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The Higgs Mechanism

Higgs boson (! ): prediction of Brout-Englert-Higgs mechanism (1964, Nobel 2013) of electroweak 
symmetry breaking for mass generation of SM particles. 

Discovered in 2012 the ! " ## channel [ATLAS: 1207.7214, CMS:1207.7235]

Present data compatible with !"#$!%!&"'!&()$%*"+)(,"#')-"."!-/"*0*-"'!&)(1"(as predicted by the SM) of 
mass $ ! %&'( )*+ , - "

Coupling to fermions, EW gauge bosons, and Higgs itself. 
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!"#"$%&'%(')*+, -*./

https://indico.ijclab.in2p3.fr/event/9063/contributions/28442/attachments/21718/30774/lambdaHHH@CMS_HH2023_JM.pdf
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Higgs Self-Coupling

Higgs boson discovered 10 years ago (-2"/*0)!()2-#"3&24"56"27#*&0*/"#2"3!&8

Higgs can couple to Higgs itself (. !!! , . !!!! ). (The only particle in SM with self-coupling)

. !!! is -2("!"3&**"'!&!4*(*& " closure test of SM

. !!! is (,*"2-%1"'!&!4*(*& regulating 9)::#"'2(*-()!%"#,!'*" " EWSB and vacuum stability test

Deviation of . !!! from SM can allow first order EW transition " 3rd Sakharov condition for matter-
antimatter asymmetry

Measuring . !!! through di-Higgs production is the focus of research interest.
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Non-resonant HH Production

!"#$%&'()*+,$-&.*/*#0$! *1$'1#.$/&0$!"#$%&'()*+",'#-'.(*/&.!*01 2$3"#0#$! ! " #""" $#"""
#$

!#14$567$#//#%4*8#$-&.#)1$3*4"$9+&-9)&'1$%&'()*+,1:$! ! 2$! %2$! &2$9+.$! '&
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!"#$% &'"#$%()#*+$%(,'')-.( %""
#$ " &' ()* + ,- ./0 1 2( ) '*+

, - + 3456781 9 ./0 : ;<

/012$3(4$*$%()#*+$%(,/4)-.(%""
#$ " ' (=>? + @(A- ./0 1 2( ) 1213+
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Direct HH Searches (ATLAS)
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!" #$"%%&'()*+,"#+-.,/0

! // " 012342*5367" 89

! // " 012342*5367" other sub-channels
! Combination: // " 012342*5367
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Overview

2*3*&+-(!!(1*'+4(5%1*#(6"$)(#5+--(7&+,')",8(&+$"%#(+&*(",'-91*1.(
&&&&-&&%%-&&##-####-!!$$ . */ 0

:+,4(%;($)*#*(+&*(,%$('%3*&*1(74(1*1"'+$*1(+,+-4#*#<(

=#*("'%/33/$'"$"#42-2'2)+")&.4';%&($)*(#+5*(;",+-(#$+$*#(

>+$*8%&"?*(;",+-(#$+$*#(74(,957*&(%;(*/(@/(#! /(,+5*1(74(11 2 34
./0&&)(#ABC(+,1(:7(8%()98"&#./0&&)(#ADC/(;#"<8/"'"&0(#./0&&)($#%&#8"80(
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! E6%(#+5*F#"8,(-"8)$(-*G$%,#(6H6%(#! .(/+55( #! +,1 /+55 2 * #!

! E)&**(-"8)$(-*G$%,#.6+
! 0,*HE6%(-"8)$(-*G$%,#(+,1($6%(#! .(* ) /+ 2 /#

! I(-"8)$(-*G$%,#(%&"8",+$*1(;&%5(7 8 $$ +,1(J(7FK*$.(! 9! :+

! E6%(G)%$%,#(6"$)(-"8)$(-*G$%,#(+,1(#! .((%%2 *+( #-%%2 (+*# -%%2 /+
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Multilepton!"#$%&'()*"+,-**&%

!! " : : #: : # " 89; <$%&= >*3?accounts for @A;B signal contribution in Signal Region.

Lepton labelling (9' 9( 9" ): 
! +" "#($)*("99"$%8)=$%'&),-*G$%,

! +# "#($)*(%,*('-%#*&(A; <C($%(+" ",(#+5*F#"8,*1(G+"&

! +$ "#($)*(&*#$(%,*
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L&*F#*-*'$"%,# M+'N8&%9,1(:%1*--",8 :OP(AMQERC >%57",*1(S"$

M+'N8&%9,1(:%1*--",8.

! !""#$%&'()#*(+&,-".%/$0*1,- . '(/ 23*45*16'78*!"#" $!%&'()*+,%%(+#&,)-*'/*592*

! :+,#*(+&,-".%/$0*10 1023425 6 789:23*.(/01"#(*2&#*1;:2*<."*<+,#*)'-87*)#=7./0

:9-$"3+&"+$*(P,+-4#"#.

! >"+$'#/7*?..07#$*@#&'0'./*;"##*1AA*B'-/+)*C0D*;.7+)*(+&,-".%/$02

! EF<.)$*7"+'/'/-*6'78*GG*'/=%7*C+"'+()#0
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Post-fit Background Validation

2"59-$+,*%9#(;"$$",8(%,(B(>T#($%(*#$"5+$*(B(,%&5(;+'$%&#(;%&(1";;*&*,$(;+N*(-*G$%,(7+'N8&%9,1#<

>?#@2A#+(1*1"'+$*1(>T(;%&(UV(G&%'*##(;%&('%&&*'$",8($)*(5"#5%1*--",8("##9*(6"$)()"8)(K*$(59-$"G-"'"$"*#<

B"C#1DE#F2A#:OP(#'%&*(W(X<YY
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!"#$%"&$'()*#'&+),'-).$(/0"&$1+)"(%)2345)+1'-/)$()67)89)"(%):';)234)!9

! !"##$%&'()*+(,-'$+.)$,/-#"0)01$
! 22$',3/+#$/4.*+#,5)0$(4$(4(+#$&,)#0'$46$7+-83.4"/01

!"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++
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3-lepton Results

6"$&$(<),'-)=(>#$(%$(<)"**-'?"#)@>/,'-/)&A/)/(%)',)

B1&'>/-CD)/E*/1&/%)-/+=#&+)'(#F

5):-!%";*:)2-<"MVA score > 0.55

Uncertainties Ranking:

Z<2$+$"#$"'+-(9,'*&$+",$"*#(A%C<

J<UV($)*%&4(9,'*&$+",$4(ALQSC<(

B<7FK*$('+-"7&+$"%,(A;%&(= >=C

Limit is defined as the multiplier over SM 
!! cross-section
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! !"##$%&'()*+(,-'$+.)$,/-#"0)01$
! 22$',3/+#$/4.*+#,5)0$(4$(4(+#$&,)#0'$46$7+-83.4"/01

?@;>*0&."#*$'07"'(%7'./*'/*B9* ;.=*HI*JK0*9+/,'/-*K).7

!"#$%&'%(#")#*++

!"#$%&'%(#")#*++
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!"##

2*+&')",8(;%&(J(#+5*(#"8,*1(-"8)$(-*G$%,#(A? %&(@C/(

5+",-4(;&%5(A %A & ' B C(0 ,<

012".$31(45."-+#67$DE /(FFGG/([:"#\Q /(;+N*(-*G$%,

E)&**(#G*'";"'(MQE#(+&*($&+",*1/(;%&(#"8,+-(3*&#9#(&&/(
& 2 GHIJ/(+,1(= >=/(&*#G*'$"3*-4<(

; !! <; !!
"# =>?@A%BC DE%FG

Main uncertainties : Jet, Fake lepton, QmisID

2*+&')",8(;%&(J(#+5*(#"8,*1(-"8)$(-*G$%,#(A? %&(@C(6"$)(Z(
)+1&%,"'+--4(1*'+4*1(#<(

:+K%&(7+'N8&%9,1#.(KK/(;+N*(-*G$%,(A)&35#")&'1-)'

3&),/0 C/(;+N*($+9(A2%"#&'1"%)/+'3&),/0C

; !! <; !!
"# =>?@A%BC HI %JJ

01*+$-+(&.)1*+)*&6$7$&&8$914&'&:)"+8$;&)
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!"## $ %&!

!"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++
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%"' !" $ ! &!

2*+&')",8(;%&(ZHJ(-"8)$(-*G$%,#(A? %&(@C(6"$)(J(
)+1&%,"'+--4(1*'+4*1(#/(5+",-4(;&%5(

A %A &#' #( ' B L(0 ,<

:+K%&(7+'N8&%9,1#.(&&/(;+N*($+9(A1"6&'1"%)/+'3&),/0C

GKL; !! <; !!
"# =>?@A%BC EG%MG

MKL; !! <; !!
"# =>?@A%BC DD%NN

:+",(9,'*&$+",$"*#.(;+N*$+9

E)*(%,-4(')+,,*-(6"$)(J(7FK*$#(;&%5(7 8 ! 9! +,1(I(-"8)$(
-*G$%,#(A? %&(@C((;&%5(7 8 $$)

:+K%&(7+'N8&%9,1#.(= >=/(&&/(==&/(#",8-*(!"88#/($ 2 GHIJ

I('%,$&%-(&*8"%,#($%(1*&"3*(Y(,%&5+-"?+$"%,(;+'$%&#(;%&(
5+K%&(7+'N8&%9,1#<

; !! <; !!
"# =>?@A%BC HI %JJ

:+",(9,'*&$+",$"*#(.(#",8-*(!"88#/(&&
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(()"

!"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++ !"#$%&'%(#")#*++



Yulei Zhang  |  CLHCP 2023

FIRST Result for multilepton 
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L;MLB*>)+/&#*N)'/, O

!"#$%&'%(#")#*++

!"#$$%&' ()#)'*+,$&- ()#)'*.+/0&&+'-')*

!"## !"#$% !&#'"

$" %(#(' %'#"!

%%&" %)#$% %'#)"

'" ( ! ) ! !'#!" &"#%"

!" ( ! ) ! !!#&$ !!#**

!"## ( ' ) ! (*#++ $+#((

** ( '"+ ) ! %(#&! %$#$'

** ( +"' ) ! (%#(+ (&#(+

** ( ! " !)#+( !'#%"

!1234$%5 6*78 6*9:

https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?id=2808
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Conclusion

=)&#("&*#>%("of 95% C.L. combined expected upper limit reaches CDAE) * +'"
, (- +.( (full systematics) on the ! !

cross-section over SM  for !! " 012342*5367final states with the full RUN2 data with &E;) ( FG
luminosity.
!"#$%&'()'"*&%&+(,'#$&%-.'/("*'(%&,*01.#'1(%&(2.),%)'3,0&(40*(,$'(4%*/,(,%2'5("#$%'6'1("&(0*1'*(04(
2"+&%,.1'(%&#*'"/'2'&,(%&('73'#,'1(/'&/%,%6%,89(

! Z<]F;%-1(8+",(;&%5()"8)*&(-95",%#"$4(

! JF;%-1(*,)+,'*5*,$(6"$)(%G$"5"?*1("1*,$";"'+$"%,(+,1("#%-+$"%,('&"$*&"+(
! J< F̂;%-1(",'&*+#*(19*($%($)*(+13+,'*1(9#*(%;(:OP($*'),"_9*#(

H/ and H"0 scan is ongoing. 
Advanced MVA techniques are under investigation for RUN 3:

! L&*-"5",+&4(#$914(%;(7$%&'#+!!#"&#G=()98"&#8"3*#(*`G*'$*1(9GG*&(-"5"$(A#$+$#<(%,-4C(%;(HIJKLA'9&&*,$.(JB<^JC
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./011&/

Utilizing lepton triggers can largely suppress 
QCD backgrounds with relatively high 
efficiency.

The trigger strategies refer to the I I !
multilepton J; FG) ( study [link] and follow the 
recommendation.

single-lepton triggers (5?) !" di-lepton triggers 
(@?)

Trigger Scale Factor calculated by 
:*%+;)0<")=44%#%'&#8>0**'#,%0&package [link]
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https://cds.cern.ch/record/2314122
https://twiki.cern.ch/twiki/bin/viewauth/Atlas/TrigGlobalEfficiencyCorrectionTool
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234&+(5&60*0(0)*
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!"#$%$&&'()*%+$($%,-.$%+/)0/1%)0$%#('"2%)'%0-(,'1/3$%)0$%4$2)'1%.$&/1/)/'1*%
-5('**%-44%)0$%50-11$4*%

!"#$%"&"'#()*+
! 1+)*<4)$=$>$?@A
! M* N /O PHFQ R S / TOQ U S : T:
! ;BC$D,$)*5E)8$;&)$('&1+*+5$D,7$F""6&G1#
! G<)155*+5$H*)E$IFJ.$K$CC0 L*M&#<(-)$D,$

"&"'#,)*

-.)*

V+
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** $ +,

P-&*+14(9,7-",1*1a

B(#97F')+,,*-#.(( %%2 *+( #! /(%%2 (+* #! /(+,1(%%2 /+ <

:+K%&(7+'N8&%9,1#.(2",8-*(!"88#/(&%%/(+,1(%%2 GHIJ

M+'N8&%9,1(5%1*--",8(9#",8(1+$+(;%&($)*('%,$",995(%%7+'N8&%9,1(;%&($)*(#"1*7+,1(&*8"%,(AW,, X */( -*6( PHFC

:+K%&(9,'*&$+",$"*#.([>Q/(#",8-*(!"88#
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