoVt+q6LiEE54TUL1xLms1GjTQwyS2LClqiPSi/e8OYpRFXwCQ1pk/cBPwp1SCY5LOSlxqeUDahI963VNGIG386v3mGT6wyxGGsbSnAc/X7xJRGxmRRYDsjCmPz28vFv7x+CmHDnwqVpMAVWywKU4khxnkAeCg0ZyAzSyjTwt6K2ZhqysDGVLIhfH2K/yd3tSo5q9Zuziuty2UcRXSEjtEpIqiOWugatVEHMZSgB/SEnp3UeXRenNdFa8FZzhyiH3DePgHMC5Ix</latexit>

,

figure: L.Scyboz



Comparison with approximation
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 Buchalla, Capozi, Celis, GH, Scyboz ’18, ‘19

relative size of corrections as functions of the BSM couplings

NLO with full       dependencemt

mt ! 1

De Florian, Fabre, Mazzitelli ’17
NNLO rescaled HTL

⇠ = 0SM values:

(mt ! 1)

see also 
Gröber, Mühlleitner, Spira, Streicher ‘15
NLO mt ! 1

<latexit sha1_base64="MJG7UGA3Qq1W3jzJjxP674VlPHc=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqWyq2PZW9OKxgrWF7lKyabYNzWaXZFZYSv+GFw+KePXPePPfmG0rqOiDgcd7M8zMCxIpDLjuh1NYWV1b3yhulra2d3b3yvsHdyZONeMdFstY9wJquBSKd0CA5L1EcxoFkneDyVXud++5NiJWt5Al3I/oSIlQMApW8qIBeBB7QoWQDcoVt+q6LiEE54TUL1xLms1GjTQwyS2LClqiPSi/e8OYpRFXwCQ1pk/cBPwp1SCY5LOSlxqeUDahI963VNGIG386v3mGT6wyxGGsbSnAc/X7xJRGxmRRYDsjCmPz28vFv7x+CmHDnwqVpMAVWywKU4khxnkAeCg0ZyAzSyjTwt6K2ZhqysDGVLIhfH2K/yd3tSo5q9Zuziuty2UcRXSEjtEpIqiOWugatVEHMZSgB/SEnp3UeXRenNdFa8FZzhyiH3DePgHMC5Ix</latexit>

,

top mass effects on 

K-factors important!

figure: L.Scyboz
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GoSam + Powheg + (Pythia 8.2 or Herwig 7.1) GH, Jones, Kerner, Luisoni, Scyboz  

1903.08137

HH@NLO + Parton Shower
• combinations:

MG5_aMC@NLO + Pythia 8 
GH, Jones, Kerner, Luisoni, Vryonidou ‘17 

 Sherpa Jones, Kuttimalai ‘17 

GoSam+Powheg + Pythia 8 

http://powhegbox.mib.infn.it/User-Process-V2/ggHH

• possibility to vary the trilinear Higgs coupling and 
top-Higgs Yukawa coupling

• allows to assess shower uncertainties 
(angular ordered and dipole shower in Herwig)



HH invariant mass with variation of the self-coupling
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dip in mhh distribution  
chhh ~ 2.4at 350 GeV for 

chhh = 0 largest 
in this group

GH, Jones, Kerner, Luisoni, Scyboz ’19  

GoSam+POWHEG

chhh = �BSM/�SM

GoSam+POWHEG

bands: 3-point scale variations
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Herwig7 angular-ordered
Herwig7 dipole

Pythia8

• transverse momentum of one of the Higgs bosons:
inclusive in additional radiation, not very sensitive to shower differences

HH@NLO + Parton Shower

GoSam+POWHEG
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transverse momentum of Higgs boson pair: NLO is first non-trivial order

Herwig7 angular-ordered
Herwig7 dipole

Pythia8

very sensitive to extra radiation
Pythia8 produces relatively hard additional jets

HH@NLO + Parton Shower

GoSam+POWHEG

(also seen in other processes,  
e.g. ZZ, WW, H)

phhT = ~ph1
T + ~ph2

T



 shape analysis
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mhh
<latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit>

We have found that values of chhh
<latexit sha1_base64="4cr39S7bInwKSHuZ5kbEe13LwEg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120izdbMLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LRTFL0YzqSPOSMGit12CCPomg6qFTdmjsHWSVeQapQoDmofPWHCctilIYJqnXPc1Pj51QZzgROy/1MY0rZmI6wZ6mkMWo/n587JedWGZIwUbakIXP190ROY60ncWA7Y2oivezNxP+8XmbCGz/nMs0MSrZYFGaCmITMfidDrpAZMbGEMsXtrYRFVFFmbEJlG4K3/PIqaddr3mWt/nBVbdwWcZTgFM7gAjy4hgbcQxNawGAMz/AKb07qvDjvzseidc0pZk7gD5zPH465j7Y=</latexit>

around 2.4 lead to 
mhh

<latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit>

a dip/double peak structure in the   distribution

Is this feature preserved once variations of the other  
couplings are taken into account?

chhh = �BSM/�SM
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HH pair invariant mass distribution
chhh = 2.4, ct = 1, ctt = 0, cggh = 2/3, cgghh = 1/3

<latexit sha1_base64="Jy7ByZED0MhxEBi4yoeS7fHGwt8=">AAACH3icbVBLSwMxEM76rPW16tFLsAgeSrvbFvVSKHrxWME+oC1LNk27odkHyaxQlv4TL/4VLx4UEW/9N2bbCto6EPgeM0zmcyPBFVjW1Fhb39jc2s7sZHf39g8OzaPjpgpjSVmDhiKUbZcoJnjAGsBBsHYkGfFdwVru6Db1W49MKh4GDzCOWM8nw4APOCWgJce8pE7ied6kWipU8pg6ULXzWgKYVK2UJ8NhahbLP0Qzu1h2zJxVsGaFV4G9ADm0qLpjfnX7IY19FgAVRKmObUXQS4gETgWbZLuxYhGhIzJkHQ0D4jPVS2b3TfC5Vvp4EEr9AsAz9fdEQnylxr6rO30Cnlr2UvE/rxPD4LqX8CCKgQV0vmgQCwwhTsPCfS4ZBTHWgFDJ9V8x9YgkFHSkWR2CvXzyKmiWCna5ULqv5Go3izgy6BSdoQtkoytUQ3eojhqIoif0gt7Qu/FsvBofxue8dc1YzJygP2VMvwGgv6A6</latexit>

dip destroyed by cggh, cgghh 6= 0
<latexit sha1_base64="iD5CCb/oDD2xpZ3u6qdfNMMpfQs=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwYWUpAq6EYpuXFawF2hDmEwn6dDJTJiZCCUEN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ8wcJo0o7zrdVWlpeWV0rr1c2Nre2d+zdvbYSqcSkhQUTshsgRRjlpKWpZqSbSILigJFOMLqZ1DsPRCoq+L0eJ8SLUcRpSDHSxvLtA+xnUTTMT+EMhjnsc6HhlePbVafmTAUXwS2gCgo1ffurPxA4jQnXmCGleq6TaC9DUlPMSF7pp4okCI9QRHoGOYqJ8rLpCTk8Ns4AhkKaxzWcur8nMhQrNY4D0xkjPVTztYn5X62X6vDSyyhPUk04ni0KUwa1gJM84IBKgjUbG0BYUvNXiIdIIqxNahUTgjt/8iK06zX3rFa/O682ros4yuAQHIET4IIL0AC3oAlaAINH8AxewZv1ZL1Y79bHrLVkFTP74I+szx8dEpaX</latexit>
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HH pair invariant mass distribution

dip, even though chhh = 1, ct = 1



 shape analysis

get a clearer idea how the different anomalous couplings  
 affect the shape of the mhh

<latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit> distribution

Aim: 

How?

• visualise underlying parameter space in 2-dim. projections
• find a suitable “measure” defining a characteristic shape type 

mhh
<latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit><latexit sha1_base64="PoP+4hm6/Lexi8VPHzinHPJ3Dag=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GpLa6rgrunFZwbZCO5RMmunEZjJDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57glRwbRD6cApLyyura8X10sbm1vZOeXevrZNMUdaiiUjUbUA0E1yyluFGsNtUMRIHgnWC0eXU79wzpXkib8w4ZX5MhpKHnBJjpXbcz6No0i9XkFvFyPNqELn1U3xerVtSw95JHUHsohkqYIFmv/zeGyQ0i5k0VBCtuxilxs+JMpwKNin1Ms1SQkdkyLqWShIz7eezayfwyCoDGCbKljRwpn6fyEms9TgObGdMTKR/e1PxL6+bmdDzcy7TzDBJ54vCTECTwOnrcMAVo0aMLSFUcXsrpBFRhBobUMmG8PUp/J+0qy5GLr6uVRoXiziK4AAcgmOAwRlogCvQBC1AwR14AE/g2UmcR+fFeZ23FpzFzD74AeftEz/9j5I=</latexit>

(a) bin-by-bin analyser script 
(b) machine learning

studied:

Shape analysis has been done before, but only at LO
see e.g. C.-R. Chen, I. Low ‘14

Azatov, Contino, Panico, Son ‘15
Dawson, Ismail, Low ‘15
Carvalho, Dall’Osso, Dorigo, Goertz, Gottardo, Tosi ’15, ’16 
Carvalho, Goertz, Mimasu, Gouzevitch, Aggarwal ‘17
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• use unsupervised learning to identify shape types 

• produce grid of 10^5 coupling  
  combinations, retain 10% for validation

• autoencoder  from KERAS (tensorflow)

• then use KMeans algorithm  
(scikit-learn) for clustering into  
given number of clusters

encoder will try to find common patterns in order to  
achieve a compressed representation of the data

• input: mhh
<latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit><latexit sha1_base64="ZERaX3Jn9wJXAEZaS4TlpjIUVDc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZrNj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjySLGYEWye1xSBPkumgWvPr/hxolQQFqUGB5qD61R8qkgkqLeHYmF7gpzbMsbaMcDqt9DNDU0zGeER7jkosqAnz+bVTdOaUIYqVdiUtmqu/J3IsjJmIyHUKbBOz7M3E/7xeZuPrMGcyzSyVZLEozjiyCs1eR0OmKbF84ggmmrlbEUmwxsS6gCouhGD55VXSvqgHfj24v6w1boo4ynACp3AOAVxBA+6gCS0g8AjP8ApvnvJevHfvY9Fa8oqZY/gD7/MH17OPSg==</latexit>

distributions
30 bins of width 20 GeV

with
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Shape analysis
asking the KMeans algorithm for 4 clusters:

coloured: 
cluster centres

too unspecific )
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

ask for more clusters
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tried 4-8 clusters, 7 seemed to be optimal

Shape analysis
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Shape analysis: results
4 clusters 7 clusters

red: SM-like, magenta: enhanced tail,
silver lines: limits on total cross section 

• influence of chhh
<latexit sha1_base64="4cr39S7bInwKSHuZ5kbEe13LwEg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120izdbMLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LRTFL0YzqSPOSMGit12CCPomg6qFTdmjsHWSVeQapQoDmofPWHCctilIYJqnXPc1Pj51QZzgROy/1MY0rZmI6wZ6mkMWo/n587JedWGZIwUbakIXP190ROY60ncWA7Y2oivezNxP+8XmbCGz/nMs0MSrZYFGaCmITMfidDrpAZMbGEMsXtrYRFVFFmbEJlG4K3/PIqaddr3mWt/nBVbdwWcZTgFM7gAjy4hgbcQxNawGAMz/AKb07qvDjvzseidc0pZk7gD5zPH465j7Y=</latexit>

ct
<latexit sha1_base64="Io61JLCfxVLR5EtvGr9lbeyG608=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9bHfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPH1KMjdI=</latexit>

on the shape much stronger than the one of 

• unsupervised clustering able to distinguish small deviations from SM-like shape

black: enhanced low  mhh
<latexit sha1_base64="5lG10QZr0NrFbTUy0VTFnzhoe0o=">AAAB7XicbVC7SgNBFL3rM8ZXVLCxGQyCVdiNhZYhNpYJmAckS5idzGbHzOwsM7NCWPIPNhaK2Fr5F36BnY3f4uRRaOKBC4dz7uXee4KEM21c98tZWV1b39jMbeW3d3b39gsHh00tU0Vog0guVTvAmnIW04ZhhtN2oigWAaetYHg98Vv3VGkm41szSqgv8CBmISPYWKkpelkUjXuFoltyp0DLxJuTYuW4/s3eqx+1XuGz25ckFTQ2hGOtO56bGD/DyjDC6TjfTTVNMBniAe1YGmNBtZ9Nrx2jM6v0USiVrdigqfp7IsNC65EIbKfAJtKL3kT8z+ukJrzyMxYnqaExmS0KU46MRJPXUZ8pSgwfWYKJYvZWRCKsMDE2oLwNwVt8eZk0yyXvolSu2zSqMEMOTuAUzsGDS6jADdSgAQTu4AGe4NmRzqPz4rzOWlec+cwR/IHz9gO3qZLr</latexit>

(ATLAS)

white lines: CMS limits
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Shape analysis
ctt

<latexit sha1_base64="TXt40+aLwIXa2eY4WrbPZ7rKRQo=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHVXdOOygn1AG8pkOmnHTh7M3Agl9B/cuFDErf/jzr9x0lZQ0QMXDufcy733+IngCizrwyisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr+9Cr3u/dMKh5HtzBLmBeSccQDTgloqUOHGcB8WK5Y5kWj5rg1bJmWVbcdOydO3a262NZKjgpaoTUsvw9GMU1DFgEVRKm+bSXgZUQCp4LNS4NUsYTQKRmzvqYRCZnyssW1c3ymlREOYqkrArxQv09kJFRqFvq6MyQwUb+9XPzL66cQNLyMR0kKLKLLRUEqMMQ4fx2PuGQUxEwTQiXXt2I6IZJQ0AGVdAhfn+L/Sccx7arp3LiV5uUqjiI6QafoHNmojproGrVQG1F0hx7QE3o2YuPReDFel60FYzVzjH7AePsETkmPng==</latexit>

chhh
<latexit sha1_base64="kHtQ9SBQGZibMF0xozuPnVIJ7V4=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSQNbd0V3bisYB/QhjKZTpqhkwczE6GEfoQbF4q49Xvc+TdO2goqeuDC4Zx7ufceP+VMKsv6MNbWNza3tks75d29/YPDytFxVyaZILRDEp6Ivo8l5SymHcUUp/1UUBz5nPb86XXh9+6pkCyJ79QspV6EJzELGMFKSz0yysMwnI8qVcu8bNYdt44s07IatmMXxGm4NRfZWilQhRXao8r7cJyQLKKxIhxLObCtVHk5FooRTuflYSZpiskUT+hA0xhHVHr54tw5OtfKGAWJ0BUrtFC/T+Q4knIW+bozwiqUv71C/MsbZCpoejmL00zRmCwXBRlHKkHF72jMBCWKzzTBRDB9KyIhFpgonVBZh/D1KfqfdB3TrpnOrVttXa3iKMEpnMEF2NCAFtxAGzpAYAoP8ATPRmo8Gi/G67J1zVjNnMAPGG+f7siP+A==</latexit>

• shape combined with bounds on total cross section puts constraints on ctt
<latexit sha1_base64="E0aQjXMeOfC5NGiGzjyJ63q1nf0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilFutniNN+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/AO4rj1w=</latexit>

ctt
<latexit sha1_base64="E0aQjXMeOfC5NGiGzjyJ63q1nf0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilFutniNN+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/AO4rj1w=</latexit>

also has strong influence on shape

• region where SM shape is produced is rather small

4 clusters 7 clusters
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• Shape analysis combined with bounds on total cross section can help  
to constrain EFT parameter space

• Machine learning lends itself to do shape analysis

• Implementation of gg to HH at full NLO including variations of  
trilinear coupling and top-Yukawa coupling in Powheg

• Improved predictions in tails of distributions by combination  
of full NLO with high energy expansion

• NNLO_approx contains top quark mass dependence as far as 
available, scale dependence reduced to ~5% 
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Thank you for your attention
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Shape analysis

values not too far from zero ctt
<latexit sha1_base64="E0aQjXMeOfC5NGiGzjyJ63q1nf0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilFutniNN+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/AO4rj1w=</latexit>

lead to interesting shape features
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Shape analysis: results

• influence of                    on the shape also rather mild,cggh, cgghh
<latexit sha1_base64="Dyn2E0OMio3M7E19X9MPqOnfBFg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFcSEmqoMuiG5cV7APaECbTaTJ0Mgkzk0IJ+RM3LhRx65+482+ctllo64HLPZxzL3PnBClnSjvOt7W2vrG5tV3Zqe7u7R8c2kfHHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G4/uZ351QqVginvQ0pV6MQ8FGjGBtJN+2iZ+HYVRcLnpU+HbNqTtzoFXilqQGJVq+/TUYJiSLqdCEY6X6rpNqL8dSM8JpUR1kiqaYjHFI+4YKHFPl5fPLC3RulCEaJdKU0Giu/t7IcazUNA7MZIx1pJa9mfif18/06NbLmUgzTQVZPDTKONIJmsWAhkxSovnUEEwkM7ciEmGJiTZhVU0I7vKXV0mnUXev6o3H61rzroyjAqdwBhfgwg004QFa0AYCE3iGV3izcuvFerc+FqNrVrlzAn9gff4Ay+CTww==</latexit>

tendency to enhance tail and total cross section
• enhanced low  mhh

<latexit sha1_base64="5lG10QZr0NrFbTUy0VTFnzhoe0o=">AAAB7XicbVC7SgNBFL3rM8ZXVLCxGQyCVdiNhZYhNpYJmAckS5idzGbHzOwsM7NCWPIPNhaK2Fr5F36BnY3f4uRRaOKBC4dz7uXee4KEM21c98tZWV1b39jMbeW3d3b39gsHh00tU0Vog0guVTvAmnIW04ZhhtN2oigWAaetYHg98Vv3VGkm41szSqgv8CBmISPYWKkpelkUjXuFoltyp0DLxJuTYuW4/s3eqx+1XuGz25ckFTQ2hGOtO56bGD/DyjDC6TjfTTVNMBniAe1YGmNBtZ9Nrx2jM6v0USiVrdigqfp7IsNC65EIbKfAJtKL3kT8z+ukJrzyMxYnqaExmS0KU46MRJPXUZ8pSgwfWYKJYvZWRCKsMDE2oLwNwVt8eZk0yyXvolSu2zSqMEMOTuAUzsGDS6jADdSgAQTu4AGe4NmRzqPz4rzOWlec+cwR/IHz9gO3qZLr</latexit>

region not possible for SM value of  chhh
<latexit sha1_base64="G1h6YDyVV6HJM4ehEGcRTzMxSMo=">AAAB7nicbVC7SgNBFL0bXzG+ooKNzWAQrMJuLLQMsbFMwDwgWcLsZDY7ZHZ2mJkVwpKPsLFQxNbGv/AL7Gz8FiePQhMPXDiccy/33hNIzrRx3S8nt7a+sbmV3y7s7O7tHxQPj1o6SRWhTZLwRHUCrClngjYNM5x2pKI4DjhtB6Obqd++p0qzRNyZsaR+jIeChYxgY6U26WdRFE36xZJbdmdAq8RbkFL1pPHN3msf9X7xszdISBpTYQjHWnc9Vxo/w8owwumk0Es1lZiM8JB2LRU4ptrPZudO0LlVBihMlC1h0Ez9PZHhWOtxHNjOGJtIL3tT8T+vm5rw2s+YkKmhgswXhSlHJkHT39GAKUoMH1uCiWL2VkQirDAxNqGCDcFbfnmVtCpl77Jcadg0ajBHHk7hDC7Agyuowi3UoQkERvAAT/DsSOfReXFe5605ZzFzDH/gvP0AbWGTUw==</latexit>
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constraints on ggH and top Yukawa couplings 

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

1812.06504

note: cggh = 8 cg
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Lambda- and mt-dependence of K-factors

plot by Johannes Schlenk; _r: data from Ramona Gröber
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considerable reduction of scale uncertainties 

      uncertainties: 
half the difference between NNLO_FTapprox and NNLO_NLO-improved 
Mt

NNLO_approx
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Variations of the trilinear Higgs coupling

maximal destructive interference  
between box- and triangle-type 
diagrams at
chhh = �BSM/�SM ⇡ 2.4

cross section is 
quadratic polynomial �in
(ignoring EW corrections)



Parametrisation of the NLO cross section

38

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

 for arbitrary values of the couplings 
Ai

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

• also available in differential form for mhh distribution



Relation to SMEFT
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�Ldim6 =
c̄H
2v2

@µ(�
†�)@µ(�†�) +

c̄u
v2

yt(�
†� q̄L�̃tR + h.c.)� c̄6

2v2
m2

h

v2
(�†�)3

+
c̄ug
v2

gs(q̄L�
µ⌫Gµ⌫ �̃tR + h.c.) +

4c̄g
v2

g2
s
�†�Ga

µ⌫
Gaµ⌫

SMEFT:

EWChL:

(restricted to Higgs sector + QCD)

�Ld�4 = �mt

✓
ct
h

v
+ ctt

h2

v2

◆
t̄ t� chhh

m2
h

2v
h3

+
↵s

8⇡

✓
cggh

h

v
+ cgghh

h2

v2

◆
Ga

µ⌫G
a,µ⌫

relations:
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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



non-linear EFT Lagrangian

41



Chromomagnetic operator
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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 g4s , suppressed by 1/16⇡2

(operator must come from contracted loop, see hep-ph/9405214)
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HH@NLO  GoSam+Powheg

variations of top-Higgs-Yukawa coupling:

overall shift rather than shape change



variation of hard shower scale in Herwig7, compared to Pythia8

HH@NLO + Parton Shower

POWHEG

differences (almost) covered by large shower matching scale uncertainties


