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Introduction
! !"#"$$%$%&&'#()*+,(-,.*/01/2*".3*452*('*6#'378%9)(73:--;; 6#'378(,'.*7),.<*

#7.*8"#3)&#'=*>'.")* 1,.3%#(
• Using Sherpa 2.2.10 with OpenLoops 2.1.1 (ATLAS)/OpenLoops 2.1.0 (CMS) 

! Using ppjjhh2 OpenLoops process library 
• “VBF-Like” Selector in run card: 

! FastjetSelector Mass(p[4]+p[5])>100. antikt 2 40. 0. 0.5 
! (≥ 2 anti-kt jets with 𝑝! > 40 GeV, m"" > 100 GeV, no minimum 𝜂#, and Δ𝑅## > 0.5)

• Two step generation; using libraries from HEFT model.
• Exclusive 2-jet, NLO process

! ?'"$ @*7.3%#)(".3*-'+*=78-*(-,)*)"=6$%*=":*
8'.("=,."(%*ABC*"."$:)%)*
• Already essentially covered by existing ggF HH samples? 
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https://gitlab.com/Lindert/hhjj.git


Notes
! 2(73,%)*)-'+.*('3":*"#%*+'#DE,. E6#'<#%))**
• Almost entirely shape comparisons (arbitrary y scale) 

! 2'=%+-"(*$,=,(%3*)("(,)(,8)
• ATLAS studies use 10,000 hhjj events; CMS studies use 5,000 hhjj events

! 4#')) E)%8(,'.*,.(%<#"(,'. '& --;; )"=6$%,) 8'=67("(,'."$$:*%F6%.),G%*H="D%)*
<%.%#"(,.<*(-,)*)"=6$%*8-"$$%.<,.<*

! I'*J,<<)*K')'.*3%8":*,=6$%=%.(%3*,.*2-%#6"*--;; )"=6$%*L('E3'M
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Sherpa hhjj Cross Section:
Rachel: 0.00229441 pb ! ( 1.1037e-05 pb = 0.481038 % )
Siewyan: 0.00256453 pb ! ( 0.000730388 pb = 28.48 % )



Overview
NO4'=6"#,)'.)*'&*P7"#D E,.,(,"(%3*G%#)7)*<$7'.E,.,(,"(%3*;%()*,.*2-%#6"*--;;

)"=6$%

QO4'=6"#,)'.)* '&*P7"#DR<$7'.E,.,(,"(%3*G%#)7)*6"#('. )-'+%#*;%()*,.*2-%#6"*
--;; )"=6$%

SO4'=6"#,)'.)*'&*2-%#6"* --;; )"=6$%*G%#)7)*5"3?#"6-T9!:(-,"U*--;; )"=6$%

VO4'=6"#,)'.)*'&* --;; ;%()*G%#)7)*WABCX*;%()*,.*5"3<#"6-9J%#+,<Y*ABC*JJ*
)"=6$%
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Comparisons of 
Quark/Gluon Jets in 
Sherpa hhjj Sample
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Technical Details
! 2%$%8(,.<*W-"#3*)8"((%#*;%()X*")*(-')%*="(8-%3*('*(+'*P7"#D)R<$7'.)*&#'=*-"#3*

)8"((%#*6#'8%))*L)("(7)*8'3%*SM*K")%3*'.*6#'F,=,(:*LΔ𝑅.,0 < 0.4M
• When multiple jets are matched to the same quark/gluon, take the jet with the 

minimum " #

! 2%6"#"(,.<*2-%#6"*--;; %G%.()*K")%3*'.*+-%(-%#*(-%*(+'*;%()*"#%*P7"#D*'#*
<$7'.*,.,(,"(%3*

! !$'()*"#%*.'#="$,Z%3*('*)-'+*#%$"(,G%*&#"8(,'.*'&*%"8-*%G%.(*(:6%**
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• Quark jets 
significantly more 
forward than gluon 
jets (more VBF-like)

• Quark jets also less 
massive
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• Few qq events – consistent with observation of more gluon-initiated jets
• Gluon-gluon events tend to have lower mjj and " $!! (less “VBF-like”)
• Hard to draw conclusions about quark-quark events due to limited 

statistics, but expect to be more like ”VBF-like” 
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• Looks like quark-gluon events are slightly more broadly peaked in 
" #"", but hard to make strong conclusions 

• Significant difference in m33 spectra – proportionally more gg 
events at low m33
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Comparisons of Quark/Gluon 
vs. Parton Shower Jets in 
Sherpa hhjj Sample
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Technical Details
! !"#('.* )-'+%#,.<*3'.%*K:*2-%#6"
• Parton shower jets = jets not " %-matched to a hard scatter quark/gluon

! 2"=%*)%6"#"(,'.*'&*2-%#6"*--;; %G%.()*K")%3*'.*+-%(-%#*(-%*(+'*;%()*"#%*
P7"#DE'#*<$7'.E,.,(,"(%3*
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• Grey shows Parton 
Shower jets 

• Bottom panel shows 
ratio of HS (all, quark, 
and gluon) to PS jets 

• More soft PS jets 
• Restricting range of 
p!
" plot to avoid 

region cut out by 
generator filter 
(p!
" > 40) 

• Mass difference driven
by generator filter 
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• Relatively consistent 
distributions when
comparing PS to all 
HS 

• Restricting ranges of 
both plots to avoid 
region cut out by 
generator filter 
(𝑚## > 100 and 
Δ𝑅## > 0.5) 
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• Differences at low end 
of spectrum likely 
driven mostly by Δ𝑅##
cut in generator filter 

• Generally similar
distributions beyond
very small Δ𝜂/𝜙
region
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Generator Comparison 
Sherpa vs MadGraph5 hhjj
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Technical Details
! A/$/.'(/2+BCCC+='2#.'85B+5533/</$(4+(-+8/.%-.,+&-,8'."4-$

• No parton-level filter applied to MG5 sample
• Applying an “analysis” level filter to both hhjj samples to obtain better comparison

! ! " !"#$%&'#(%#! $ %&)"*+%' "" $ (&& )"*+%,-.%) * ## $ &+,

! A/$/.'(-. 1)/</)+D/(+2/%"$"("-$E
• Define as GenJet (anti-k! 0.4) matched to partons with status code 23(3); using last copy before 

decay
• Excluding partons decaying from Higgs (and jets matched to these partons)

! D/(1F'.("&)/+,'(&5"$#+'440,/4+8'.(-$ &)-4/4(+(-+(5/+3/(+"$+! "
! A/$ 1)/</)+G"##4+2/%"$"("-$E

• Looking at status code 62(3) and last copy before decays
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Sherpa hhjj Cross Section:

aMC@NLO hhjj Cross Section:



Comparison of Filter Effects
Nj
! HIJK1)"7/L+M+8'44"$#+'$')*4"41%")(/.N+H##K1)"7/L+2/%"$/2+'4+

-.(5-#-$')+(-+IJK 1)"7/+85'4/+48'&/+
! :'</'(E+!5/.8'+"$5/./$()*+%'<-.4+IJK1)"7/O+P5")/+=AB+2-/4+$-(+

Q4-+('7/+&-,8'."4-$4+P"(5+'+#.'"$+-%+4')(R+
! ST8/&(+5"#5/.+*"/)2+-%+##K1)"7/+"$+='2#.'85 O+'$2+<"&/1</.4'
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Sherpa Madgraph

Black: Before filter
Red: ggF-like

Green: vbf-like

4+$5"6$7819$:096.;$
<2=>.8*"

?'3@$:0)"$//= >.8*"$
81$A"B")>5"6$7819



Comparison of Filter Effects
mjj
! 5'#%*W<<CE$,D%X*%G%.()*,.*5?T*)"=6$%*"(*$'+*= !!

! 4"G%"(@*2-%#6"*,.-%#%.($:*&"G'#)*ABCE$,D%[*+-,$%*
5?T*3'%)*.'(*L)'*("D%*8'=6"#,)'.)*+,(-*"*<#",.*
'&*)"$(M*
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Sherpa Madgraph

Black: Before filter
Red: ggF-like

Green: vbf-like



Generator Comparison
Leading and Subleading Jet pT
! /66$:,.<*WABCE$,D%X*"."$:),)E$%G%$*&,$(%#*('*K'(-*)"=6$%)
! 4".*)%%*-"#3%#*2-%#6"*;%(*6/ 3,)(#,K7(,'.)
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Red: Sherpa
Blue: MG5



Generator Comparison
Leading and Subleading Jet L
! /66$:,.<*WABCE$,D%X*"."$:),)E$%G%$*&,$(%#*('*K'(-*)"=6$%)
! \%$"(,G%$:*),=,$"#*)-"6%)[*(-'7<-*$"#<%*)("(,)(,8"$*7.8%#(",.(:*,.*

5?T*)"=6$%*L37%*('*ABCE$,D%*&,$(%#M
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Red: Sherpa
Blue: MG5



Generator Comparison
Leading and Subleading Jet Mass
! /66$:,.<*WABCE$,D%X*"."$:),)E$%G%$*&,$(%#*('*K'(-*)"=6$%)
! \%$"(,G%$:*$"#<%#*;%(*="))%)*&#'=*2-%#6"*
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Red: Sherpa
Blue: MG5



Generator Comparison
Dijet Kinematics

! 2,<.,&,8".(3,&&%#%.8%),. = !! ".3*
Δ𝜂11]*,=6'#(".(*&'#*ABC*"."$:)%)*
• Differences observed in m88(below 

100 GeV) are expected due to 
Sherpa sample generator filter 
• Above ~150 GeV, m88distributions

agree decently well
• " $## discrepancies also likely driven 

by Sherpa generator filter 
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Red: Sherpa
Blue: MG5
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Generator Comparison
Higgs Kinematics

! !"#$"%"&'$(+2"%%/./$&/+"$+G"##4+8T
48/&(.'

! U$+!5/.8'O+(5/+8'.(-$ 1)/</)+&0(+
'%%/&(4+(5/+&-08)"$#+(-+G"##4
• Sherpa tends to produce low 

momentum Higgs pair
! >$#0)'.+<'."';)/4+)'.#/)*+'#.//+

2/&/$()*+P/))+;/(P//$+(P-+
#/$/.'(-.4+
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Red: Sherpa
Blue: MG5

#$%&'()*3'))4*- ! ./01$%&'() 3'))4*𝜼

./01$%&'() 3'))4 - ! ./01$%&'() 3'))4*𝜼



! V"G"##4+8T9, HH ,-2/)"$#+60"(/+
2"%%/./$(+%.-,+!5/.8'+<4+=ABN+
&-$4"4(/$(+P9+8./<"-044)"2/

! !5/.8'+IJK+8'.(-$ 1)/</)+%")(/.+
'%%/&(4+(5/+G"##4+&-08)"$#O+'4+'+
./40)(+8.-20&"$#+4-%(/.+
,-,/$(0,+G"##4
→ 𝚫𝐑𝐇𝐇 smaller, as Higgs are closer 

to each other
→ 𝚫𝝓𝐇𝐇 smaller, as Higgs are less 

separated 
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Red: Sherpa
Blue: MG5
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Comparison with 
Madgraph+HW7 
VBF HH Sample 
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Technical Details
! 4'=6"#,.<* --;; W-"#3*)8"((%#*;%()X*"<",.)(*WABCX*;%()*&#'=*5"3<#"6-9J%#+,<Y*

ABC*JJLVKM*)"=6$%*
• Using 8161 events (10k, removing VHH events) 
• Ignoring jets matched to Higgs b-decay products (" #!,* & ' () )
• Tagging “VBF” jets based on proximity to truth quark (" #!,+ & ' () )

! /66$:,.<*W"."$:),)*$%G%$X*&,$(%#*('*K'(-)"=6$%)(' =,(,<"(%*3,&&%#%.8%)*&#'=--;;
)%$%8('#
• * + jets with , , - )' GeV, . ## - /'' GeV, and " #!! - ' (0
• Also requiring $! & 0
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3,)(#,K7(,'.)*

! 2-%#6"*--;;
%G%.()*-"G%*
),<.,&,8".($:*
)="$$%#*Δ𝜂..
• " $!! commonly 

used in VBF 
analyses, so may 
expect less hhjj
contamination 
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CO𝐣𝐣 and H 𝒋𝒋
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! 2-%#6"*--;;
%G%.()*-"G%*
),<.,&,8".($:*
)="$$%#*Δ𝑅.. ".3*
= !!
• Both of these

variables are 
commonly used 
in VBF analyses 

2.(3*$%$C@")-($@@55
!"# %$<2=$DDE7
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! m!! distribution more strongly peaked in Sherpa hhjj sample than in VBF sample 
! Similar 𝑝$%% distributions 
! Much “peakier” ΔR&& distribution in Sherpa hhjj sample 
! Different production modes, so do expect real Higgs kinematics differences
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ÒBack of the EnvelopeÓ Estimation 
hhjj Contamination in VBF Analyses
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• 2345 = 1.72 fb
• 266!! = 2.29 fb
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• 3 !! - 4'' GeV
• " #!! - 5
• " $!! - 5
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Conclusions
! G'</+8./4/$(/2+,'$*+8'.'))/)+4(02"/4+-%+!5/.8'+55334',8)/+%.-,+;-(5+:=!+'$2+

>?@>!+

! :-,8'."$#+60'.7 1<4W+#)0-$1"$"("'(/2+3/(4O+&'$+4//+(5'(+!5/.8'+55334',8)/+&-$('"$4+
4"#$"%"&'$()*+,-./+#)0-$+3/(4+
• MG5 sample contains relatively more light quark jets

! HG'.2+4&'((/.L+3/(+7"$/,'("&4+./)'("</)*+4",")'.+(- 8'.(-$ 45-P/.+3/(4O+;0(+4-%(/.O+
P5/$+'88)*"$#+&0(4+(-+,","&+4/)/&(-.+

! :-,8'."$#+'#'"$4(+=AB+#/$/.'(-.O+( 5/+(P-14(/8+#/$/.'("-$+"$+!5/.8'+#"</4+
./'4-$';)/+./40)(+"$+(/.,+-%+'$#0)'.+<'."';)/+45'8/

! HG'.2+4&'((/.L+3/(4+%.-,+!5/.8'+55334',8)/+2-+$-(+'88/'.+(-+;/5'</+4(.-$#)*+)"7/+
HIJKL+3/(4+X",8)"/4+,'$*+ 5533/</$(4+P"))+;/+./,-</2+%.-,+IJK+GG+'$')*4/4+
• Rough estimation: order(few %) of hhjj events will contaminate VBF HH analysis phase space
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Backup Slides
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Generator Comparison
Leading and Subleading Jet D
! 2-"6%)8'=6"(,K$%L)".,(: 8-%8DM
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Red: Sherpa
Blue: MG5



Note on HEFT Model
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! Some very strange 
behavior in the PS 
distributions 

! More investigation 
needed before drawing 
conclusions 
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Sanity Check: Quark/Gluon Jet !
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Jet Flavor Content Comparison
Leading Jet pT
! 2,<.,&,8".($:='#%*<$7'.E,.,(,"(%3*;%()*,.*2-%#6"*(-".*,.*

5"3<#"6-
! A%#:&%+-%"G:P7"#D;%()

! J"#3%#*;%()*&#'=*2-%#6"*)"=6$%
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Black: total distribution
Blue: gluon-initiated

Green: light quark
Red: heavy quark

Sherpa Madgraph



Jet Flavor Content Comparison
Subleading Jet pT
! /$)' )%%-"#3%#)7K$%"3,.<;%()&#'= 2-%#6"
! J"#3 (' <%(" )(#'.< )%.)%'& 3,&&%#%.8%,. ;%(6/

3%6%.3,.<'. ;%((:6%
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Black: total distribution
Blue: gluon-initiated

Green: light quark
Red: heavy quark

Sherpa Madgraph
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Red: Sherpa
Blue: MG5

Generator Comparison
Di-Higgs Kinematics

! 2-%#6"*(%.3)*('*6#'378%*$'+*='=%.(7=*
J,<<)*8'=6"#%3*('*5?T[*8'.),)(%.(*+,(-*
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