
The	Road	Ahead	
SLAC	Summer	Ins-tute		

August	26,	2016	
	
	
	

Joe	Incandela	
University	of	California	Santa	Barbara	



Age-old	
•  Ques0oning	the	fundamental	nature	of	our	universe	
is	probably	as	old	as	the	human	race	
–  In	every	age	it	has	been	a	key	driver	of	human	curiosity		
–  Rephrased	with	each	new	insight	to	

•  Focus	on	some	set	of	observable	phenomena	and		
•  Ponder	what	these	observa0ons	mean,	what	underlies	them	
•  	e.g.	the	mo0ons	of	the	planets	were	observed	and	modeled	
over	many	centuries	

In	the	process,	we	established,			
	

	 	 	 	“The	Scien0fic	Method”*	
	
which	was	no	small	feat…	

*Recommended	reading:	S.	Weinberg,	`To	Explain	the	World’		
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Modern	giants	
•  It	is	said	that	we	are	standing	on	the	shoulders	of	
giants!	Does	this	mean	it’s	geNng	easier?	
– No!	In	just	about	every	respect	it’s	geNng	harder…	

•  And	what	we	mean	by	giants	has,	of	necessity,	
changed	drama0cally.	It	now	encompasses		
– Global	collabora0ons	of	experimental	physicists	with	
systems	of	unprecedented	scale,	and	capability.	

– Theore0cal	physicists	everywhere	in	con0nuous	
contact		

Aside:	HEP	is	oUen	cited	for	its	high	cost.	It	is	not	so	much	more	
costly.	Funds	are	pooled	from	across	the	globe	to	produce	shared	
large	facili-es	that	stand	out.	We	may	be	first	in	this	game,	but	this	
is	a	trend	that	other	areas	will	increasingly	face	over	-me.		
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Where	are	we	now	(expt.)?	
•  Par0cle	Physics	

– Many	discoveries	(W,	Z,	top,	Higgs…)	and	precision	
measurements	consistent	with	Standard	Model	(SM)	

•  Astrophysics	and	Cosmology	
– Abundant	evidence	for	physics	beyond	the	SM	

•  Non-baryonic	dark	ma[er	
•  Neutrino	oscilla0ons	(mν≠	0	but	very	nearly	…)	
•  Cosmic	ma[er-an0ma[er	asymmetry		
•  Cosmic	density	fluctua0ons	consistent	with	infla0on	
•  Accelera0ng	expansion	of	the	universe	/	Dark	Energy	

These	are	our	observa0ons		
They	phrase	our	ques0ons	
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Current	ques0ons*	
•  What	is	dark	Ma[er?		

–  What	couplings	to	SM	par0cles,	what	quantum	nos.,	mass(es)?	
•  What	are	neutrinos?	

–  What	is	the	mass	hierarchy?	Do	they	violate	CP?		
–  What	is	the	mechanism	by	which	neutrino	mass	is	generated?	Are	they	
Dirac,	Majorana,	or	…??	How	does	this	fit	into	the	bigger	picture?	

•  What	is	the	Higgs?		
–  What’s	the	nature	of	electroweak	symmetry	breaking?	Is	there	more	to	
it	than	the	Brout-Englert-Higgs	(BEH)	mechanism?		

–  What	is	the	Higgs	poten0al?	What	are	the	Higgs	couplings?	(is	it	alone?	
Is	it	composite?)	What	symmetry	protects	the	Higgs	at	this	low	mass?		

–  What	can	we	learn	about	its	connec0on	to	the	top?	Are	there	top	
partners	?	

•  What	else	can	we	find	Beyond	the	Standard	Model	(BSM)?	
–  SUSY?	Extra	Dimensions?	Hidden	Valleys?...	So	many	possibili0es!	
–  What	can	we	learn	from	precision	measurements,	rare	processes?			
How	precise,	how	rare?	

*A	representa-ve	list,	with	slight	personal	bias	in	the	ordering		
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And...*	

•  What	is	the	landscape	of	the	unseen	universe?	
–  I.e.	what	are	the	implica0ons	of	the	first	observa0ons	
of	gravity	waves	from	black	hole	mergers	and	what	
else	will	this	new	window	open	our	eyes	to?	

•  What	is	behind	cosmic	infla0on	
– What	is	dark	energy?	Is	it	a	field	or	simply	a	
parameter	in	the	larger	theory	–	simply	a	
cosmological	constant	(CC)?	

• What	do	we	do	with	the	CC	problem?	

*Extremely	exci-ng	but	not	covered	in	this	talk	
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The	Road	Ahead	

SM	and	Higgs	



Is	nature	keeping	everything	but	
the	SM	hidden	at	the	LHC?	
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Maybe,	but	before	we	start	
deriding	it,	let’s	take	a	moment	to	

honor	the	SM...	

Is	nature	keeping	everything	but	
the	SM	hidden	at	the	LHC?	
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Et	tu	Brout	Englert	
Higgs?	

The	`holy	grail	of	physics’	
	

Is	it	empty,	or	is	there	something	inside?	
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BTW:	It’s	s-ll	there…		
H→ZZ*→	4l	at	√s=13	TeV	

*Tiziano	Camporesi	–	ICHEP	2016	
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And	H→γγ	at	√s=13	TeV	

*Dave	Charlton	–	ICHEP	2016	
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BsE%#:.8)(::<D%LjK,DOO<+9<76E7()+E7LO76+?()(+7(g<,K:8>EK>n76+?*9h0cpdt4%%

mH ~ 126 GeV is compatible with the SM and also 
with the SUSY extensions of the SM

mH ~126 GeV is what you expect from a direct interpretation
of EW precision tests: no fancy conspiracy with new physics 
to fake a light Higgs while the real one is heavy 
(in fact no “conspirators” have been spotted: no new physics)

Strumia

Is it really the SM Higgs boson?

Precise measurement of couplings
Confirm JPC=0++

Heavier Higgs-like particles? 2HDM, MSSM?

The next challenge!

A malicious choice! mH = 125.6 ± 0.4 GeV
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R#N1*$3&$=1&>$3"#$Y2**/I$
The precise measurements of Higgs couplings are crucial
in order to determine to what extent it is SM

+ ...

Contino

It would really be astonishing if no deviation from the SM
is seen!

a ~ hVV
c ~ hff

It would really be astonishing if no deviation from the SM
is seen!
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P'3.6',1#//$&.3$3"#$>21(&>O$

The crisis of the naturalness principle

Has been and is the main motivation for new physics at
the weak scale

But at present our confidence on naturalness as a guiding
principle is being more and more challenged

No indirect evidence of new physics (g-2?)
No direct evidence of new physics at the LHC

Apparently some amount of fine tuning is imposed on us 
by the data. More now after the LHC7-8 results

Does Nature really care about our concept of Naturalness?
Which form of Naturalness is Natural?

BsE%#:.8)(::<D%LjK,DOO<+9<76E7()+E7LO76+?()(+7(g<,K:8>EK>n76+?*9h0cpdt4%%

The crisis of the naturalness principle

LHC Nobel Symposium,15 May ‘13

Guido Altarelli
Roma Tre/CERN

The Higgs: 
so simple yet so unnatural
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But	how	can	fine-tuned	is	it?	



Mul0verse?	



Future	LHC	Higgs	Measurements	

Observable	number	of		Higgs	events	per	LHC	
experiment	through	High	Lumi	(HL)	period	

2013	 ~2018	 ~2024	 ~2037	

H→	ZZ*→	4l  20	 120	 450	 4,000	

H→	γγ		 350	 4,000	 15,000	 130,000	

H→	ττ		(VBF)	 50	 700	 2,600	 20,000	
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H125@HL-LHC  
"! @A7'B'C3$45&567'DEFGEH'

67'µ'IBEFDGH'67'
46AC>57)&J'

"! K$$;'LMH'%6'C36N$'O$+'
CP3%54>$&'57'>66C&'

Deviation of Higgs couplings from SM due to 
particles with M~1 TeV 

Higgs Snowmass report (arXiv:1310.8361) 

.;<;.:&SUUU*dBP*.=**-&>?@-=4-A&
"! Q6&%'46AC>57)&'R5%S'2 - 8H'($'TM'5UC368$U$7%'V36U'MEE'WFB'X*Y'3$&A>%&'
"! Z44$&&'%6'5UC63%P7%'3P3$';$4P[&''
'

Higgs Snowmass report (arXiv:1310.8361) 

CMS projections for coupling precision (arXiv:1307.7135)  
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Run 2 Simulation: Pileup~50  at 25 ns and  L = 2x1034 cm-2s-1 
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

!

!
"#!

#<

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Projected Higgs coupling precision (7-parameter fit)

 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
 (CMS-2, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC

-1 250 GeV,   500 fb! -1 350 GeV, 200 fb! -1 500 GeV,   500 fbILC
-1 250 GeV, 2000 fb! -1 350 GeV, 200 fb! -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ! ILC
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Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, 

A

is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for 

�

show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.
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ILC	example:	Dis0nguishing	SUSY	
from	a	Higgs	Composite	Model	

Poten-al	to	severely	constrain	the	physics,	
really	narrow	down	the	models	

*arXiv:1506.05992	
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The	Road	Ahead	

Some	thoughts…	



Extend	the	neutrino	and	DM	programs	
in	the	most	promising	direc0ons…	

	

This	is	obvious	but	it’s	good	to	be	explicit…	
Less	obvious	is	how	to	decide	what	the	next	

big	colliders	should	be!	



The	Next	Collider	

e+e-	collider	
•  Long	overdue…	

–  We	cannot	close	the	loop	on	new	
par0cles	and	their	proper0es	
without	e+e-	data	

–  Much	to	learn	from	tt,	H	…	even	
W	and	Z	and	of	course	any	new	
par0cles	

•  Linear	
–  Can	get	to	higher	energies	(e.g.	tt
+Z/W,	ttH	produc0on)	

–  Poten0ally	higher	polariza0on	
•  Circular 		

–  Poten0ally	higher	luminosi0es→	
higher	sta0s0cs	

–  Side	benefit:	A	tunnel	for	a	
hadron	collider	

pp	collider	
•  100	TeV	(FCC-hh,	SppC)	

–  The	right	energy	to	fully	
understand	EW	symmetry	
breaking		

•  Higgs	poten0al	
–  Reach	(some	kind	of	closure)	

with	regard	to	SUSY	and	
naturalness		

•  28-33	TeV	(HE-LHC)	
–  Affordable	step	toward	a	higher	

energy	machine	
–  Substan0ally	stronger	program	

than	HL-LHC	without	
undermining	the	key	elements	
of	the	100	TeV	colliders		
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Collider	Scenarios	
Carte	Blanche	
•  Build	them	all!	
•  Linear	

–  ILC	or	CLIC	
•  Circular 		

CEPC→	SppC	or	FCC-ee	→	FCC-hh		

Carte	Jaune	
•  One	e+e-	collider	

–  Choose	one	that	can	be	funded	and	
everyone	get	behind	it!	

•  HE-LHC	
–  A	quasi-affordable	upgrade	
–  Keeps	the	hadron	community	

energized,	s0mulates	accelerator	R&D	
–  Develop	and	demonstrate	new	

technologies	
•  Depending	on	what	we	learn	

–  Make	a	pitch	for	the	next	machine	
when	the	0me	is	right	

Carte	Rouge	
•  HE-LHC	

–  That’s	all	folks!	

8/
26
/1
6	

Jo
e	
In
ca
nd

el
a	
(U
CS
B)
	-	
SS
I1
6	
-	A

ug
us
t,	
26

	2
01

6	

84	



y&.:66Y%

#%L&/(%(JK()<'(+.8:%K)6/)8'2%X<.L%'8+>%A</%
)(,&:.,%.6%76'(2%(J.(+9<+/%'8+>%9(789(,%<+.6%
.L(%?&.&)(m%%
V6)%.L(6)>%R%A</%7L8::(+/(,%X<.L%K6.(+-8:%?6)%8%
,</+<W78+.%K8)89</'%7L8+/(%
%



!"#$#1($



Addi0onal	Informa0on…	



-.#/0&1/$4&6$Y_@$$
VD,2(#$46&5$9#4&6#$jYZ$/3'63.8W$$

!SP%'5&'%S$'635)57'6V'/>$4%36R$P_'^[UU$%3[',3$P_57)i''
#! @$>P%$;'%6'%S$'*5))&'N6&67''''''''''''''''
'

!SP%'5&';P3_'UP%%$3'i'
'
!S['P3$'%S$3$'$TP4%>['M')$7$3P%567&'6V'V$3U567&'i'
!S['5&'%S$3$'&6'>5%%>$'P7%5UP%%$3'57'%S$'h758$3&$'i'
IKP%A3$j&'VP8635%5&U'd'RS54S'UP_$&'5%'C6&&5N>$'V63'A&'%6'$T5&%'dJ'

'
!SP%'P3$'%S$'V$P%A3$&'6V'%S$'C35U63;5P>'U$;5AU'
C$3U$P%57)'%S$'h758$3&$'LBE'µ&'PV%$3'%S$',5)',P7)'i''
'
Z3$'%S$3$'6%S$3'V634$&i'
!S['5&')3P85%['&6'R$P_'i''
Z3$'%S$3$'P;;5%567P>'&CP%5P>';5U$7&567&'i'

OP;OQ$&:!Q&

OP;OQ$&:!Q&

O;R:2&
"ZOXZ^fYQ '̂

OP;OQ$&:!Q&

;.:S&
"ZOXZ^fYQ '̂

!%$'"&%#*,)/#$#-01%&#*,)/##M$61)0$#U1$8)""1#

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

ii$



-.#/0&1/$4&6$Y_@$$
VD,2(#$46&5$9#4&6#$jYZ$/3'63.8W$$

!SP%'5&'%S$'635)57'6V'/>$4%36R$P_'^[UU$%3[',3$P_57)i''
#! @$>P%$;'%6'%S$'*5))&'N6&67''''''''''''''''
'

!SP%'5&';P3_'UP%%$3'i'
'
!S['P3$'%S$3$'$TP4%>['M')$7$3P%567&'6V'V$3U567&'i'
!S['5&'%S$3$'&6'>5%%>$'P7%5UP%%$3'57'%S$'h758$3&$'i'
IKP%A3$j&'VP8635%5&U'd'RS54S'UP_$&'5%'C6&&5N>$'V63'A&'%6'$T5&%'dJ'

'
!SP%'P3$'%S$'V$P%A3$&'6V'%S$'C35U63;5P>'U$;5AU'
C$3U$P%57)'%S$'h758$3&$'LBE'µ&'PV%$3'%S$',5)',P7)'i''
'
Z3$'%S$3$'6%S$3'V634$&i'
!S['5&')3P85%['&6'R$P_'i''
Z3$'%S$3$'P;;5%567P>'&CP%5P>';5U$7&567&'i'

OP;OQ$&:!Q&

OP;OQ$&:!Q&

O;R:2&
"ZOXZ^fYQ '̂

OP;OQ$&:!Q&

&'PV%$3'%S$',5)',P7)'i''
!SP%'P3$'%S$'V$P%A3$&'6V'%S$'C35U63;5P>'U$;5AU'
C$3U$P%57)'%S$'h758$3&$'LBE'
!SP%'P3$'%S$'V$P%A3$&'6V'%S$'C35U63;5P>'U$;5AU'
C$3U$P%57)'%S$'h758$3&$'LBE'µ&'PV%$3'%S$',5)',P7)'i''
;.:&T(-&S5=+H&HI&(66M,--&H?,-,&()6&IH?,M&

U5)6(C,)H(+&V5,-H=I)-&

;.:S&
"ZOXZ^fYQ '̂

OP;OQ$&:!Q

;.:S
"ZOXZ^fYQ '̂

OP;OQ$&:!QOP;OQ$&:!Q

;.:S
"ZOXZ^fYQ '̂

!S['P3$'%S$3$'$TP4%>['M')$7$3P%567&'6V'V$3U567&'i'
!S['5&'%S$3$'&6'>5%%>$'P7%5UP%%$3'57'%S$'h758$3&$'i'
IKP%A3$j&'VP8635%5&U'd'RS54S'UP_$&'5%'C6&&5N>$'V63'A&'%6'$T5&%'dJ'

OP;OQ$&:!Q

"ZOXZ^fYQ '̂

WIH,A&W,T&L?@-=4-&S,@I)6&H?,&QH()6(M6&!I6,+&=-&),,6,6&
=)&CI-H&4(-,-1&23>,M=C,)H(+&6(H(&()6&H?,IM,H=4(+&
(M*5C,)H-&=)6=4(H,&H?(H&H?=-&W,T&L?@-=4-&4I5+6&C()=U,-H&
=H-,+U&(H&H?,&D&P,G&,),M*@&-4(+,&S,=)*&,3>+IM,6&S@&H?,&;.:&

!%$'"&%#*,)/#$#-01%&#*,)/##M$61)0$#U1$8)""1#

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

in$



D.8#6+m$?2*.6#/$
L2/;&7#6#($21$onni$9:$
D.8#6+m'52&='1(#$

!B$m'Q23'$
P#.3621&$onni$

)35&/8"#62;$
P#.3621&/$

D.8#6+m$

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

n\$



<LF$$$3#,#/;&8#/$

Z&58'6'9,#$3&A$&6$5&6#$/#1/207#$3"'1A$1#.3621&$(#3#;3&6/$
3&$1#.3621&$,21#/$46&5$('6=$5'[#6$'112"2,'0&1$

V)6'%,:<9(%A>%V8)<+8:96%Z&(<)6[%P%\T*]Q%

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

no$



@6&(.;0&1$'1($(#;':$5&(#/$VjYZW$24$DF$@6&(.;0&1$'1($(#;':$5&(#/$VjYZW$24$DF$@6&(.;0&1$'1($(#;':$5&(#/$VjYZW$24$DF$

 [GeV]HM
100 150 200 250

 B
R 

[p
b]

! σ

-410

-310

-210

-110

1

10

LH
C 

HI
GG

S 
XS

 W
G 

20
12

 = 8TeVs

"l = e, 
τν,"ν,eν = ν

q = udscb

bbν# l→WH 

bb-l+ l→ZH 

b ttb→ttH 

-τ+τ →VBF H 

-τ+τ

γγ

qqν# l→WW 

ν
-lν+ l→WW 

qq-l+ l→ZZ 

νν-l+ l→ZZ 
-l+l-l+ l→ZZ 

l = e, 
ν = ν

q = udscb

bbbν#

→ZH 

τ+τ+ττ→

Q6&%'&$7&5%58$'4SP77$>&'BDE'k'U'k'BME'l$+?'
*%''((<%'=>1'*%''$$1'*%''!!<%''>m>m''
*%''nn''P7;'+"*'R5%S'*%'b" 

o743$P&$'&$7&5%585%['F'U$P&A3$'P&'UP7['4SP77$>&'P&'C6&&5N>$?''
•! $a)a'$8$7%&'R5%S'%R6'V63RP3;'#$%&''%''/7SP74$&'+$4%63',6&67'-A&567'I+,-J''
•! $a)a'$8$7%&'R5%S'P;;5%567P>'>$C%67&1'U5&&57)'/7$3)['%''/7SP74$&'+'"'*'467%35NA%567'$%4a'

))'%*'
+,-'

'''+"*''

t!*''

i^
Jh

^o
h$

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

nJ$



Pl7)$

a$9#>4'5*

/0!2*a'9*E$&$:&"9*Y2%D*]>j$9J*;/Z*

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

nT$



!"#$!Jm$_S8#625#13$

x+@)%Z$x+@)%Z$x+@)%Z$x+@)%Z$ PLJi\A$
<PR%<L$

D.8#6+m$

v$

P$

Jnf$=5$

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

na$



oT${$oa$!#e$7/$i$!#e$Z6&//$D#;0&1/$
NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

nf$



Z&1/36'213/$&1$FDDF$/8#;36.5$

-&&#XC;C#M&8:##$,S17#IJHGC+WYP7G#

!#1/2&1$>23"$
$?ZPZM/$
!#1/2&1$>23"$

!#1/2&1$$
>23"$YoJf$$

NAT$Ä$oz$$
1'3.6',1#//$

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

nh$



DcDd+3&8$/#'6;"#/q$E1',$/3'3#/$

!:<9(%76&).(,>%\E%T<()<+<%

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

nÉ$



Mass scales [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

233
'!  µ tbt" 

R
t~

233
!t  #$µ " 

R
t~

123
!t  #$µ " 

R
t~

122
!t  #eµ " 

R
t~

112
''! qqqq  " 

R
q~

233
'!  µ qbt" q~
231
'!  µ qbt" q~
233

!  # qll" q~
123

!  # qll" q~
122

!  # qll" q~
112

''! qqqq  " g~
323

''! tbs  " g~
112

''! qqq  " g~
113/223

''! qqb  " g~
233
'!  µ qbt" g~
231
'!  µ qbt" g~
233

!  # qll" g~
123

!  # qll" g~
122

!  # qll" g~

0
%
& l " l~

 
0

%
& 

0
%
&

# $$$ " ±%& 
2

0
%
&

 
0

%
& 

0
%
&

# $ ll" ±%& 
2

0
%
&

0
%
& 

0
%
& H W " 

2

0
%
& ±%&

0
%
& 

0
%
& H Z " 

2

0
%
& 

2

0
%
&

0
%
& 

0
%
& W Z " 

2

0
%
& ±%&

0
%
& 

0
%
& Z Z " 

2

0
%
& 

2

0
%
&

0
%
&0

%
&

##-l
+

 l" 
-

%
&+

%
&

 
0

%
& 

0
%
&

# lll " ±%& 
2

0
%
&

0
%
& bZ " b~

0
%
& tW " b~

0
%
& b " b~

) H 
1

0
%
&  t " 

1
t~ (" 

2
t~

) Z 
1

0
%
&  t " 

1
t~ (" 

2
t~

 H G)" 
0

%
&(

0
%
& t b " t~

)
0

%
& W" 

+
%
& b(" t~

0
%
& t " t~

0
%
& q " q~

))
0

%
& W" 

±
%
& t(" b~ b(" g~

)
0

%
& W"

±
%
& qq(" g~

)
0

%
& t" t~ t(" g~

0
%
& tt " g~

0
%
& bb " g~

0
%
& qq " g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25 x = 0.50
x = 0.75

SUS-14-002 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-007 SUS-13-013 L=19.4 19.5 /fb

SUS-12-027 L=9.2 /fb

SUS 13-019 L=19.5 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb
SUS-13-003 L=19.5 9.2 /fb

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-14-011 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-003 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-019 L=19.5 /fb

SUS-13-018 L=19.4 /fb

SUS-13-014 L=19.5 /fb

SUS-14-011 SUS-13-019 L=19.3 19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20x = 0.50

SUS-12-027 L=9.2 /fb

SUS-13-003 L=19.5 9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-013 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05x = 0.50
x = 0.95

SUS-13-006 L=19.5 /fb

R
PV

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sl
ep

to
n

Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm'+(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

L'6=#6q$5VjD@WÄ\$
j2*"3#6q$5VF&3"#6W+VjD@WÄJ\\$R#e$

NO
01

O4
1%

56
(%
*+
78
+9

(:
8%
P;
$!

@Q
%R%
!!
*4
1%
R%#

&/
&,
.2%
01

%0
34

1%

ni$



1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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ILC	Example:	Higgs	and	Top	

*arXiv:1506.05992	

Higgs	mass	via	recoil	in		
Zh→	μμX	events:	
•  σM	<	30MeV		
•  xsec	uncertainty	<1%	

Top	mass	via	3-param		
fit	to	threshold,	stat.	
errors:	
•  Mass	±	17MeV		
•  Γt	±	26MeV	
•  λt		±	4%	

tt	via	s-channel	γ	and	Z	diagrams		
•  O(1)	interference,	construc0ve/destruc0ve,	

depending	on	beam	polariza0ons	and	top	
quark	polariza0ons	→	Forward/Backward	
and	polariza0on	asymmetries	
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