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Outline


New physics effects in Higgs pair production at the LHC


Summary


couplings 
 
resonance 
 
associated with other particles – Dark Matter
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Higgs	boson	
@	LHC


HOWEVER, can NOT test/determine the Higgs boson self coupling!! 


get information of interactions between 
Higgs boson and other SM particles
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gg	à	h	h		


*	w/	3000	S-1	@	100	TeV	pp	collider,	hhh	coupling	can	be	measured	with	8	%	accuracy	

Yao,	1308.6302


*	quite	promising	that	one	can	discover		
gg ! hh ! ��bb̄
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gg	à	h	h		
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“an upper limit of 3.9 pb on the cross 
section for non-resonant is extracted at 
95% confidence level”


ATLAS:
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tri-H	coupling	
at	ILC


The	measurement	of	the	hhh	coupling	for	mh	≃	126	GeV	is	very	challenging	at	
the	LHC	and	even	at	the	high	luminosity	upgrade	of	the	LHC.	At	the	ILC,	the	hhh	
coupling	can	be	measured	via	e+e−	→	Zhh	and	e+e−	→	hhνν	̄.	As	indicated	in	
Chapter	9,	for	the	combined	data	taken	at	the	ILC	with	√s	=	250	with	1150	S−1	
and	500	GeV	with	1600	S−1,	the	hhh	coupling	can	be	measured	with	an	
accuracy	of	about	46%.	By	adding	addi-onal	data	from	a	run	of	√s	=	1	TeV	with	
2500	S−1,	one	can	determine	the	hhh	coupling	to	an	accuracy	of	about	13%.	
Therefore,	the	scenario	for	electroweak	baryogenesis	would	be	testable	by	
measuring	the	triple	Higgs	boson	coupling	at	the	ILC.		



250 GeV, 1150 fb-1 + 
500 GeV, 1600 fb-1 : ~46%


e+e- à Zhh


+ 1 TeV, 2500 fb-1: ~13%
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NP	effects	in	
gg	à	h	h	
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NP	effects	in	
gg	à	h	h	(I)
 CRC	and	Low,	PRD	90.	013018
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gg	à	h	h	
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total cross section itself is insensitive to Higgs trilinear coupling!!
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gg	à	h	h	
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w/ more assumptions, we can have 
more implications
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gg	à	h	h	
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gg	à	h	h	
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gg	à	h	h	
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gg	à	h	h	
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NP	effects	in	
gg	à	h	h	(II)


existence of a new resonance that decays into Higgs boson pair!


e.g. two doublet Higgs model, Gerogi-Machacek model, …

Chang,	CRC,	Chiang,	JHEP	1703,137


See Cheng-We’s talk!!
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NP	effects	in	
gg	à	h	h	(III)


existence of a new resonance that decays into Higgs boson + some thing else!


IF because of symmetry, new resonance must be pair produced!  à  
signals of Higgs boson pair !


e.g. Little Higgs model with T-parity




Naturalness “Problem” 
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e.g. Supersymmetry
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LHT	




particle spectrum  
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particle spectrum  
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Z’	&	h	pair


qh


q
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Zh

qbar


Zh à h + Ah  : BR = 100 %


Therefore, we have di-Higgs 
associated missing ET


dark matter
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Z’	&	h	pair
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Z’	&	h	pair

pp ! Z 0Z 0 ! h h dm dm

Large missing energy compared to the SM background!


hh ! ��bb̄
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Z’	&	h	pair


Other tricks to suppress SM background?


some thoughts: 

Higgs boson is boosted


two bs ( and photons) in Higgs boson decay are collimated and 
jet-substructure can be adopted 

MZ0 � Mh,Mdm
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Z’	&	h	pair


1 fast jet (mass drop, CA algorithms, R=1.2) w/ PT > 200 GeV


2 photons


lepton veto


MET > 150 GeV


| Mγγ -125 | < 10 GeV


| M(fat jet) – 125 |  < 30 GeV


one b-tag inside the fat jet


Mhh > 252 GeV


background:   
bb̄�� ⇠ 0 hbb̄ ⇠ 0

tt̄� ⇠ 10�3 %

tt̄�� ⇠ 2.7⇥ 10�2 %

tt̄h ⇠ 0.27% Zh ⇠ 2.3⇥ 10�3%

Z’ : ~ 12% 
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Z’	&	h	pair
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Another	di-
heavy	boson
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W+ W- in association with missing energy!


MWH
� MAH

, MWagain, when


W boson is boosted


decay products of W-boson are collimated and jet-substructure 
can be adopted 

Cao,	CRC,	Liu,	PRD94	(2016),	055033	
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Another	di-
heavy	boson
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cuts


and lepton veto
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can reach > 3σ level for most of the parameter space 


However, another difficulty – How can we measure the mass of 
WH (i.e. determine f ) with two missing AH (dark matter) ?


no resonance can be reconstructed! 
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Warm up: measuring the mass 
of the W boson in the 
leptonic decay channel -- MT 
variable.

  The true mass of the W boson 
satisfies

  The end point of the 
transverse mass distribution is 
the W boson mass.

MT2 method  
How can one measure the mass of a heavy particle if it is produced in 
pairs and its decay products include invisible particles?
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•  	When	there	are	two	heavy	par-cles	decaying	into	visible	par-cles	and	
invisible	par-cles,	the	MT2	variable	may	be	used	to	measure	the	mass	of	
their	parent.	 C. G. Lester and D. J. Summers, hep-ph/9906349

★ The MT2 variable is a function of the 
momenta of visible particles (    ,     ) 
and missing transverse momentum.  
Its upper bound yields the mass of the 
parent particle (    ) .

knowing	the	correct	mx,	ending	point	of		
mT2	is	correct	mass	of	mother	par-cle




MT2 method  
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Summary	


*	A	new	scalar	with	mass	~	125	GeV	is	discovered	and	its	proper-es	are	
consistent	with	SM	Higgs	boson.


*	Higgs	self-coupling	is	crucial	to	test	SM	and	find	NP!!	à	not	measured	yet.


*	Higgs	pair	produc-on	is	important	for	the	Higgs	self-coupling,	however,	
total	cross	sec-on	is	not	that	sensi-ve	to	it,	and	NP	may	hide	there.


*	Kinema-c	distribu-ons	can	break	some	degeneracy	but	more	
informa-on	is	needed	for	a	significant	improvement!!


*	With	new	resonance,	the	Higgs	pair	produc-on	can	be	significantly	
enhanced!!


*	As	NP	contains	“parity-odd”	par-cles,	di-boson	signals	can	be	
produced	in	associa-on	with	dark	mafer,	e.g.	Higgs	pair,	W-boson	pair	
produc-on	à	jet	substructure	can	be	adopted.


*	May	be	challenging	to	search	NP	in	di-boson	produc-on,	HL-LHC	or	
future	hadron	collider	is	highly	desired!



